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Abstract

We have investigated detailed Mg isotopic variations in the lithospheric mantle by analysing olivine in mantle-derived peridotite

xenoliths and megacrysts. High-precision in situ analyses of 26Mg/24Mg and 25Mg/24Mg are made using a laser-ablation

microprobe and MC-ICPMS. Measurements are done using a standard-sample bracketing technique with an in-house olivine

standard. Replicate analyses of this standard give a precision of 0.20x (2sd) for d26Mg (=[(26Mg/24Mg)sample /

(26Mg/24Mg)standard�1]�1000) and 0.12x (2sd) for d25Mg. The analysed olivine grains represent the lithospheric mantle beneath

Archean cratons (Siberia, Kaapvaal, Slave) and Phanerozoic fold belts (SE Australia).

Results from olivines show significant heterogeneity in the lithospheric mantle: d26Mg ranges from �3.01x to +1.03x and

d25Mg from �1.59x to +0.51x, relative to the magnesium isotopic standard DSM-3. There is a broad trend from lighter Mg

isotopic compositions in depleted xenoliths from Archean mantle to heavier Mg in the less depleted Phanerozoic samples. Samples

with petrographic evidence of refertilisation (including modal metasomatism) show large ranges in dMg values within samples.

Sheared peridotite xenoliths from the Kaapvaal and Slave Cratons show a shift to higher dMg associated with the introduction of

fluids with an dasthenosphericT signature. Olivine in the least metasomatised peridotites from SE Australia has isotopically light

Mg, whereas olivine in cryptically and modally metasomatised peridotites (amphiboleFapatite-bearing) becomes progressively

heavier, both absolutely and relative to pyroxene and amphibole, with increasing degrees of metasomatism. The heterogeneity

measured in individual samples suggests that Mg isotopic fractionations produced by processes of mantle metasomatism are

preserved on the intra-grain scale, and the magnitude of the observed fractionations indicates that diffusion-related (kinetic)

processes are important in controlling isotope fractionation at high temperatures. The in situ measurement of Mg isotopes provides

a powerful new method for investigating processes in the mantle.
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1. Introduction

Recent developments in multi-collector inductively

coupled plasma mass spectrometry (MC-ICPMS) have

stimulated renewed interest in the variations in the

isotopic composition of Mg in geological and biologi-
(2006) 115–133
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cal environments (Galy et al., 2000, 2001, 2002). The

data obtained by Galy et al. using a Nu Plasma MC-

ICPMS showed the precision to be more than an order

of magnitude better than can be obtained using thermal

ionization mass spectrometry. This marked improve-

ment in precision allows the measurement of mass-

dependent isotopic fractionations of Mg with a repro-

ducibility of 30 to 60 ppm or better (Galy et al., 2001).

These studies have demonstrated that the MC-ICPMS

technique provides analyses with a standard deviation

significantly smaller than the range of natural variation

measured in terrestrial and extraterrestrial samples.

The application of Mg isotopes as a tracer in geo-

chemical processes is still in its infancy and there are

many areas to be explored. Previous studies have em-

phasized the role of volatilization and condensation

reactions (Galy et al., 2000) and low-temperature

fluid/rock interactions (Galy et al., 2002) as mechan-

isms for mass-dependent fractionation of Mg isotopes.

Although mass-dependent fractionation is not predicted

to be significant at high temperatures (Urey, 1947) the

possibility exists that isotopic variations due to kinetic

effects could occur in response to equilibrium partition-

ing fractionation or diffusion based processes (e.g.

Richter et al., 1999). To date the Mg isotopic compo-

sition of the Earth’s mantle has received little attention.

Magnesium has three naturally occurring stable iso-

topes, 24Mg (78.99%), 25Mg (10.00%) and 26Mg

(11.01%). Galy et al. (2000) showed that the Mg iso-

topic abundances of terrestrial materials define a single

mass fractionation trend, termed the Terrestrial Frac-

tionation Curve (TFC), on a Mg three-isotope plot. The

only published values for mantle materials are analyses

of olivine and clinopyroxene from a mantle-derived

peridotite (Young et al., 2002), which are within error

of values for CI meteorites and the DSM-3 standard. On

this basis, Galy et al. (2000) suggested that

d26Mg=0.0x (relative to the DSM-3 standard) is a

reasonable estimate of the chondritic reservoir for

Mg, and for the Earth’s mantle. An important question

is whether the Earth’s lithospheric mantle is a uniform

reservoir.

We have investigated this question by looking at the

isotopic composition of Mg in different mantle domains

to establish if it is uniform in space and time. If varia-

tions exist, can the processes that cause mass-dependent

fractionation of Mg isotopes under mantle P–T condi-

tions be identified? The approach adopted was to mea-

sure the isotopic composition of Mg in mantle-derived

olivine using an in situ laser-ablation technique. The

Mg-isotope composition of the olivine should reflect

that of the bulk composition because olivine is typically
the most abundant phase in mantle peridotites (modal

range 60–100 vol.%; Griffin et al., 1999a, 2003b) and

dominates the whole-rock budget for MgO. Olivine is

also the most common host for denclosedT mantle sul-

fides, which can be dated using in situ Re–Os isotope

techniques (Pearson et al., 2002; Griffin et al., 2002).

Of interest here is whether Mg-isotope fractionation can

provide information on the growth history of individual

olivine grains.

The only previous detailed in situ study of the mass-

dependent fractionation of Mg isotopes using laser-ab-

lation MC-ICPMS was undertaken by Young et al.

(2002). This work included the analysis of olivine, py-

roxene and chondrules in the Allende meteorite and

explored fractionation processes associated with alter-

ation. The analytical method developed by Young et al.

incorporated a sample-standard bracketing technique

where the standard was a solution of the reference ma-

terial SRM980. In this study a bracketing technique is

also employed but an olivine is used as the standard. For

this reason a detailed description of the analytical meth-

od and development of the olivine standard is given here.

2. Samples

2.1. Laser standards

Olivines from Almklovdalen, Norway (ALM-1

Fo92.9F 0.13, Ca 55F2 ppm; ALM-2 Fo93.2F 0.15, Ca

117F5 ppm) and San Carlos, Arizona, USA (SC-1;

Fo91.1F 0.15; Ca 730F20 ppm) initially were selected

as potential laser standards. The Almklovdalen olivine

occurs as large (several centimeters) gem-quality crys-

tals in late hydrothermal veins within a large dunite

body, and detailed electron microprobe analysis showed

individual crystals to be chemically homogeneous.

ALM-1 and ALM-2 are two individual crystals. The

San Carlos material was available as smaller (to 5 mm)

single gem-quality grains from disaggregated xenoliths

of spinel peridotite. Individual grains are chemically

homogeneous, but different grains may vary by 0.5%

Fo, and SC-1 proved also to be less isotopically homo-

geneous than ALM-1 (see below). We therefore have

used ALM-1 as our primary laser standard.

2.2. Xenoliths and xenocrysts

The olivine grains were analysed in a selection of

mantle-derived peridotite xenoliths and megacrysts

chosen to represent the lithospheric mantle beneath

Archean cratons (Siberia, Kaapvaal, Slave) and Phan-

erozoic fold belts (south-eastern Australia).
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2.2.1. Siberia

A suite of olivine xenocrysts from the Udachnaya

kimberlite pipe was chosen for the study. The signifi-

cance of the suite is that the olivines host sulfide

inclusions which were the subject of an in situ Re–Os

study by Griffin et al. (2002). The Udachnaya pipe is in

the Archean Daldyn terrane of the Siberian Platform.

The subcontinental lithospheric mantle (SCLM) be-

neath the Daldyn terrane is strongly depleted but

shows a distinct layering (Griffin et al., 1996b,

1999a). The olivine xenocryst suite is interpreted to

represent fragments of peridotites from a layer between

150 and 180 km deep, which is dominated by harzbur-

gites and the unusual dmegacrystalline dunitesT. The

compositions of the olivines (Fo92–93) fall within the

range measured in xenoliths from this pipe.

