
Earth and Planetary Science Letters 481 (2018) 143–153
Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Timescales between mantle metasomatism and kimberlite ascent 

indicated by diffusion profiles in garnet crystals from peridotite 

xenoliths

Michael C. Jollands a,b,∗, Brendan J. Hanger a,c, Gregory M. Yaxley a, Jörg Hermann a,d, 
Matthew R. Kilburn e

a Research School of Earth Sciences, Mills Road, Australian National University, Canberra, ACT 2601, Australia
b Institute of Earth Sciences, Géopolis building, University of Lausanne, 1015 Lausanne, Switzerland1

c Boone Pickens School of Geology, Noble Research Centre, Oklahoma State University, Stillwater, OK 74078, USA1

d Institute of Earth Sciences, University of Bern, Balzerstrasse 1+3, 3012 Bern, Switzerland1

e Centre for Microscopy, Characterisation and Analysis, University of Western Australia, Crawley, WA 6009, Australia

a r t i c l e i n f o a b s t r a c t

Article history:
Received 3 July 2017
Received in revised form 26 September 
2017
Accepted 6 October 2017
Available online 5 November 2017
Editor: M. Bickle

Keywords:
diffusion
kimberlite
mantle metasomatism
garnet
NanoSIMS

Rare garnet crystals from a peridotite xenolith from the Wesselton kimberlite, South Africa, have distinct 
zones related to two separate episodes of mantle metasomatism. The garnet cores were firstly depleted 
through melt extraction, then equilibrated during metasomatism by a potentially diamond-forming 
carbonate-bearing or proto-kimberlitic fluid at 1100–1300 ◦C and 4.5–5.5 GPa. The garnet rim chemistry, 
in contrast, is consistent with later overgrowth in equilibrium with a kimberlite at around 1025 ± 25 ◦C
and 4.2 ± 0.5 GPa. This suggests that the rock was physically moved upwards by up to tens of kilometres 
between the two metasomatic episodes. Preserved high Ca, Al and Cr contents in orthopyroxenes suggest 
this uplift was tectonic, rather than magmatic. Diffusion profiles were measured over the transitions 
between garnet cores and rims using electron microprobe (Mg, Ca, Fe for modelling, plus Cr, Mn, Ti, Na, 
Al) and nano Secondary Ion Mass Spectrometry (NanoSIMS; 89Y, along with 23Na, Ca, Cr, Fe, Mn and Ti) 
analyses. The short profile lengths (generally <10 μm) and low Y concentrations (0.2–60 ppm) make the 
NanoSIMS approach preferable. Diffusion profiles at the interface between the zones yield constraints on 
the timescale between the second metasomatic event and eruption of the kimberlite magma that brought 
the xenolith to the surface. The time taken to form the diffusion profiles is on the order of 25 days to 
400 yr, primarily based on modelling of Y diffusion along with Ca, Fe and Mg (multicomponent diffusion) 
profiles. These timescales are too long to be produced by the interaction of the mantle xenolith with the 
host kimberlite magma during a single-stage ascent to the crust (hours to days). The samples offer a 
rare opportunity to study metasomatic processes associated with failed eruption attempts in the cratonic 
lithosphere.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Kimberlites are deep-seated volatile-rich magmas that are re-
sponsible for transporting the majority of diamonds that reach the 
Earth’s surface. Given that diamonds are unstable at low pressure 
(Kennedy and Kennedy, 1976) they must be carried to the surface 
and quenched extremely rapidly to survive without dissolution or 
conversion to graphite, and, indeed, the extremely high velocity 
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of erupting kimberlites (>m/s) has been shown by several studies 
(compilation in Peslier et al. (2008)). However, the degree to which 
kimberlites are stalled or trapped below the surface is unclear as 
we generally are only able to sample those kimberlites that have 
successfully made it to the surface, or near surface.

Chemical overprinting associated with fluid–rock and/or melt–
rock interaction is almost ubiquitous in xenoliths from kimberlites 
and associated magma types (Pearson and Wittig, 2014). Such lo-
cal changes in chemistry may be recorded by formation of com-
positional zoning in minerals, which leads to intra-grain chem-
ical potential gradients. In response, this zoning may then be 
erased, or relaxed, by diffusion (review by Ganguly, 2010). The 
length and shape of concentration-distance profiles across com-
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positional heterogeneities within crystals, if preserved, and shown 
to be diffusion profiles, may then be used in combination with 
experimentally determined diffusion coefficients (e.g. in garnets, 
Ganguly et al., 1998; Tirone et al., 2005) to determine the time-
integrated thermal history following overgrowth and, from that, 
estimate thermal time scales. This approach is independent of the 
absolute age of the rock.

Because of the long residence time (mantle timescales) at high 
temperature, and relatively short timescale of transport (kimberlite 
eruption timescales), chemical zonation in mantle-derived garnet 
xenocrysts is relatively rare – chemical gradients are either diffu-
sively relaxed during the long residence times, or have insufficient 
time to form during transport. Such chemical zoning has, however, 
been identified in a small number of garnet peridotites from south-
ern Africa, including Lesotho (Smith and Boyd, 1987), the Frank 
Smith mine (Griffin et al., 1989) and the Wesselton mine, South 
Africa (Griffin et al., 1999), as well as the Colorado Plateau, United 
States (Smith and Ehrenberg, 1984).

In this contribution, diffusion profiles across rare zoned garnet 
crystals (Hanger et al., 2015) in a garnet peridotite xenolith from 
the Wesselton kimberlite erupted at 86 ± 3 Ma (Allsopp and Bar-
rett, 1975) are used to quantify the time gap between the first 
interaction of a percolating metasomatic agent (likely a failed kim-
berlite) and the peridotite body, and the final kimberlite eruption 
(and transport of the sample to the surface). This garnet peri-
dotite xenolith provides a rare opportunity to interrogate very 
rapid geological processes occurring deep in the cratonic mantle 
lithosphere.