2.2.2. Slave Craton

Xenoliths from the A154 kimberlite pipe, Lac de

Gras were selected to represent the lithospheric man-

tle beneath the Slave Craton. This lithospheric sec-

tion is characterized by a distinct layered structure

with an upper ultra-depleted layer and a deeper more

fertile layer with a sharp boundary at ~145 km

(Griffin et al., 1998, 1999b). The suite of xenoliths

has been described in detail by Pearson et al. (1999).

Samples from both layers are incorporated in this

study and cover the observed variety of rock types

(spinel- and/or garnet-bearing harzburgites and lher-

zolites) and microstructures (coarse granular to

dshearedT). The microstructures range from coarse

granular, through those that are partly recrystallized

with the formation of olivine neoblasts, to the more

strongly deformed mylonitic or dshearedT types in

which most of the olivine has recrystallized to finer

grain sizes. The average composition of olivine in the

upper layer is Fo92.8 and in the lower layer is Fo91.5.

Compositions of individual samples are given in

Table 3.

2.2.3. Kaapvaal Craton

Xenoliths representing the lithospheric mantle be-

neath the Kaapvaal Craton were sampled from kim-

berlites, including Letseng-le-Terai (samples LT98/-),

pipes in the Kimberley area (BSF/-) and Jagersfontein

(JGF-98/-). The locations of these kimberlite pipes in

relation to terranes within the craton are discussed in

Griffin et al. (2004). The xenoliths included in this

study are spinel- and/or garnet-bearing harzburgites

and lherzolites and they have been selected to study

the effects of recrystallization and associated refertili-

sation/metasomatism (Griffin et al., 2003a, 2004).
Compositions of individual samples are given in

Table 3.

2.2.4. South-eastern Australia

Samples were chosen from the well-characterized

suite of granular spinel lherzolite xenoliths from west-

ern Victoria (Griffin et al., 1984; O’Reilly and Griffin,

1988; Griffin et al., 1988; O’Reilly et al., 1991; Powell

et al., 2004) and include both cryptically metasomatised

(ddryT) and modally metasomatised types. Modal meta-

somatism is indicated by the development of volatile-

bearing phases such as apatite, amphibole, mica and

carbonate. At least three distinct metasomatic events

have affected the lithospheric mantle beneath western

Victoria; Sr and Nd isotopic data from the peridotite

xenoliths indicate that the oldest of these events may be

Paleozoic, while the youngest occurred shortly before

eruption (Griffin et al., 1988; Matsumoto et al., 2000).

The average composition of the olivine in the suite is

Fo89 (range Fo87 to Fo91) and this is consistent with the

fertile composition of this Phanerozoic lithosphere sec-

tion compared with the more depleted Archean cratons.

3. Analytical methods

3.1. Sample preparation

3.1.1. Solutions

The international Mg isotopic standard SRM980 was

used as the reference standard in the initial stages of this

study. The Mg metal was dissolved in 2% HCl at room

temperature and diluted in deionized water (Milli-Q

18.2 MV cm�1). Following the results of the interla-

boratory study that reported the heterogeneity of

SRM980 (Galy et al., 2003) all subsequent solution

measurements were made using DSM-3 as the refer-

ence standard. Cambridge-1 is a pure magnesium solu-

tion (Galy et al., 2003) and OU-Mg is an din-houseT Mg

reference prepared at the Open University. SPEX Mg is

a high-purity ICP-MS elemental standard. We also have

analysed Mg separated from the IAPSO sea water

standard. Hand-picked fragments (100 mg) of the

Almklovdalen and San Carlos olivines were digested

using a conventional procedure. This involved diges-

tion in 2 ml of double-distilled concentrated HNO3 plus

2 ml of ARISTAR HF in a screw-top Savillex beaker.

This was heated overnight at 120 8C and then evapo-

rated slowly to incipient dryness at 150 8C. The previ-

ous two steps involving the HF+HNO3 acid attack and

evaporation to dryness were then repeated. Once dry 10

ml of 6 N HNO3 was added and the beaker resealed,

and heated overnight at 100 8C. Again the solution was
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evaporated to incipient dryness. Ten milliliters of dis-

tilled 2% HNO3 was added and the sealed beaker was

heated at 100 8C until any residue was dissolved. All

standards and sample solutions for analysis were pre-

pared in 2% HNO3 acid with concentrations of 50 to

200 ppb Mg.

3.1.2. Laser ablation

Pieces (~20�10 mm in section) of two single oliv-

ine crystals from Almkovdalen were prepared as stan-

dards. Four individual olivine grains (~5�5 mm in

section) from San Carlos xenoliths were mounted in a

25 mm diameter polished block. All of the xenoliths

were prepared as polished thick sections (100 to 150

Am) and the xenocrysts as polished blocks.

3.2. Laser ablation

In situ analysis was performed using either a New

Wave Merchantek LUV266 or LUV213 Nd:YAG laser-

ablation system attached to a Nu Plasma MC-ICPMS.

Samples were ablated in He and the He-sample aerosol

was then mixed with Ar before introduction into the

plasma. Typical laser operating conditions for both

systems were a frequency of 5 Hz and energy of ~0.1

mJ giving a spot size of ~30 to 50 Am and a typical total

Mg beam size of 5–9 V.

3.3. Mass spectrometry

Mg-isotope ratios for standard solutions and all in

situ analyses of olivine were measured using a Nu

Plasma MC-ICPMS (NU005). The standard solutions

were also analysed on a Nu Plasma HR MC-ICPMS

(NU034). Operating conditions for both mass spec-

trometers are similar to those described by Galy et

al. (2001). The Nu Plasma has a fixed collector array

of 12 Faraday collectors and the variable dispersion

ion optics are used to direct the Mg isotopes into the

axial (25Mg) and the two outermost Faradays (24Mg

and 26Mg). Measurements on NU034 were con-

ducted with the low-resolution defining slit, giving

the same mass resolution as NU005. The mass

spectrometer was tuned to give maximum sensitivity.

Solution concentrations and laser operating condi-

tions were adjusted to bring 24Mg signals into the

working range of the Faraday cups i.e. b10 V (or

1E�10 A).

3.3.1. Solution analyses

Two different desolvating nebuliser systems were

used to introduce the solutions into the MC-ICPMS:
a CETAC MCN 6000 was used on NU005 and a Nu

Instruments DSN100 on NU034. Nitrogen was not

used on either desolvating system. The main reason

for using the desolvation units was to reduce the

introduction of H2O, CO2, O2 and N2 into the plas-

ma with the specific aim of minimizing hydride for-

mation. The main difference between the MCN6000

and DSN100 relevant to this study is the difference

in uptake rates of the two systems, which are ap-

proximately 60 and 100 Al/min, respectively. The

higher consumption of the DSN100 and the overall

higher sensitivity of NU034 necessitated a 50% di-

lution of the Mg standard solutions that were run on

NU005.

The analysis routine incorporates peak centering on
24Mg at the start of analysis (rather than for each block)

followed by 60 measurements in 3 blocks of 20 cycles

of 10 s, with 30 s zero measurements at the start of each

block. Faraday zeros are measured at half-mass offsets

and with ESA deflect. The washout routine involves

aspirating first with Milli-Q H2O, followed by 10%

HNO3, then by 3 sequential washes in 2% HNO3 for

2 min each.

Galy et al. (2001) estimated the residual electronic

noise after background correction to be ~7�10�17 A.

The 24Mg signal intensity measured for 2% HNO3 is

typically less than 0.1 mV over sessions of several

days and this would contribute a systematic bias on

d26Mgb0.02x. While the desolvation units reduce

the potential interferences from H, N and O, the

residual signal on 24Mg can most likely be attributed

to the 12C dimer produced by air entrainment in the

plasma.

3.3.2. Laser ablation

All measurements were done using the time-re-

solved acquisition mode of the Nu Plasma software.

An on-mass gas background was collected for ~30 s

and typical ablation times were 120–150 s. Signal

intensities are recorded every 0.2 s and the time-inte-

grated signal is treated as a total of 40 measurements for

the calculation of internal precision.

4. Results

4.1. Solution analyses

The results for the solution analyses of SRM980,

DSM-3, Cambridge-1, SPEX Mg, OU-Mg, ALM-1,

ALM-2 and SC-1 are presented in Table 1. Mg-isotope

compositions of solutions measured on NU005 are

expressed as per mil (x) deviation from the isotopic



Fig. 1. Reproducibility of d26Mg measurements of SRM980 solution

made over a 6-month period on NU005. The shaded area corresponds

to the 2r of the complete data set. Error bars on individual measure

ments are 1 standard error.

Table 1

Magnesium isotopic composition of reference materials, commercial

reagents and olivine standards

Standard n d26Mg F2sd d25Mg F2sd Ref.

(x) (x)

Analyses measured on NU005 (Jan–July 2002);

normalised to SRM980-MU

SRM980-MU Mg metal 68 0.00 0.13 0.00 0.11

SPEX Mg Mg solution 48 �1.80 0.18 �0.93 0.13

ALM-1 Olivine 30 2.71 0.19 1.40 0.10

ALM-2 Olivine 15 2.73 0.26 1.41 0.14

SC-1 Olivine 10 2.99 0.25 1.54 0.18

Analyses normalised to DSM-3

DSM-3 Mg solution 129 0.00 0.34 0.00 0.16 1b

SRM980-MU Mg metal 15 �3.63 0.18 �1.92 0.10 1b

Cambridge-1 Mg solution 69 �2.57 0.13 �1.34 0.04 1b

Cambridge-1 Mg solution 35 �2.58 0.14 �1.33 0.07 2

Cambridge-1 Mg solution 28 �2.63 0.19 �1.35 0.09 3

Cambridge-1 Mg solution 6 �2.62 0.12 �1.35 0.07 4

OU Mg solution 47 �2.80 0.12 �1.45 0.06 1b

OU Mg solution 31 �2.83 0.11 �1.46 0.05 3

OU Mg solution 4 �2.77 0.12 �1.44 0.08 4

IAPSO Sea water 8 �0.75 0.13 �0.39 0.07 1b

IAPSO Sea water 5 �0.83 0.05 �0.40 0.04 3

North Atlantic Sea water 4 �0.83 0.11 �0.42 0.09 5

IAPSO Sea water 3 �0.55 0.02 �0.30 0.08 4

Worldwide Sea water 14 �0.82 0.10 n.g. – 6

ALM-1 Olivine 6 �0.92 0.09 �0.45 0.05 1b

ALM-1 Olivine 30 �0.92 0.26 �0.52 0.14 1a

SC-1 Olivine 6 �0.58 0.15 �0.28 0.10 1b

SC-1 Olivine 10 �0.64 0.31 �0.38 0.20 1a

1a: This study, analyses measured on NU005 (Jan–July 2004)

relative to SRM980-MU normalised to DSM-3 using d26Mg

(SRM980-MU)DSM-3=�3.63F0.18 and d25Mg(SRM980-MU)DSM-3

=�1.92F0.10, errors are propagated through.

1b: This study, analyses measured on NU034 (Oct–Nov 2004).

2: Data from Galy et al. (2003).

3: Analyses performed at the Open University (NU002-2004).

4: Data from Wombacher et al. (2004).

5: Data from Chang et al. (2003), analysed relative to NIST

SRM980-Oxford converted relative to DSM-3 using d26Mg

(SRM980-Oxf)DSM-3=�3.40F0.13 and d25Mg(SRM980-Oxf)DSM-3

=�1.74F0.07 (Galy et al., 2003).

6: Data from Carder et al. (2004) obtained on sea water from the

Atlantic, Pacific, Indian Oceans and the Mediterranean, Red and Dead

Seas.
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composition of SRM980. The definitions of d25MgSRM
and d26MgSRM are:

dnMgSRM980

¼ nMg=24Mg
� �

sample
= nMg=24Mg
� �

SRM980
� 1

� �

� 1000

where n refers to either 25 or 26.
Mg-isotope compositions of solutions measured on

NU034 are expressed as per mil (x) deviation from the

isotopic composition of DSM-3. The definitions of

d25MgDSM-3 and d26MgDSM-3 are:

dnMgDSM�3

¼ nMg=24Mg
� �

sample
= nMg=24Mg
� �

DSM�3
� 1

� �

� 1000

where n refers to either 25 or 26.

A standard-sampling bracketing technique was

used to minimize the effects of drift in instrument

mass bias. Uncorrected, these variations may be up to

0.6x in a day and 4x between days. The reproduc-

ibility of SRM980 measured as an unknown on

NU005 and corrected for mass bias variation with

time is F0.13 (2sd) for d26MgSRM980 and F0.11

(2sd) for d25MgSRM980 (Fig. 1). The reproducibility

of DSM-3 measured as an unknown on NU034 and

corrected for mass bias variation with time is F0.34

(2sd) d26MgDSM-3 and F0.16 (2sd) for d25MgDSM-3

(Fig. 2).

Relative to DSM-3, GEMOC SRM980 has

d26MgDSM-3=�3.63F0.18 and d25MgDSM-3=�1.92F
0.10, and is similar in composition to the Oxford

SRM980 (d26MgDSM-3=�3.40F0.13; d25MgDSM-3=

�1.74F0.07; Galy et al., 2003). Analyses of the Cam-

bridge-1, OU-Mg and IAPSO sea water solutions all

give mean values identical within uncertainties to

data obtained in other laboratories (Table 1). All three

olivine solutions have significantly heavier isotopic

compositions than SRM980, OU and SPEX Mg.
-



ig. 3. Magnesium three-isotope plot (relative to SRM980 Mg stan-

ard) of SPEX Mg, ALM-1 (Almklovdalen olivine) and SC-1 (San

Carlos olivine) solutions.

Fig. 2. Reproducibility of d26Mg measurements of DSM-3 solution over a period of 10 days on NU034. Also shown are the within-session and day-

to-day variations in SRM980, Cambridge-1, OU-Mg, SC-1 and ALM-1 solutions.

N.J. Pearson et al. / Chemical Geology 226 (2006) 115–133120
The two Almklovdalen olivine solutions (ALM-1 and

ALM-2) are identical within analytical uncertainties

(d26MgSRM980=2.71F0.19 and 2.73F0.26, respective-

ly); SC-1 is slightly heavier (d26MgSRM980=2.99F0.25)

but within analytical uncertainty. These results are con-

firmed by the measurements undertaken on NU034

using DSM-3 as the reference standard (Table 1). The

compositions of ALM-1 (d26MgDSM-3=�0.92F0.09,

d25MgDSM-3=�0.45F0.05) and SC-1 (d26MgDSM-3=

�0.58F0.15, d25MgDSM-3=�0.28F0.10) are both

lighter than DSM-3. The results obtained in this

study for the Cambridge-1 solution (d26MgDSM-3=

�2.57F0.13, d25MgDSM-3=�1.34F0.04) are identi-

cal to the values reported by Galy et al. (2003);

(d26MgDSM-3=�2.58F0.14, d25MgDSM-3=�1.33F
0.07). The composition of the SPEX Mg (d26MgSRM=

�1.80F0.18 relative to SRM980) is of interest because

it is significantly lower than SRM980, but attempts to

trace the source of the Mg have been unsuccessful. The

value obtained for d26Mg for the OU-Mg standard

(d26MgDSM-3=�2.80F0.12) is identical to the average

value determined at the Open University (O. Alard,

unpublished data), and the value reported byWombacher

et al. (2004).

The results of the solution analyses obtained are

shown in the three-isotope plot of the Mg-isotope ratios

(Fig. 3). The slope of the line of best fit through the

solution analyses is 0.5165F0.0005 and is within un-

certainty of the value obtained by Galy et al. (2001) for

the TFC (slope=0.5163F0.0004).

The relationship between 25Mg/24Mg and
26Mg/24Mg can also be used to define the instrumental
mass-dependent fractionation. The definitions below

follow the notation of Galy et al. (2001):

a25inst ¼ 25Mg=24Mg
� �

measured
= 25Mg=24Mg
� �

true

a26inst ¼ 26Mg=24Mg
� �

measured
= 26Mg=24Mg
� �

true

The theoretical relationship between these two para-

meters is given by

a25inst ¼ a26inst
� �^b

where b is the mass fractionation coefficient.

Measurements of ainst on the GEMOC Nu Plasma

NU005 give a value for b =0.5187F0.0005 (Fig. 4).