2. Methods

2.1. Samples

The garnet crystals investigated in this study are from a garnet 
peridotite xenolith (KBD12) from the Wesselton diamond-bearing 
kimberlite, and were previously described by Hanger et al. (2015). 
For analyses, we chose two garnet grains (ga4 and ga6) with 
strong, nearly step-like compositional zoning features (Fig. 1).

2.2. Methods related to geothermobarometry

The analytical methods associated with geothermobarometric 
calculations are presented in Hanger et al. (2015). Standard major 
and minor elements were determined by electron probe micro-
analysis (EPMA) for olivine, orthopyroxene, garnet and clinopyrox-
ene using a Cameca SX100 electron microprobe. A suite of trace 
elements (including alkalis, transition metals, rare earth elements 
(REE), high field strength elements) was analysed by laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS) using 
an Agilent 7500 quadrupole ICP-MS coupled to a LambdaPhysik 
excimer LA system, with a Helex dual volume cell. Further infor-
mation, including analysed isotopes and analytical conditions, is 
provided in the Electronic Appendix A. EPMA and LA-ICP-MS anal-
yses were conducted at the Australian National University.

2.3. Methods related to characterising diffusion profiles

2.3.1. Electron probe microanalysis
Quantitative analyses of the garnet compositions were per-

formed using a Cameca SX100 as above. Linear transects across the 
compositional interfaces were obtained using a step size of either 
1 or 2 μm, a focused, 1 μm diameter beam, an accelerating volt-
age of 15 kV and a beam current of 20 nA. Under these conditions, 
the electron beam excites a hemi-spherical Gaussian distributed 
interaction volume of around 2 μm diameter (CASINO modelling, 
Hovington et al., 1997), i.e. giving overlap between neighbouring 
Fig. 1. Backscattered electron images of garnets analysed in this study, plus approx-
imate NanoSIMS analytical locations (white, black-rimmed bars). Scale bars (lower 
right) are 500 μm. (a): gt4, with clear growth zoning. (b): gt6, zoning less clear but 
still present. Black circles are laser ablation spots.

analysis spots. The size of the beam is only ∼5–10× smaller than 
the profile length, so analytical artefacts mean that the observed 
profile will be longer than the true profile. However, this effect is 
only expected to overestimate timescales determined by diffusion 
modelling by around 10–15% (calculated using the formulation of 
Ganguly et al., 1988).

2.3.2. NanoSIMS analysis
NanoSIMS has recently become a useful tool for characterising 

diffusion or zoning profiles which are either too short, or have 
concentrations that are too low, for effective analysis by EPMA. 
Our scans were performed with the CAMECA NanoSIMS 50 at the 
Centre for Microscopy, Characterisation and Analysis, University of 
Western Australia, using an O− primary ion beam. The magnetic 
field of the mass spectrometer was tuned to deflect mass 89 (Y) 
into the fixed detector, with the electron multipliers on four mov-
able trolleys positioned to detect lighter elements. The second de-
tector was always used to detect the reference isotope, 29Si+ , with 
three different configurations being used during analysis, as the 
physical size of the detectors prevents simultaneous analysis of el-
ements with similar masses, such as 23Na+ and 24Mg+ or 52Cr+ , 
55Mn+ and 56Fe+ . The first, third and fourth detectors were posi-
tioned so that the following three suites could be detected respec-
tively: [23Na, 29Si, 40Ca, 52Cr, 89Y], [24Mg, 29Si, 40Ca, 55Mn, 89Y] 
and [27Al, 29Si, 48Ti, 56Fe, 89Y]. All secondary ions were detected si-
multaneously. The mass spectrometer was tuned to high resolution 
mode using an entrance slit of 30 μm, an aperture slit of 200 μm, 
and a 10% reduction in the signal at the energy slit. Two differ-
ent spot configurations were used, one with a primary current 
of ∼17 pA (large spot) and the other ∼1.6 pA (small spot). Both 
used a 200 μm source aperture and a 300 μm primary aperture. 
Peak positions were calibrated using the NIST SRM 610 reference 
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glass for all elements, except Y and Cr, which were calibrated using 
xenotime and Cr-metal, respectively.

High-resolution line-scans were acquired using the line-scan 
– beam control mode (i.e. with a stationary sample stage) on 
the NanoSIMS acquisition software. The software was used to ac-
quire an image with a field of view of 25 μm and a resolution of 
256 × 256 pixels, giving a pixel size of 98 × 98 nm, with a dwell 
time of 3 ms/pixel. These images, in conjunction with a coarse-
scale line-scan were used to determine the position of the inter-
face between the core and rim of the crystal. Once the interface 
was identified, line-scans were set up perpendicular to it. At each 
pixel on the line, a small 3 × 3 pixel scan is performed around 
the central pixel. A ∼17 pA beam with a diameter of ∼600 nm 
gave an effective scan width of 800 nm. The dwell time was 500 
ms/pixel, giving a total count of 4.5 s per point. Each point was 
pre-sputtered for two cycles (9 s) before the measurement was 
recorded on a third pass (final 4.5 s), this process allowed for 
the implantation of ions on the sample surface and the removal 
of any surface contamination. For the smaller spot, with a beam 
current of ∼1.6 pA and a diameter of 300 nm, the effective scan 
width was 500 nm. A dwell time of 800 ms/pixel was used, giv-
ing a total count time of 7.2 s per measurement, with two passes 
performed at each point, one as pre-sputter and one for measure-
ment. Data were corrected for 44 ns dead time, and each element 
was expressed as the total amount of counts measured. To remove 
potential tuning artefacts, such as variations in the primary beam 
current or secondary ion transmission, each measurement was nor-
malised to the 29Si+ signal.

Line-scans were obtained using a ∼17 pA beam current first, 
with each elemental suite being collected in individual scans par-
allel to each other, approximately 3 μm apart; all scans of one suite 
were collected before moving onto the next set of elements. Scans 
with the lower beam current of ∼1.6 pA, and therefore a smaller 
scan width, were superimposed over the same line as used previ-
ously. The approximate location of the NanoSIMS scans are shown 
on Fig. 1 as white bars, a step size of 140 nm was used (thus giv-
ing considerable overlap of analyses) and the scan length varied 
from 10 to 25 μm, with shorter scans used once the position of 
the interface was well constrained.

3. Results

3.1. Textures and major mineral chemistry

Two different assemblages are identified through combination 
of textural and chemical observations. The (presumably) primary 
assemblage is comprised of olivine, orthopyroxene and garnet. This 
assemblage was then partially replaced by an olivine, clinopyrox-
ene and garnet assemblage. The garnet cores and rims are associ-
ated with the former and latter assemblages, respectively.

Olivine varies from Mg# of 91 to 94 (Mg# = 100∗Mg/

(Mg + Fe)), with the most magnesian olivine generally having 
lowest Ni (Ni ≈ 2300 ppm) and vice versa (Ni ≈ 3500 ppm). Or-
thopyroxene varies from Mg# 89 to 95, with Mg# inversely cor-
related with Ca content. Ca and Al (and Cr) in orthopyroxene are 
positively correlated (Fig. 2), with ranges of 0.6–1.7 wt% Al2O3
and 0.4–1.3% CaO, qualitatively suggesting previous equilibration at 
higher P –T , followed by lower P –T re-equilibration (e.g. Brey and 
Köhler, 1990; Nickel and Green, 1985; Witt-Eickschen and Seck, 
1991). The measured clinopyroxenes (sodic diopsides) are effec-
tively homogeneous in terms of their trace and major element 
compositions. Major elements vary across the garnets, the late 
stage overgrown rims are enriched in Na, Ca, Ti, Cr and Fe and 
depleted in Al and Mg relative to the core. Based on Ca–Cr sys-
tematics (Grütter et al., 2004) the cores of the zoned garnets are 
classified as harzburgitic and the rims are lherzolitic. Major and 
Fig. 2. Ca versus Al and Cr in orthopyroxene from xenolith KBD12. Ca shows an 
∼isothermal cluster and a high temperature tail, probably associated with higher 
pressure (see text). Analyses are from unpublished data of Hanger et al. (2015). 
Also shown are Ca in orthopyroxene temperatures from Brey and Kohler (1990), 
calculated at 4 GPa.

trace element chemistry of the major phases is presented in Ta-
ble 1.

3.2. Mineral trace element chemistry

Garnet primitive mantle normalised REE patterns are variable 
(Fig. 3a, b); the cores display sinusoidal patterns (normalised LREE 
enrichment peaking at Pr) whereas the rim patterns are ‘normal’ 
(with HREE enriched by about 20× primitive mantle abundances 
for Tb through Lu). The REE of the garnet rims appear to be in 
equilibrium with those in the clinopyroxene suite (Fig. 3c), – REE 
patterns of garnet rims (gt4) agree qualitatively with those pre-
dicted based on measured clinopyroxene REE and [D]garnet/melt and 
[D]clinopyroxene/melt (from Girnis et al., 2013). We use [D] to de-
scribe partition coefficients to avoid confusion with diffusion coef-
ficients, also usually notated D . Ti/Eu and (La/Yb)N ratios of garnet 
cores and rims are consistent with carbonatitic and silicate/kimber-
litic metasomatism, respectively (e.g. Rudnick et al., 1993; Fig. 3d).

3.3. Elemental profiles between garnet cores and overgrown rims

According to the EPMA analyses, Mg and Fe display the longest 
profiles, then Ca, with Ti and Al having the shortest profiles 
(Fig. 4a). NanoSIMS data agree where the same elements were 
measured with both techniques; Y, Ti and Cr abundances changed 
from core to rim values over the shortest distance, followed by Na, 
Ca and Al (where data were available). Fe, Mg and Mn showed the 
longest profiles (Fig. 4). The majority of profiles have error-function 
geometries. Mg and Al are higher in the core, Ca, Fe, Ti, Mn, Na, Cr 
and Y are higher in the rim (Fig. 4). This suggests that the diffu-
sivities increase in the order DY ≈ DTi ≈ DCr < DNa ≈ DCa ≈ DAl <

DFe < DMg ≈ DMn, although this ignores the potential for any mul-
ticomponent diffusion effects, which are known to affect at least 
the major elements in garnet (e.g. Ganguly, 2010).
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Table 1
Trace and major element compositions of major phases. The garnet rim, low Ca orthopyroxene and clinopyroxene are interpreted to be in equilibrium, and the high Ca 
orthopyroxene approaches equilibrium with the garnet cores. Olivine compositions define a range, only the mean is given here. The low Ca orthopyroxene includes all points 
in the respective field in Fig. 2, and the ‘high Ca orthopyroxene’ is the average of the five highest Ca points in Fig. 2. Numbers in square brackets below mineral names are 
the numbers of repeat analyses for EPMA and LA-ICP-MS, respectively. b.d.l. = below EPMA detection limit. Blank cells in LA-ICP-MS section means data was not collected.