This value is within error of the value (b =0.5180F0.0004)
F

d



Table 2

Mg isotopic composition of olivine standards by laser ablation

Standard n d26MgALM-1 F2sd d25MgALM-1 F2sd

(x) (x)

ALM-1 Olivine 109 0.02 0.20 0.01 0.12

ALM-2 Olivine 10 0.12 0.18 0.06 0.08

SC-1 Olivine 37 0.38 0.37 0.20 0.18

Measured relative to ALM-1 and converted to DSM-3 scale using

solution values d26Mg=�0.92 and d25Mg=�0.45.

Fig. 4. Three-isotope plot of natural logarithm of Mg-isotope ratios of

SRM980. The slope of the line gives the value for b, and defines the

relationship between the instrumental mass-dependent fractionation

for the 25Mg/ 24Mg (a inst
25 ) and 26Mg/ 24Mg (a inst

26 ) ratios.
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obtained by Galy et al. (2001), who state that because

the value for b is closer to the theoretical value for

thermodynamic equilibrium (0.5210) than for kinetic

equilibrium (0.5105), isotopic fractionation in the MC-

ICPMS can be attributed to near-equilibrium processes.

The solutions for the ALM-1 and SC-1 olivines were

not processed to separate the magnesium; this was done

to provide an analogue as close as possible to the laser-

ablation situation. The solutions were scanned on an

Agilent 7500 ICPMS and as expected Fe was the only

other element present at a significant abundance. In

order to assess the effect of Fe on mass fractionation

a series of solutions was prepared in which SRM980

was spiked with high-purity Fe (IRMM14) to give a

range of synthetic olivine compositions (Fo90, Fo80,
Fig. 5. Deviations in d26Mg values of SRM980 as a function of added

Fe (IRMM14). Measurements of the iron-spiked solutions obtained

on NU005 are shown as open symbols and those obtained on NU034

are shown as closed symbols. The shaded area corresponds to the 2r
of the unspiked SRM980 in Fig. 1.
Fo50). The solutions were analysed on NU005 over a

period of 18 months and once on NU034 (Fig. 5). The

results show no systematic relationship between Fe :Mg

and the SRM980 Mg-isotope ratio, and all measure-

ments are within uncertainty limits (F0.13, 2sd) of the

long-term average value for SRM980.

4.2. Laser ablation

4.2.1. Evaluation of ALM-1, ALM-2 and SC-1

ALM-1, ALM-2 and SC-1 were analysed as

dunknownsT within runs using a standard-sample brack-

eting technique with either ALM-1 or SC-1 as the

reference standard. The results are presented in Table

2. The data obtained by laser ablation are consistent

with the solution results, with SC-1 having a higher

d26Mg than ALM-1 and ALM-2. The d26Mg values for

ALM-1 and ALM-2 are within uncertainty limits (2sd)

of each other. The variation of laser operating condi-

tions, total Mg beam intensity and count times gave a

typical internal precision bF0.000010 (2se) on both

ALM-1 and SC-1. The long-term reproducibility of the

d26Mg measurement on ALM-1 is shown in Fig. 6.

Replicate analyses of the Almklovdalen olivine indicate

a precision of 0.20x (2r) for d26Mg and 0.12x (2r)
Fig. 6. Reproducibility of d26Mg measurements of ALM-1 by lase

ablation. The shaded area corresponds to the 2r of the complete data

set. Error bars on individual measurements are 1 standard error.
r



Fig. 8. Three-isotope plot of natural logarithm of Mg-isotope ratios of

ALM-1. The slope of the line gives the value for B, and defines the

relationship between the instrumental mass-dependent fractionation

for the 25Mg/ 24Mg (a inst
25 ) and 26Mg/ 24Mg (a inst

26 ) ratios.
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for d25Mg. The reproducibility of the analyses of SC-1

is not as good as for ALM-1, with a precision of

0.37x (2r) for d26Mg and 0.20x (2r) for d25Mg

(Fig. 7), even though all analyses reported here were

made on a single grain. This might indicate some

isotopic inhomogeneity in SC-1, and ALM-1 was cho-

sen as the laser reference standard for the analyses of

the sample olivines.

4.2.2. Instrument fractionation

A three-isotope plot of measured ainst for ALM-1

gives a b =0.5145F0.0008 (Fig. 8). This is lower than

the solution value and not within the uncertainty range,

indicating that there is an apparent difference in instru-

mental mass-dependent fractionation for laser ablation.

This does not necessarily mean that the difference in b
values is due to a laser-induced fractionation. The

precision obtained on individual measurements (typi-

cally better than 20 ppm) indicates that mass bias is

stable over the period of the ablation (3 min). A plot of

signal intensity and 26Mg/ 24Mg ratio versus time for a

typical laser analysis of ALM-1 is shown in Fig. 9.

Although the signal intensity decreases with time, the

ratio remains unchanged; this is a clear indication that

laser-induced mass fractionation is not significant or at

least is time-independent over the duration of a typical

ablation.

Freedman (2002) has suggested that the two main

contributions to mass fractionation occur in the plasma

and the interface region. One possibility is that the

difference in b values for solution and laser ablation

might be due to the fact that desolvation systems do not

produce completely dry aerosols and this difference in

fluid content might affect fractionation processes in the
Fig. 7. Reproducibility of d26Mg measurements of SC-1 by laser

ablation. The shaded area corresponds to the 2r of the complete

data set. Error bars on individual measurements are 1 standard error.
plasma. Particle-size distribution is also considered to

be a significant factor responsible for isotopic fraction-

ation in laser ablation; the incomplete ionization of

larger particles in the plasma results in preferential

transmission of lighter isotopes (Jackson and Gunther,

2003). This could be considered as a laser-induced

phenomenon, but the fractionation is being produced

in the plasma rather than at the site of ablation.

The data used to determine the b value for ALM-1

were obtained using both 213 and 266 nm Nd:YAG

lasers. The relatively low uncertainty on b suggests that

there is no evident variation in the fundamental instru-

mental mass-dependent fractionation that can be related

to laser wavelength. On closer inspection, different

values of b are determined for the measurements

using the 266 nm laser (b =0.5163F0.14) and the

213 nm laser (b =0.5136F0.20), but the two values

are within uncertainty of each other. Further experi-

ments under controlled conditions need to be performed

to investigate the possible relationship between b and
laser wavelength. An alternative explanation is that the

introduction of He into the plasma with the ablated

sample changes the pressure in the interface region

and causes the observed lower b values for the laser

analyses compared with the bvalue for the solution

measurements. A systematic shift in exponential frac-

tionation coefficients for Hf isotopes is observed when

ablation is done in a He atmosphere as opposed to Ar

(authors’ unpublished data). However, in the case of Hf

there is no discernible change in slope for b between

solution and laser ablation. This could be a function of

atomic number but clearly the addition of He does

change mass fractionation and in the case of Mg iso-

topes, processes in the interface region therefore might



Fig. 9. A plot of total signal intensity (volts) and 26Mg/24Mg versus time for a typical laser-ablation analysis of ALM-1.
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have a more significant effect on the instrumental mass

fractionation.

4.3. Xenoliths and xenocrysts

All in situ measurements were made using a stan-

dard-sample bracketing technique with ALM-1 olivine

as the standard. The standard was mounted in the cell at

all times. dMg values were then converted to the equiv-

alent delta values relative to DSM-3 using the following

expression:

dnMgDSM�3 ¼ dnMgALM�1 þ dnMgALM�1=DSM�3

þ 0:001dnMgALM�1

� dnMgALM�1=DSM�3

where n=25 or 26; dnMgALM-1= [(
nMg/24Mg)sample /

(nMg/24Mg)ALM-1�1]�1000 is the measured value

for the unknown relative to ALM-1; and dnMg

ALM-1/DSM-3 is the solution value of ALM-1 relative

to the DSM-3 scale. The values for dnMgALM-1/DSM-3

are given in Table 2.

The results for the olivine samples presented in

Table 3 show that there are significant variations in

d26Mg and d25Mg in the lithospheric mantle. The

overall range determined for the samples analysed in

this study is from �3.01x to 1.03x for d26MgDSM-3

and �1.59x to 0.51x for d25MgDSM-3 (Fig. 10).