Garnet 4 core 
[n = 8, 2]

Garnet 4 rim 
[n = 5, 2]

Clinopyroxene 
[n = 7, 7]

Orthopyroxene 
(low Ca) 
[n = 27, 12]

Orthopyroxene 
(high Ca) 
[n = 5, 3]

Olivine (all) 
[n = 27, 0]

EPMA data

SiO2 42.41 (0.31) 41.17 (0.66) 54.66 (0.27) 57.56 (0.72) 55.81 (0.99) 40.85 (0.99)
TiO2 0.02 (0.01) 0.75 (0.04) 0.44 (0.02) 0.07 (0.06) 0.22 (0.03) b.d.l.
Al2O3 19.51 (0.13) 17.29 (0.25) 2.89 (0.16) 0.69 (0.07) 1.61 (0.11) b.d.l.
Cr2O3 5.82 (0.06) 6.76 (0.08) 2.96 (0.10) 0.30 (0.10) 0.89 (0.09) 0.03 (0.01)
FeO 5.85 (0.16) 8.47 (0.07) 2.51 (0.08) 4.87 (1.12) 6.29 (0.26) 7.29 (0.77)
MnO 0.24 (0.02) 0.26 (0.01) 0.08 (0.01) 0.09 (0.02) 0.11 (0.03) 0.09 (0.01)
MgO 22.76 (0.26) 19.52 (0.40) 16.04 (0.16) 35.35 (1.29) 32.78 (0.95) 51.37 (1.54)
NiO b.d.l. 0.03 (0.02) 0.05 (0.01) 0.12 (0.02) 0.12 (0.02) 0.38 (0.04)
CaO 4.13 (0.02) 5.89 (0.07) 17.70 (0.10) 0.59 (0.09) 1.12 (0.10) 0.05 (0.01)
Na2O 0.01 (0.01) 0.08 (0.005) 2.75 (0.10) 0.13 (0.06) 0.30 (0.04) 0.02 (0.01)
K2O b.d.l. b.d.l. 0.02 (0.01) b.d.l. b.d.l. b.d.l.
P2O5 b.d.l. 0.01 (0.01) 0.02 (0.02) b.d.l. b.d.l. b.d.l.
Total 100.74 (0.41) 100.22 (1.26) 100.12 (0.29) 99.79 (1.06) 99.26 (1.51) 100.08 (1.31)

Mg/(Mg + Fe)
[molar]

0.874 (0.013) 0.804 (0.010) 0.919 (0.015) 0.928 (0.043) 0.903 (0.025) 0.926 (0.038)

LA-ICP-MS data

Na 801 (247) 1879 (380) 2241 (606)
Sc 107.4 (0.4) 130.4 (7.2) 31.7 (3.5) 4.0 (0.6) 4.3 (1.6)
V 185.3 (1.2) 225.3 (20.6) 340 (14) 50.4 (7.7) 52.3 (5.2)
Co 40.9 (0.3) 52.8 (6.6) 22.6 (2.2) 72.3 (16.6) 70.8 (3.7)
Ni 55.6 (0.8) 107.9 (12.9) 365 (18) 1074 (299) 1080 (57)
Ga 2.66 (0.05) 10 (0.6) 8.8 (0.8) 2.9 (1.1) 2.0 (0.5)
Rb 0.20 (0.18) 1.1 (1.1) 0.6 (0.6)
Ba 0.3 4.7 (4.7) 1.9 (1.7) 1.8 (1.1)
Th 0.02 (0.01) 0.04 (0.03) 0.07 (0.05) 0.05 (0.04) 0.03 (0.02)
U 0.03 (0.004) 0.04 (0. 02) 0.04 (0.01) 0.02 (0.01) 0.01 (0.01)
Nb 0.78 (0.11) 0.95 (0.61) 0.75 (0.52) 0.46 (0.40) 0.36 (0.16)
Ta 0.02 (0.002) 0.05 (0.03) 0.07 (0.03) 0.03 (0.02) 0.03 (0.01)
La 0.13 (0.06) 0.48 (0.41) 2.09 (0.53) 0.3 (0.3) 0.19 (0.13)
Ce 1.26 (0.11) 1.56 (0.85) 8.9 (1.1) 0.6 (0.6) 0.46 (0.34)
Pb 0.11 (0.05) 0.06 (0.01) 0.22 (0.04) 0.06 (0.03) 0.08 (0.05)
Pr 0.36 (0.01) 0.37 (0.10) 1.6 (0.1) 0.07 (0.07) 0.05 (0.03)
Sr 1.4 (0.4) 6.43 (5.44) 109.9 (4.7) 3.9 (3.9) 3.3 (2.6)
P 75.1 (0.6) 155.0 (21.4) 46.3 (17.4) 28.8 (9.6) 27.6 (2.9)
Nd 1.79 (0.04) 3.4 (0.4) 8.1 (0.5) 0.26 (0.25) 0.21 (0.12)
Sm 0.48 (0.02) 2.7 (0.3) 2.2 (0.1) 0.06 (0.04) 0.05 (0.02)
Zr 8.8 (0.4) 149.0 (11.9) 69.8 (3.8) 1.29 (0.85) 1.25 (0.55)
Hf 0.16 (0.01) 3.6 (0.4) 0.05 (0.03) 0.05 (0.03)
Eu 0.13 (0.01) 1.3 (0.1) 0.70 (0.03) 0.01 (0.01) 0.02 (0.01)
Ti 100.4 (11.8) 5705 (482) 2485 (185) 600 (387) 400 (211)
Gd 0.38 (0.003) 5.5 (0.3) 1.8 (0.2) 0.04 (0.03) 0.04 (0.01)
Tb 0.04 (0.004) 1.2 (0.1) 0.23 (0.01) 0.01 (0.003) 0.004 (0.003)
Dy 0.20 (0.03) 9.7 (0.4) 1.1 (0.1) 0.03 (0.02) 0.02 (0.01)
Y 0.85 (0.10) 52.5 (2.9) 4.0 (0.2) 0.14 (0.09) 0.11 (0.06)
Ho 0.03 (0.01) 2.2 (0.1) 0.16 (0.01) 0.01 (0.003) 0.004 (0.002)
Er 0.07 (0.01) 6.5 (0.4) 0.33 (0.02) 0.01 (0.01) 0.009 (0.004)
Tm 0.01 (0.004) 1.0 (0.1) 0.03 (0.01) 0.002 (0.001) 0.002 (0.001)
Yb 0.11 (0.001) 6.3 (0.5) 0.13 (0.03) 0.01 (0.01) 0.005
Lu 0.04 (0.001) 0.9 (0.04) 0.02 0.002 (0.001) 0.002 (0.0001)
4. Discussion

4.1. Thermobarometry

Any diffusion modelling or interpretation of the profiles ob-
served in the sample firstly requires pressure–temperature condi-
tions for the two main stages of equilibrium (olivine–orthopyro-
xene–garnet and olivine–clinopyroxene–garnet) to be obtained. De-
spite the mineral compositional heterogeneities in these samples, 
several geothermometers and geobarometers have been applied. 
Below, we quote internal errors only (±1 s.d or full range when 
data are not Gaussian).

Firstly, the Nimis and Taylor (2000) geothermobarometer was 
applied to the clinopyroxenes (assumed to be in equilibrium with 
garnet rims based on REE partitioning), yielding equilibration con-
ditions of 4.07 ± 0.13 GPa and 1022 ± 18 ◦C. Given that the garnet 
and clinopyroxenes fall within the compositions used by Beyer et 
al. (2015), their garnet–clinopyroxene barometer was also applied 
using the temperature from the Nimis and Taylor (2000) deriva-
tion, yielding pressures of 3.94 ± 0.35 GPa. The Ca in orthopy-
roxene geothermometer (Brey and Köhler, 1990), coupled with the 
range of pressures from the above barometers, gives a very large 
temperature range (950 to >1250 ◦C). However, within the range 
(38 analyses), there is a cluster of 26 analyses at 1036 ± 36 ◦C
(Fig. 2), corresponding to orthopyroxene grains with low Ca and 
Al contents, interpreted to be those orthopyroxenes that are in, or 
approaching equilibrium with, the clinopyroxene and garnet rims. 
The garnet–orthopyroxene barometer (Nickel and Green, 1985) was 
applied to the low Ca orthopyroxene group and the garnet rims, 
yielding a crystallisation pressure of 4.38 ± 0.36 GPa. The wider 
spread and higher pressure from this barometer suggests that 
the low Ca orthopyroxene is only approaching equilibrium with 
the garnet rims. In addition, a two-pyroxene thermometer was 
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Fig. 3. (a) and (b): Primitive mantle (PM) normalised (Palme and O’Neill, 2003) trace element analyses from the two garnet crystals analysed in this study. Cores show 
sinusoidal REE patterns, whereas rims are HREE enriched. (c) Predicted garnet REE pattern (grey region – ‘garnet pred.’) derived from clinopyroxene REE (dashed line – mean 
clinopyroxene) using partition coefficients from Girnis et al. (2013), along with measured garnet REE pattern (‘garnet meas.’). Partition coefficients correctly predict the REE 
pattern shape but not magnitude. (d) Ti/Eu against (La/Yb)N (PM normalised) for garnet cores, rims, and clinopyroxene. Garnet rims and clinopyroxene ratios are consistent 
with silicate metasomatism, garnet cores with carbonate metasomatism.

Fig. 4. Representative profiles of all elements analysed, showing different profile length scales for different elements, giving weight to the hypothesis that the profiles are 
formed by diffusion. Profiles with circular markers are obtained using EPMA, and those with square markers using NanoSIMS. (a): Mn, Ca and Fe (EPMA data) acquired 
simultaneously, fitted assuming multicomponent diffusion (see text). y-axis is mole fraction on the dodecahedral site, assuming for the sake of modelling that XMg + XCa +
XFe = 1 (b) Diffusion profiles of other elements (gt4), selected from several NanoSIMS transects plus EPMA data. Aligned by the midpoint of fitted profiles. All profiles are 
adjusted such that concentration goes from zero to one, then offset for clarity. Solid black lines are fits to the error function, given as visual aids only. The Mn gradient is 
small enough that it is not resolvable by EPMA, thus it is not included in multicomponent modelling.
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used (Taylor, 1998), yielding temperatures of 1007–1060 ◦C when 
3.6–4.9 GPa (from combining the other P estimates) is used as the 
input pressure.

The range of Ca in orthopyroxene temperatures also suggest a 
previous higher T event of ∼1150 to 1250 ◦C, with one data point 
at >1300 ◦C (Fig. 2). We suggest the high Ca–Al–Cr orthopyrox-
ene tail is related to the previous equilibration conditions of the 
garnet cores (olivine–orthopyroxene–garnet assemblage); it is un-
likely that a kimberlitic fluid responsible for forming the garnet 
rims also formed orthopyroxene.

Ca is correlated both with XM1
Al and XCr (in orthopyroxene), 

consistent with >200 ◦C temperature difference (Witt-Eickschen 
and Seck, 1991), although the absolute T cannot be calculated 
from Al–Cr in orthopyroxene given the sample mineralogy. Us-
ing the 1150–1250 ◦C temperature range, we applied again the 
garnet–orthopyroxene barometer (Nickel and Green, 1985) to the 
high Ca orthopyroxene subsample and the garnet cores. This gives 
4.8 ± 0.4 GPa for garnet core formation. We also estimated equi-
libration conditions from the highest preserved temperature from 
Ca in orthopyroxene (>1300 ◦C for one datum) and the geothermal 
gradient, assuming 40–45 mW m−2 heat flow (typical for subcra-
tonic lithospheric mantle (e.g. Beyer et al., 2015)), which suggest 
equilibration pressures around 4.8–5.5 GPa.