While these absolute values are dependent on the com-

position of the DSM-3 used in this study, the relative

variations should be unaffected. There is a broad trend

from lighter Mg-isotope compositions in more depleted

Archean samples to heavier compositions in the Phan-

erozoic samples from south-eastern Australia (Fig. 11),
although there is considerable overlap between suites.

The median value for d26MgDSM-3 is �0.79x for the

Siberian xenocrysts and the porphyroclasts in the Slave

and Kaapvaal xenoliths, and �0.45x for south-eastern

Australia. Of greater significance are the variations

measured in single grains and from grain to grain

within samples. In all cases where cores and rims

were measured, the within-grain variation indicates a

core-to-rim increase in dMg. The largest difference is

recorded in one of the Siberian xenocrysts, ZS1, which

has a range in d26MgDSM-3 from �2.41x to �0.64x.

More typically the variation is b0.5x, but this is still

significant when compared to the external precision

(F0.20x, 2sd) obtained on ALM-1.

Many of the mildly to strongly deformed xenoliths

studied show inter-granular isotopic variations that can

be related to microstructural context. The garnet peri-

dotites from Slave and Kaapvaal show a systematic

increase of d26Mg with decreasing grain size. The relict

coarse porphyroclasts have the lightest isotopic compo-

sitions and the fine-grained neoblasts the heaviest, with

overall differences of up to 1.2x in single samples.

This relationship (Fig. 12) has been found in both

lherzolites and harzburgites and is most pronounced

for adjacent porphyroclast–neoblast pairs.

The overall range for the six spinel lherzolites from

south-eastern Australia is 3.3x d26Mg. One of the most

significant aspects of the results is the consistent shift to

heavier compositions in the strongly modally metaso-

matised samples (Fig. 13); these samples have limited

inter-grain variation. The ddryT or cryptically metaso-

matised samples, besides having the lightest composi-

tions in the suite, also show greater within-sample

variations. The range of values for d26MgDSM-3 in



Table 3

Magnesium isotopic composition of olivine

Sample no. Rock type Notes Fo d26MgALM-1 d25MgALM-1 d26MgDSM-3 d25MgDSM-3

Average

(x)

sd Min Max Average

(x)

sd Min Max Average

(x)

Min Max Average

(x)

Min Max

South-eastern Australia

DR9894 Sp lherzolite D 88.3 �0.51 0.82 �1.98 0.65 �0.21 0.41 �0.93 0.31 �1.43 �2.89 �0.28 �0.66 �1.38 �0.14

DR9708 Sp lherzolite (A) 90.3 �1.05 0.81 �2.09 0.25 �0.56 0.43 �1.14 0.15 �1.97 �3.01 �0.67 �1.01 �1.59 �0.31

SGN-1 Sp lherzolite A 92.0 �0.27 0.16 �0.40 0.01 �0.14 0.10 �0.23 0.01 �1.19 �1.32 �0.91 �0.59 �0.68 �0.44

BM650 Sp lherzolite AAp 87.5 �0.09 0.48 �1.06 0.55 �0.07 0.26 �0.58 0.29 �1.01 �1.98 �0.37 �0.52 �1.03 �0.16

BM901 Sp lherzolite AAp 87.2 0.41 0.38 �0.01 1.03 0.20 0.21 �0.06 0.51 �0.51 �0.93 0.11 �0.25 �0.51 0.06

BM655 Sp lherzolite AAp 89.8 0.67 0.27 0.24 1.21 0.35 0.14 0.13 0.67 �0.26 �0.68 0.29 �0.10 �0.32 0.22

D = dry; (A) = rare amphibole; A = amphibole; Ap = apatite

Slave Craton

vr40305 Sp–grt lherzolite Coarse 92.4 �0.32 0.28 �0.59 0.14 �0.20 0.12 �0.33 �0.01 �1.24 �1.51 �0.78 �0.65 �0.78 �0.46

vr19764perg3 Sp–grt lherzolite Coarse 92.8 0.45 0.36 0.07 1.11 0.28 0.20 0.08 0.61 �0.47 �0.85 0.19 �0.17 �0.37 0.16

vr09364a Grt harzburgite 92.4 0.75 0.71 �0.32 1.85 0.41 0.36 �0.13 0.96 �0.17 �1.23 0.92 �0.04 �0.58 0.51

vr09361 Grt harzburgite 91.5 1.02 0.28 0.74 1.42 0.53 0.15 0.35 0.73 0.10 �0.18 0.50 0.08 �0.10 0.28

vr50855a Grt harzburgite 92.4 0.35 0.58 �0.98 1.65 0.19 0.30 �0.50 0.86 �0.57 �1.90 0.73 �0.26 �0.95 0.41

vr50879 Grt harzburgite 90.4 0.61 0.47 0.00 1.61 0.27 0.25 �0.05 0.81 �0.32 �0.92 0.69 �0.18 �0.50 0.36

vr40332a Grt lherzolite Sheared 91.9 �0.03 0.34 �0.60 0.58 �0.05 0.18 �0.41 0.33 �0.95 �1.52 �0.34 �0.50 �0.86 �0.12

vr50886 Grt lherzolite Sheared 89.9 �0.21 0.39 �1.25 0.28 �0.08 0.20 �0.61 0.19 �1.13 �2.17 �0.64 �0.53 �1.06 �0.26

Kaapvaal Craton

LTS98-17 Grt lherzolite Sheared 89.7 0.82 0.66 �0.75 1.95 0.37 0.35 �0.56 0.96 �0.10 �1.67 1.03 �0.08 �1.01 0.51

JGF98-2 Grt harzburgite Sheared 90.2 0.39 0.29 �0.09 0.58 0.21 0.19 �0.10 0.36 �0.53 �1.01 �0.34 �0.24 �0.55 �0.09

JGF98-3 Grt lherzolite Sheared 90.5 0.50 0.40 0.01 0.96 0.27 0.22 �0.01 0.48 �0.42 �0.91 0.04 �0.18 �0.46 0.03

BSF98-23 Grt lherzolite Coarse 91.8 0.32 0.40 �0.17 0.85 0.17 0.24 �0.08 0.51 �0.60 �1.09 �0.07 �0.28 �0.53 0.06

Siberian Craton

ZS1-1 Xenocryst 91.5 �0.77 0.61 �1.49 0.29 �0.37 0.32 �0.74 0.22 �1.69 �2.41 �0.64 �0.82 �1.19 �0.23

ZS2-1 Xenocryst 92.4 �0.06 0.39 �0.62 0.61 �0.05 0.19 �0.31 0.30 �0.98 �1.54 �0.31 �0.50 �0.76 �0.15

ZS3-3 Xenocryst 93.3 �0.22 0.22 �0.58 0.02 �0.13 0.13 �0.34 0.02 �1.14 �1.50 �0.90 �0.58 �0.79 �0.43

ZS4-3 Xenocryst 92.5 0.05 0.28 �0.29 0.42 0.03 0.15 �0.15 0.23 �0.87 �1.21 �0.50 �0.42 �0.60 �0.22

ZS9-1 Xenocryst 92.6 0.22 0.41 �0.12 0.68 0.07 0.20 �0.11 0.29 �0.70 �1.04 �0.24 �0.38 �0.56 �0.16

ZS10-1 Xenocryst 92.5 0.21 0.35 �0.38 0.83 0.11 0.19 �0.22 0.44 �0.71 �1.30 �0.09 �0.34 �0.67 �0.01

ZS11-3 Xenocryst 91.6 �0.45 0.15 �0.62 �0.35 �0.24 0.04 �0.29 �0.22 �1.37 �1.54 �1.27 �0.69 �0.74 �0.67

ZS13-3 Xenocryst 91.6 0.18 0.07 0.11 0.25 0.12 0.01 0.11 0.13 �0.74 �0.81 �0.67 �0.33 �0.34 �0.32

ZS14-1 Xenocryst 91.8 0.13 0.51 �0.46 0.44 �0.03 0.31 �0.39 0.18 �0.79 �1.38 �0.48 �0.48 �0.84 �0.27

ZS53-2 Xenocryst 92.4 �1.32 0.19 �1.54 �1.21 �0.67 0.09 �0.77 �0.60 �2.24 �2.46 �2.13 �1.12 �1.22 �1.05

ZS54-1 Xenocryst 93.9 0.06 0.33 �0.29 0.38 0.04 0.16 �0.13 0.19 �0.86 �1.21 �0.54 �0.41 �0.58 �0.26

ZS55-1 Xenocryst 94.5 �0.05 0.43 �0.69 0.26 0.00 0.20 �0.30 0.13 �0.97 �1.61 �0.66 �0.45 �0.75 �0.32

ZS56-2 Xenocryst 92.9 �0.13 0.17 �0.33 �0.02 �0.10 0.12 �0.23 �0.02 �1.05 �1.25 �0.94 �0.54 �0.68 �0.47

dMg values are shown as measured against ALM-1 and converted to the DSM-3 scale as described in the text.
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Fig. 10. Magnesium three-isotope plot (relative to DSM-3) of laser-ablation analyses of olivine from peridotite xenoliths and megacrysts from the

lithospheric mantle. The line labeled TFC is the Terrestrial Fractionation Curve (TFC) from Galy et al. (2000).

N.J. Pearson et al. / Chemical Geology 226 (2006) 115–133 125
DR9894 is �2.89x to �0.28x and in DR9708 it is

�3.01x to �0.67x. In both samples the heaviest

compositions are similar to those obtained in the sam-

ples with abundant amphibole.

5. Discussion

5.1. Analytical issues

Matrix effects can be considered as spectral and non-

spectral (Albarede and Beard, 2004), and are different

for solution and laser analysis. There are no elemental

isobaric interferences on the three Mg isotopes but there
Fig. 11. Range of measured d26Mg (relative to DSM-3) of olivine from diffe

Australia.
are several potential molecular interfering species, in-

cluding 48Ti++, 50Ti++, 48Ca++, 50Cr++, 52Cr++, 12C14N+,
12C12C+ and 12C13C+. The use of a desolvating sample

introduction system for solution analysis effectively

dries the sample aerosol and makes hydride production

negligible (Galy et al., 2001; Young et al., 2002). Non-

spectral matrix effects are attributed to changes in

analyte sensitivity caused by the abundance of other

elements in the sample. A change in analyte sensitivity

may be related to a change in instrumental mass bias

and many studies have advocated the need for high-

purity solutions and concentration-matching of stan-

dards and unknowns for bracketing techniques (e.g.
rent rock types from the Siberian, Kaapvaal and Slave Cratons and SE



Fig. 12. Variation in d26Mg in olivine in samples (a) vr50885a and (b) vr40332a.
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Mg: Galy et al., 2001; Chang et al., 2003; Fe: Anbar et

al., 2000; Kehm et al., 2003; Cu and Zn: Marechal et

al., 1999). Although there is consensus that non-spec-

tral matrix effects cannot be ignored there is conflicting

evidence for the reproducibility of the effect on mass

bias in some isotopic systems. Albarede and Beard

(2004) presented data showing the effects of anomalous

mass bias in Fe solutions related to the addition of

incremental amounts of Mg, Al and La. The discon-

certing aspect of the results is the variable magnitude of

the shift in Fe isotopic composition with impurity

concentration. The worst results were obtained for La,

with a positive correlation between 56Fe and La con-

centration in two analytical sessions and a negative

correlation in a third.

There is also some disagreement in the studies that

have investigated the effects of contaminant elements

on Mg mass fractionation. Most relevant to this study

on Mg-rich olivine is the matrix effect related to the
Fig. 13. Range of measured d26Mg (relative to DSM-3) of olivine

from individual samples from SE Australia.
addition of Fe. Norman et al. (2004) report the results

of measurements made on suite of synthetic olivines

(Fo70 to Fo90) and showed a shift in instrumental mass

bias of +0.06x for every 1% decrease in Fo. It was

concluded that this was a laser-induced phenomenon as

solutions with a similar range in Fe/Mg which showed

no variation in isotopic composition. As reported above,

we have measured SRM980 Mg solutions spiked with

different amounts of IRMM Fe corresponding to a range

in olivine compositions with up to 50 mol% of the

fayalite end member. The results show there are no

consistent relationships between Fe/Mg and deviations

from the standard composition, with a maximum range

of 0.3x in d26Mg. These solution results agree with

those from Galy et al. (2000) and Young et al. (2002),

and suggest that the design of the Nu Plasma produces a

similar mass bias for each instrument. Young et al.

(2002) concluded that there was no measurable shift in
25Mg/24Mg and 26Mg/24Mg for 56Fe/24Mg up to 2.0.

These experiments were performed by introducing an Fe

solution through a desolvation unit and mixing with

ablation products prior to being introduced into the

plasma.

There are many factors put forward to explain ma-

trix-dependent fractionation (e.g. space charge, sample

depth, plasma loading, RF power). To explain the

disparate results for the solution and laser experiments

of Norman et al. (2004), Young and Galy (2004) sug-

gested that fractionation resulted from incomplete trans-

fer after ablation rather than from the ablation process

itself. However, the experiments of Young et al. (2002)

would point to an ablation process, rather than a plasma
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process, being the cause of the mass fractionation.

Jackson and Gunther (2003) have shown the impor-

tance of particle-size distribution on mass bias, and this

is a function of laser energy, repetition rate, and gas

composition among other factors.

A series of analyses of ALM-1 was performed in

which laser energy was varied to produce a range in

signal intensity, to evaluate the effect of plasma loading

on mass fractionation. By keeping spot size constant

while changing laser energy, a range in energy density

was produced, which should give variations in particle-

size distribution. The results show no apparent relation-

ship between total Mg signal intensity and the shift in

d26Mg (Fig. 14). These data would indicate that the

inverse correlation between Mg signal and d26Mg

reported by Norman et al. (2004) is not a simple

dilution or concentration effect. It is apparent that fur-

ther experiments need to be undertaken to test the

results from Norman et al. (2004).

5.2. Mantle processes

The three-isotope plot of the Mg-isotope ratios (Fig.

10), expressed in d units relative to SRM980, shows

that the in situ analyses of olivine grains from the

lithospheric mantle lie on the Terrestrial Fractionation

Curve determined by Galy et al. (2000). The spread

along this trend suggests that the mechanisms control-

ling the fractionation of Mg isotopes are mass depen-

dent and processes at mantle temperatures are similar to

those that have produced the overall range in terrestrial

materials.

The range of d26Mg reported here for olivine grains

from mantle-derived peridotites (5x) covers approxi-

mately 3 /4 of the total range reported from terrestrial

samples; the range of z2x seen in some single mantle

xenoliths represents ca 30% of that range. Much of the
Fig. 14. Plot of d26Mg versus total Mg signal (laser energy) for laser-

ablation analyses of ALM-1.
terrestrial range is defined by materials produced in

low-temperature processes, including organic com-

pounds and sedimentary carbonates (Young and Galy,

2004), whereas our samples have estimated equilibra-

tion temperatures (measured by the major-element com-

positions of coexisting minerals) ranging from 800 to

z1400 8C. Such large isotopic fractionations are not

expected under equilibrium conditions at high tempera-

tures (Urey, 1947); thus the data from the mantle xeno-

liths clearly imply non-equilibrium processes, and offer

new insights into mantle processes at high temperature.

5.2.1. Sheared high-T peridotites

The high-T sheared peridotite xenoliths offer the best

insight into the mechanisms of Mg-isotope fraction-

ation, because the nature and timing of the processes

that have affected these rocks are relatively well under-

stood. P–T estimates place most of these xenoliths near

the base of the subcontinental lithosphere, in the region

from which kimberlite magmas begin their ascent. The

cataclastic microstructures of the xenoliths are accom-

panied by large changes in their bulk composition,

including a decrease in Mg/Fe of olivine and other

phases, and the introduction of Ca, Al and Fe as

shown by increased contents of clinopyroxene and

garnet; this metasomatism is ascribed to the passage

of large volumes of asthenosphere-derived melts and/or

associated fluids (Smith and Boyd, 1987; Griffin et al.,

1989; Smith et al., 1993). Neoblastic olivine is typically

lower in Mg/Fe and higher in Ca (a measure of T) than

relict porphyroblastic olivine. Other porphyroblastic

minerals such as garnet show pronounced zoning in

major and trace elements, reflecting overgrowths of

new material. Modeling of grain-size distributions

implies that deformation was actively occurring at the

time of eruption (Mercier, 1979), and diffusion model-

ing of zoning profiles indicates that the metasomatism

took place on time scales of 10–104 years before erup-

tion (Griffin et al., 1996a). These short time scales are

consistent with the preservation of intermineral oxygen-

isotope disequilibrium in the closely related polymict

peridotite xenoliths (Zheng et al., 2000).