Taken together, the geothermobarometry suggests that the gar-
net rims formed in equilibrium with clinopyroxene and low Ca 
orthopyroxene at 1025 ± 25 ◦C and 4.2 ± 0.5 GPa (124 ± 8 km). 
In contrast, the garnet cores were in equilibrium with the high 
Ca–Al–Cr orthopyroxene at 4.4–5.5 GPa (136–170 km) and 1200 ±
50 ◦C, or even up to 1300 ◦C. This suggests the rock records up-
wards movement of a fragment of mantle, now represented by the 
xenolith, of up to several tens of kilometres. The fO2 conditions for 
the garnet cores and rims (at relevant P –T ) using the calibration 
of Stagno et al. (2013) and Fe3+/ΣFe from Hanger et al. (2015), 
are QFM −2.1 to −3.2 and QFM −0.1 to −1.6, respectively.

4.2. Diffusive modification of orthopyroxene chemistry

Whilst not the focus of this study, and difficult to evaluate 
quantitatively due to the dissolution of orthopyroxene in kimber-
lite type magmas (e.g. Russell et al., 2012), the presence of the high 
Ca–Al–Cr tail can allow rough estimation of the minimum time 
elapsed between attainment of P –T conditions associated with the 
two assemblages. No published experimentally determined Al or 
Ca diffusion coefficients yet exist, so we use DCr for modelling. Us-
ing the activation energy and pre-exponential terms (determined 
at 1 bar) of Ganguly et al. (2007), and an experimentally deter-
mined activation volume for trivalent cation diffusion in pyroxenes 
(for DREE in diopside (Van Orman et al., 2001), probably the most 
relevant at present), DCr at 1025 ◦C, 4.2 GPa is 10−21.4 m2 s−1 and 
at 1200 ◦C 5 GPa is 10−20.2 m2 s−1. Orthopyroxene crystals are 
generally 2–5 mm across, so, for minimum time estimates, we use 
the faster diffusion coefficients and minimum size. Using a one di-
mensional finite difference approximation of Fick’s second law (e.g. 
eqs. (8.11) and (8.12) of Crank, 1975) with fixed rim concentration 
(nominally 1) and a zero initial core concentration, the times taken 
for the core to evolve to values of 0.5, 0.75 and 0.95 are 1.9, 3.3 and 
6.6 M.y., respectively. Thus, in order for a range of orthopyroxene 
compositions between the high Ca–Al–Cr tail and the low Ca–Al–Cr 
cluster to coexist, the physical movement was more likely tectonic 
(∼M.y. timescales) than magmatic (minutes to years timescales). 
The presence of orthopyroxene in equilibrium with the garnet and 
clinopyroxene does not require new orthopyroxene to grow at the 
equilibrium conditions, rather it can be diffusively modified as the 
P –T conditions change over M.y. timescales.
4.3. Diffusion or overgrowth?

Several methods have been used in similar studies to distin-
guish between compositional changes due to growth zoning and 
those due to diffusion, because an error function fit alone is not 
definitive evidence for diffusion. Useful observations include pro-
files of different lengths for elements that are known to have dif-
ferent diffusion coefficients, anisotropy in profile lengths between 
different crystallographic axes and isotopic fractionation, where 
ratios inherited from growth are altered by light isotopes diffus-
ing faster than heavier ones. In this study, the clear difference in 
profile lengths among the different elements (Fig. 4) is taken as 
evidence for a diffusive origin of the profiles. The slightly longer 
profile of Mn relative to Fe and, to some extent, Mg (Fig. 4) is 
consistent with the experimental findings of Elphick et al. (1985), 
albeit in spessartine–almandine couples. Likewise, the fact that Y 
profiles are shorter than those of Mg, Fe or Mn is consistent with 
the study of Elphick et al. (1985), from which one crystal cou-
ple was re-analysed for Y profiles by Bloch et al. (2015). Whilst 
not experimentally determined, Carlson (2012) suggested, based on 
stranded diffusion profiles, that DCr should be statistically indistin-
guishable from DY, in agreement with the effectively identical pro-
file lengths for Cr and Y in our samples (Fig. 4b). No experimental 
data are available for diffusion of Ti, Na or Al. Given that garnet is 
cubic and no isotopic work was done (or, indeed, is possible, given 
the current spatial resolution (>10 μm) of the isotopic method), 
neither anisotropy nor isotopic fractionation could be used.

One clear concern, exemplified by Fig. 4, is that the major ele-
ment profiles (those in Fig. 4a) do not conform as well to the diffu-
sion model as the Y profiles (Figs. 4b and 7), both in terms of their 
geometry and rotational asymmetry. There are several reasons that 
this could be the case. Firstly, the assumption of a step-function 
as the initial condition for the major elements may be incorrect, 
either if the garnet has undergone some diffusive exchange prior 
to rim growth, or if the garnets were undergoing dissolution or 
growth prior to the overgrowth of the main rim. There is also 
the possibility that the profiles formed not by diffusion at all, but 
by overgrowth from a melt or fluid with a progressively evolv-
ing composition. This is potentially problematic when investigating 
profiles that only show half error functions (i.e. scoop-shaped pro-
files) that could conceivably be formed by growth alone, but is 
much less likely to form profiles with a complete error function 
and rotational symmetry. The long Mg, Mn and Al profiles (Fig. 4) 
show such a geometry. If a changing melt or fluid composition 
is recorded by a gradually changing garnet composition, then the 
concentration of all elements should begin to change at around the 
same point along the profiles. This is not borne out by the data – 
for example, the Mn concentration begins to change >4 μm before 
that of Y along the same profile (Fig. 4). Furthermore, the ∼60×
increase in Y content between the core and rim (Table 1) is not 
consistent with a progressive change in melt chemistry through 
crystallisation. Moreover, even if processes other than simple bulk 
diffusion are responsible for the relaxed concentration gradients, 
any timescale obtained by diffusion modelling assuming an initial 
step function will be a maximum.