The sheared high-T xenoliths studied here show all

of the features typical of this class of mantle peridotite,

and show strong correlations between d26Mg and the

microstructural context of each olivine grain. There is a

systematic variation between d26Mg, Ca content (relat-

ed to temperature) and microstructure of the olivine in

sample vr40332a (Fig. 15). The trend to higher d26Mg

in the olivine neoblasts relative to porphyroclasts is also

observed in vr50855a. A sheared peridotite from the

Kaapvaal Craton (sample LTS98-17, Table 3) shows a



Fig. 15. d26Mg versus Ca (ppm) in olivine in vr40332a.
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range in d26Mg of 2.7x. The variation in the d26Mg of

the olivine suggests that parts of these samples have

been significantly modified by the passage of metaso-

matic fluids along distinct pathways; the neoblasts are

interpreted as showing the strongest effects of interac-

tion with the fluids. Such modification is likely to be

rapid and efficient; Lundstrom (2003) has shown that

olivine reacts rapidly with a melt, as Mg diffuses in

both directions. Although there is an apparent correla-

tion between temperature (as expressed by Ca in oliv-

ine) and d26Mg in some sheared xenoliths (Fig. 15) we

do not regard the isotopic fractionation as temperature-

related. Rather, the Ca content of the olivine tracks the

degree to which the analysed grains have reacted with

the passing melt/fluid.

Galy et al. (2001) assessed the individual effects of

the addition of Na, Al and Ca on measured Mg-isotope

ratios, and found that Ca produces more significant

matrix effects than Fe. Systematic variations were dem-

onstrated for Ca and Al, with increasing positive devia-

tions in d26Mg (up to 1x for Ca; up to 0.4x for Al)

with increasing Ca /Mg and Al /Mg ratios. It was also

observed that at Ca /Mg ratios N0.5, the isobaric inter-

ference of doubly charged 48C++ becomes significant. It

is unclear whether the shift in Mg mass bias is due to

the 48C++ interference or simply the matrix effect pro-

duced by the presence of Ca. Young et al. (2002)

measured 44Ca++ as a proxy for 48C++ and reported

that shifts in Mg mass bias could be observed when

the 44Ca++ / 24Mg+ voltage ratio was greater than 0.1%.

All of the olivines analysed in this study have Ca/

Mg less than 0.002 and 44Ca++/24Mg+ voltages are

significantly less than 0.1%, with 44Ca++ in the noise

range of the Faraday (b2E�5 V). On this basis it is

difficult to conceive that the relationship shown be-

tween the Ca content of the olivine and d26Mg in

Fig. 15 is an analytical artifact. Furthermore, the

range in Ca contents from the porphyroblasts to the
neoblasts (~400 ppm) is less than the difference be-

tween the Ca contents of ALM-1 and SC-1 (~670 ppm).

If the effect of increasing Ca content even at such a low

level is to produce an increase in d26Mg then a much

larger difference, on the order of 1.5x, would be

expected between ALM-1 and SC-1. As this is not

the case it is concluded that the interference effects

for Ca are negligible in Mg-rich olivine. This is in

agreement with the findings of Young et al. (2002)

who also concluded that Ca and Ti had insignificant

effects for many minerals including Mg-rich olivine

and clinopyroxene. They did report that the addition

of Na produced an increase in d26Mg (~0.2x) but there

was no correlation with Na /Mg ratio.

We therefore suggest that the large isotopic differ-

ences between the porphyroblast olivine and the neo-

blasts are the result of physical kinetic isotope

fractionation, caused by diffusion along concentration

gradients between the fluid and the olivine grains mak-

ing up the walls of the fluid pathways. Richter et al.

(1999, 2003) have demonstrated that diffusion between

silicate melts of different compositions produces large

isotopic fractionations in Ca, and inferred similar be-

haviour for Mg. This compositionally driven, diffusion-

related fractionation is independent of temperature, and

depends on the concentration ratio driving the diffu-

sion. It thus seems probable that diffusion between a

percolating melt and a solid phase of markedly different

composition could produce equivalent effects. Adopt-

ing the diffusion parameters of Richter et al. (2003, Fig.

8), a concentration ratio of 0.2–0.3 (Mgmelt /Mgolivine) is

required to produce the 2–3x ranges in d26Mg seen in

the olivine of some of the sheared peridotites. This

equates to fluids with 10–15% MgO, well within the

range of basaltic melts.

5.2.2. Granular garnet peridotites

The large ranges in d26Mg over short distances

observed in the sheared peridotites (Fig. 12b) are un-

likely to be preserved for long times at high tempera-

tures. However, as noted above, these xenoliths

essentially have been sampled in statu nascendi, and

the evidence of the processes affecting them has been

quenched by eruption.

However, relatively large ranges in d26Mg have also

been found in several cratonic garnet peridotite xeno-

liths with coarse-granular microstructures (Fig. 12a;

Table 3), equilibrated at temperatures of 900–1100

8C. Much of this range is expressed as core-to-rim

zoning in single olivine grains. By analogy with the

high-T sheared peridotites, we interpret this zoning as

reflecting the passage of metasomatic fluids, ranging in



Fig. 16. d26Mg versus olivine composition (Fo) for samples from the

Siberian Craton, Slave Craton and south-eastern Australia. Tie-lines

show the range in d26Mg measured within individual samples show

ing modal metasomatism.
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composition from hydrous silicate melts to carbonatitic

melts (e.g. Grégoire et al., 2002 and references therein).

While the olivine and pyroxene grains of such perido-

tites typically show no major-element zoning, evidence

of a metasomatic history commonly is preserved in

their garnets (Griffin et al., 1996a, 1999c). The preser-

vation of these isotopic variations within single samples

may reflect either slower diffusion at lower tempera-

tures, or a relatively recent metasomatic event. There is

increasing evidence that much of the lithospheric man-

tle beneath the Archean cratons has been metasoma-

tised repeatedly through time (Griffin et al., 1999a;

Grégoire et al., 2002; Cousseart et al., 2003), and

there is no reason to believe that such metasomatism

was not also associated with the eruptive events that

brought the xenoliths to the surface.

The proposed mechanism is relevant to understand-

ing the history of single olivine grains hosting sulfides

that have been dated by the in situ Re–Os isotope

method. The data obtained so far on olivine xenocrysts

from Udachnaya show that sulfides interpreted as melt-

related (high Re/Os and Pt/Os; Griffin et al., 2002) are

hosted by grains with higher d26Mg, implying that the

host olivines have been affected by the metasomatism

that introduced the sulfides.

5.2.3. Cryptic and modal metasomatism in spinel

peridotites

The effect of modal metasomatism on dMg is evi-

dent in the six spinel lherzolites from SE Australia. The

samples include assemblages that are ddryT or least

metasomatised (DR9894), cryptically metasomatised

(DR9708, SGN-1) and modally metasomatised (amphi-

bole+apatite-bearing; BM650, BM655, BM901)

(O’Reilly et al., 1991). Equilibration temperatures

range from 800 to 1000 8C. O’Reilly and Griffin

(1988) and Griffin et al. (1988) have shown, using

chemical and isotopic data, that the metasomatism has

occurred in at least three separate episodes, the last of

which took place shortly before the Tertiary eruptive

event that brought the xenoliths to the surface. Nishio et

al. (2004) found a range of 1x in dLi in the cpx of four

of these xenoliths; 7Li/6Li shows strong correlations

with 87Sr/86Sr (positive) and 143Nd/144Nd (negative).

The ranges in olivine composition observed in indi-

vidual xenoliths, and in the suite as a whole, are less

than those seen in the cratonic xenoliths, simply be-

cause few off-craton spinel lherzolites are as depleted

(in terms of Mg/Fe) as the average cratonic xenolith.