4.4. Diffusion modelling

Diffusion in garnet should be modelled as a multicomponent 
process (Ganguly, 2010 and references therein), where the flux of 
the major elements occupying the same site (Mn, Fe, Ca, Mg ±
Cr) are all coupled to one another through site occupancy/charge 
balance constraints and hydrodynamic coupling. This means that 
high quality experimental data must be available describing the 
diffusion rates of all relevant cations at the conditions of interest 
(pressure, temperature, oxygen fugacity and garnet composition). 
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The high pressure of our garnets, beyond the limits of garnet dif-
fusion experiments, make extrapolation problematic (although we 
still attempt multicomponent modelling below). Thus, we suggest 
that a different approach could be useful for extracting timescales. 
The diffusion of yttrium, which is easily measured by NanoSIMS at 
appropriately fine spatial resolution, may provide a solution.

4.4.1. Diffusion coefficients
Experimental diffusion studies generally aim to define terms 

that can be used to predict diffusion coefficients as a function of 
temperature and/or pressure, via the relationship:

log D = log D0 + −(Q + P�V )

2.303RT

{
+1

6
ln

fO2

f gr
O2

}
(1)

Here, D is the diffusion coefficient and D0 is the pre-exponential 
factor (both in m2 s−1, given as log10 D), Q (sometimes E A ) is 
the activation energy for diffusion in J mol−1, P is pressure (in 
bars), �V is activation volume (J bar−1 mol−1), R is the gas con-
stant (8.31 J mol−1) and T is absolute temperature (Kelvin). The 
1/6 fO2 term ( fO2 relative to the a reference value, normally 
the graphite-O2 equilibrium) is based on point defect considera-
tions for Fe-bearing minerals. Given both that the oxygen fugacity 
recorded by the garnet rim (�QFM −0.6 to −1.0) overlaps that 
of graphite-O2 equilibrium (�QFM −0.9 to −1.0, (Frost and Wood, 
1997) and all piston cylinder garnet diffusion experiments have 
been conducted in the presence of graphite, and that the 1/6 re-
lationship has not been demonstrated for DREE in garnet, we omit 
the terms in braces.

There are no published experimental data for Y diffusion in py-
ropic garnets, but we argue that there are enough data in similar 
systems to allow reasonable extrapolation to the conditions rel-
evant to our samples. Firstly, there is the dataset of Van Orman 
et al. (2002) for REE (Yb, Dy, Sm, Ce) diffusion in pyrope deter-
mined at 2.8 GPa and 1200–1450 ◦C. These data show that DREE
are effectively indistinguishable from one another (e.g. log D0,Dy =
−9.0 ± 1.0 m2 s−1, Q Dy = 302 000 ± 30 000 J mol−1 vs. log D0,Sm =
−9.2 ± 1.0 m2 s−1, Q Sm = 300 000 ± 30 000 J mol−1). Uncertainties 
are ±1σ . Secondly, there are the data of Cherniak (2005), pub-
lished in Carlson (2012), who determined Y and Yb diffusion in 
grossular at 1 bar, 700–1100 ◦C, and again found little difference 
between elements, i.e. DY ≈ DYb (log D0 = −6.0 or −6.2 m2 s−1, 
Q = 312 000 J mol−1). The third experimental study is that of 
Tirone et al. (2005), who measured Nd, Sm, Gd and Yb diffusion 
in grossular and pyrope between 777–927 ◦C at 1 bar (log D0 =
−10.0 ± 0.4 m2 s−1, Q = 224 700 ± 7400 J mol−1). Bloch et al.
(2015) published Lu diffusion in almandine and spessartine at 
950–1150 ◦C, 1 atm – 3.4 GPa and f O2 over 4 log units (log D0 =
−9.3 ± 0.2 m2 s−1, Q = 264 400 ± 6600 J mol−1, �V = 1.06 ±
0.06 J bar−1 mol−1), and re-analysed an experimental almandine-
spessartine couple from Elphick et al. (1985) which showed ev-
idence of Y diffusion. They also combined their data with the 
Van Orman et al. (2002) dataset, giving, for Lu and the REE mea-
sured by Van Orman et al. (2002), log D0 = −8.9 ± 0.2 m2 s−1, 
Q = 272 800 ±14 500 J mol−1 and �V = 1.08 ±0.13 J bar−1 mol−1. 
Where D0 rather than log D0 is presented, as in Bloch et al. (2015), 
σlog D0 is calculated by σD0/(2.303D0) (Liermann and Ganguly, 
2002).