There is an overall trend toward higher, and more

homogeneous, d26Mg with increasing degrees of meta-

somatism. The least metasomatised samples have gen-
erally more magnesian olivine, and wide ranges in

d26Mg, whereas the modally metasomatised (amphibo-

leFapatite-bearing) samples have more Fe-rich olivine

and the smallest variation in dMg (Fig. 16). The ob-

served ranges in d26Mg are much larger than could be

explained by the mass-bias effect relating Fo content

and d26Mg proposed by Norman et al. (2004; an in-

crease of 0.02x d26Mg with a decrease of 1% Fo). The

within-sample variations provide a further argument

against a compositional matrix effect; whereas d26Mg

deviations of up to 2x are obtained, the olivine com-

positions are homogeneous within an uncertainty of

F0.5 Fo.

By analogy with the high-temperature sheared xeno-

liths, we interpret these data as showing that the modi-

fication of bulk composition by infiltrating metasomatic

fluids was accompanied by the physical kinetic isotopic

fractionation of Mg by diffusion along large concen-

tration gradients between fluids and their wall rocks.

The relatively narrow ranges in d26Mg in the most

strongly metasomatised samples (ca. 1x) may indicate

either that this metasomatism is relatively old, or that

the presence of carbonatitic fluids has speeded up

isotopic equilibration. The wider ranges in d26Mg in

the least metasomatised samples (up to 2.5x) may

indicate that these samples had escaped metasomatism

until shortly before eruption. Clearly, these data indi-

cate the need for detailed studies of larger xenolith

suites exhibiting evidence of a range of metasomatic

processes. The Li-isotope variations observed in xeno-

liths from this suite (Nishio et al., 2004) are strongly

correlated with other (radiogenic) isotopic measures of

metasomatism, and may reflect the same type of kinetic
-



Fig. 17. Magnesium three-isotope plot (relative to DSM-3 Mg stan-

dard) showing the fractionation between olivine and coexisting miner-

als (a) BM655 amphibole-bearing spinel lherzolite, SE Australia; (b)

vr50885a garnet harzburgite, Slave Craton. The line labeled TFC is

the Terrestrial Fractionation Curve (TFC) from Galy et al. (2000).

ig. 18. Magnesium three-isotope plot (relative to SRM980 Mg

tandard) of synthetic mineral solutions.
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isotope fractionation that is shown by the Mg isotopes;

Richter et al. (2003) have shown that these effects are

even greater for Li than for Mg.

5.2.4. Depletion and refertilisation in the subcontinen-

tal lithospheric mantle

Although the data presented here are limited in

number and show wide ranges, there is a broad trend

observable in both the on-craton and off-craton sam-

ples; the most depleted samples in each group tend to

have the lowest d26Mg, while those that have experi-

enced significant metasomatism by asthenosphere-de-

rived melts and/or fluids have higher d26Mg. The

depletion process (s.l.) has involved the extraction of

mafic to ultramafic melts from a fertile protolith; the

metasomatic processes have involved the re-introduc-

tion of such melts and associated fluids into the SCLM.

The observed variations suggest that the melt-extraction

process has involved an isotopic fractionation of Mg,

with the melts having higher d26Mg than the source
rock, leaving the resulting residue with a lower d26Mg.

The combination of these two processes may be suffi-

cient to explain the observed range in the d26Mg of

mantle olivine, ranging from the products of (multiple?)

depletion events at the light end, to the compositions of

primitive mantle melts at the high end.

This scenario implies that melt extraction is a non-

equilibrium process, at least in detail. It predicts that a

recently depleted residue, sampled as a xenolith, might

show a core-to-rim zoning toward lower d26Mg in

single olivine grains, in contrast to the trends observed

in our limited sample. As noted above, there is consid-

erable evidence that the cratonic lithospheric mantle has

been extensively refertilised over time. If our samples

are representative, the lowest d26Mg values reported

here may represent maximum values for the highly

depleted SCLM, while the heaviest values might ap-

proximate the d26Mg of the asthenosphere.

5.2.5. Intermineral fractionation

Preliminary Mg-isotope measurements on clinopyr-

oxene and amphibole in BM650 and BM901 provide

additional evidence that links the shift to heavier d26Mg

in the olivine with metasomatism. Both clinopyroxene

and amphibole have markedly higher dMg than coex-

isting olivine (Fig. 17). However, a number of matrix

effect issues need to be addressed to validate these

results. Some of these have been investigated using

synthetic mineral solutions, prepared by adding Ca,

Fe and minor elements Cr, Al to the SRM980 solution

in mole proportions equivalent to clinopyroxene, am-

phibole, orthopyroxene and garnet. The results are

shown in Fig. 18 and the effect of the addition of Fe

for the synthetic olivine compositions has already been

discussed. The synthetic clinopyroxene and amphibole

compositions are shifted to slightly higher dMg values
F

s
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but, like the synthetic orthopyroxene, are within uncer-

tainty (F2sd) of the unspiked SRM980. This indicates

that any matrix effects brought about by the addition of

Ca up to Ca/Mg=1 are not sufficient to produce the

intermineral fractionation observed between olivine and

clinopyroxene in the xenoliths. The synthetic garnet is

also shifted to higher dMg relative to SRM980 but

again it would not appear that the presence of Al in

the sample matrix is the cause of the difference in dMg

measured between olivine and garnet in sample

vr50885a.

The fractionation of Mg isotopes between perido-

tite phases in this study shows a number of similar-

ities and differences to those reported for Fe isotopes

(Zhu et al., 2002). As with Mg isotopes, the olivine

was shown to have systematically lighter Fe than

coexisting clinopyroxene in the three samples studied

by Zhu et al., with differences in e57Fe of 1.8 to 3.7

between the two minerals. One of the three samples

had been modally metasomatised and the amphibole

contained significantly heavier Fe than the coexisting

olivine and clinopyroxene. In contrast to the Mg

isotopes there was no observed fractionation of Fe

isotopes between orthopyroxene and clinopyroxene.

Zhu et al. (2002) concluded that the fractionation

between olivine and pyroxenes indicated equilibrium

partitioning and cited the equilibrium distribution of

oxygen isotopes (Mattey et al., 1994) as supporting

this view.

Young and Galy (2004) found that Mg in olivine

is 1x lighter than coexisting clinopyroxene. To ex-

plain the Fe isotope results for the amphibole, Zhu et

al. (2002) suggested that because it was a metasomat-

ic product it might not be in equilibrium with the

olivine and pyroxenes. Consequently the large frac-

tionation of Fe isotopes between amphibole and the

other minerals was interpreted to indicate the possible

importance of kinetic processes in isotope fraction-

ation at high temperature. Further detailed studies of

Fe, Mg, Ca and O isotopes in metasomatised perido-

tites clearly will be required to document and under-

stand these fractionations in a larger variety of rock

types.

6. Conclusions
! The in situ measurement of Mg isotopes in olivine

by laser-ablation MC-ICPMS provides a robust an-

alytical method to investigate isotopic variations in

mantle peridotites.

! A range of 5x d26Mg has been found in olivine

from several suites of xenoliths and xenocrysts,
representing the lithospheric mantle beneath Arche-

an cratons and Phanerozoic fold belts.

! Melt extraction (depletion) leads to isotopically

lighter Mg in the residue, and there is a consistent

shift to heavier isotopic compositions related to sub-

sequent metasomatism and melt infiltration.

! Variations of up to 2.6x d26Mg occur within indi-

vidual peridotite xenoliths and the in situ technique

allows these variations to be interpreted in a micro-

structural context.

! The magnitude and scale of the variations within

samples suggest that non-equilibrium processes are

important; the most likely process for producing

these variations is physical kinetic isotope fraction-

ation related to diffusion of Mg between high-Mg

olivine and low-Mg melts/fluids. On a three-isotope

plot the olivine data spread along the Terrestrial

Fractionation Curve. Therefore both equilibrium

and disequilibrium processes produce isotopic frac-

tionations that fall on this curve.

! Preliminary data on coexisting minerals indicate

disequilibrium or partial re-equilibration; further

studies clearly are needed to investigate these effects

in more detail.
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