In this study, the DREE determination of Carlson (2012) is not 
used. Carlson (2012) took the datasets of Cherniak (2005) and Van 
Orman et al. (2002) and developed an equation to predict DY or 
any DREE at any condition (see his equation (1), p. 1610). How-
ever, his regression has two noteworthy issues. Notably, it omits 
the data of Tirone et al. (2005) without a satisfactory explana-
tion, despite this study having used a careful approach employ-
ing several analytical methods – using Rutherford Backscattering 
Fig. 5. Geothermobarometry summary from xenolith KBD12. Geothermobarometry 
suggests the xenolith cools from ∼1300–1150 ◦C to 1000–1050 ◦C, with a con-
comitant drop in pressure. The P –T conditions of the first metasomatism event 
are poorly constrained, being recorded only by some orthopyroxene and large gar-
net cores, whereas orthopyroxene, clinopyroxene and garnet rims define PT of 
the stalling and partial re-equilibration event (lower P –T ). The conservative P –T
range used for defining the diffusion coefficients is shown by the dashed box: 
4.2 ± 0.5 GPa and 1025 ± 25 ◦C. N&T00: Nimis and Taylor (2000), B15: Beyer et al.
(2015), N&G85 Nickel and Green (1985), T98 Taylor (1998), B&K90 Brey and Köhler
(1990), GT: geotherm. (For interpretation of the colours in this figure, the reader is 
referred to the web version of this article.)

Spectroscopy, SIMS depth profiling and Transmission Electron Mi-
croscopy to analyse the near interface region. Secondly, the �V
(∼2 J bar−1 mol−1) is derived only from comparison of the Van 
Orman et al. (2002) data (2.8 GPa) with the Cherniak (2005) data, 
and is considerably greater than the directly determined �V from 
Bloch et al. (2015), or indeed, �V for any element determined 
in garnet. This is especially concerning given our samples record 
higher pressure than any of the experiments used to determine 
the Arrhenius parameters, so are very susceptible to erroneous
activation volumes. Using �V of 2 J bar−1 mol−1 (Carlson, 2012)
rather than 1.1 J bar−1 mol−1 (Bloch et al., 2015) leads to the cal-
culated DY being 1.6 orders of magnitude lower (i.e. slower) at 
1025 ± 25 ◦C and 4.2 ± 0.5 GPa (Fig. 5).

No internally consistent study has yet shown any convincing 
effect of garnet composition on DREE, thus we must assume this 
effect is negligible. Tirone et al. (2005) showed that DREE changed 
by 0.2 to 0.3 log units (σ = 0.05–0.07 log units) in two compara-
ble experiments, and suggested the effect of composition (specif-
ically, XMg = Mg/Fe + Mg) could change DREE by 0.9 log units 
(slower), but this was based on diffusion in olivine. DLu mea-
sured in spessartine and almandine have overlapping 1σ uncer-
tainties (Bloch et al., 2015). Strong evidence for the lack of matrix 
control on DREE also comes from symmetrical profiles about dif-
fusion interfaces, both experimental (Elphick et al., 1985 profile 
re-analysed by Bloch et al., 2015), and natural (e.g. profiles from 
this study).

Likewise, according to the four experimental studies consid-
ered above, no clear effect of REE ionic radius on DREE has been 
identified. This is in line with data from natural garnet, where Y 
and the REE retain similar zoning profiles (e.g. Hermann and Ru-
batto, 2003) suggesting they have similar diffusivities. This is also 
in line with experimental data from other silicates, for example, 
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Fig. 6. DREE as determined by four experimental studies (raw data, circles, 1σ er-
ror bars), all corrected to 4.2 ± 0.5 GPa, then fitted to general log D = log D0 +
(−Q /(2.303RT )) curves (solid black lines), including 95% confidence intervals 
(semi-opaque coloured regions). The grey bar is probable T range determined from 
garnet rims and clinopyroxene. Total uncertainty on each DREE, incorporating T un-
certainty, is around ±0.5 log units.

olivine (Spandler and O’Neill, 2010) and orthopyroxene (Cherniak 
and Liang, 2007), but not with data from clinopyroxene (Van Or-
man et al., 2001) and zircon (Cherniak et al., 1997).

Thus, assuming DREE ≈DY and garnet composition has a negli-
gible effect, DY was determined at the P –T conditions recorded 
by the garnet rims. Firstly, all experimentally determined diffu-
sion coefficients were corrected to 4.2 ± 0.5 GPa, including prop-
agated uncertainties. As those of Cherniak (2005), Van Orman et 
al. (2002) and Tirone et al. (2005) were all determined at a sin-
gle pressure, we used �V from Bloch et al. (2015), incorporat-
ing data of Van Orman et al. (2002) for all pressure corrections 
(1.08 ± 0.13 J bar−1 mol−1). Then, Arrhenius curves describing D
as a function of T , but not P (already corrected) were fitted to 
the data, including 95% confidence envelopes (Fig. 6). Uncertainties 
on the raw Cherniak (2005) data, not presented in Carlson (2012)
were obtained from D . Cherniak (pers. comm.). The total uncer-
tainty on D for our timescale calculations then represents the full 
range of D over the ∼50 ◦C temperature uncertainty from geother-
mometry (i.e. the highest D at the highest T , and lowest D at 
lowest T ).

LogD values (in m2 s−1) used for modelling, derived as de-
scribed above are (including 95% confidence intervals): Van Orman 
et al. (2002) = −21.84 ± 0.56; Tirone et al. (2005), = −20.32 ±
0.39; Bloch et al. (2015) = −21.70 ± 0.35; Cherniak (2005)
= −20.50 ± 0.51.

Interestingly, the Van Orman et al. (2002) and Bloch et al.
(2015) coefficients agree, as do those of Tirone et al. (2005) and 
Cherniak (2005), but the two pairs do not agree with one an-
other, there is over an order of magnitude disagreement between 
the sets. Experimentally, there is no clear reason why this should 
be the case. Potentially, variations in chemical activities between 
experiments could have caused the discrepancies – this has been 
shown to have up to an order of magnitude effect on the diffusion 
of some elements in olivine (e.g. Zr and Hf, Jollands et al., 2014). 
Unfortunately, none of the experimental studies explicitly buffered 
Fig. 7. Some 89Y diffusion profiles, with fits to equation (2), from both garnets (two 
positions on gt4), offset for clarity. These represent half of the total number of 89Y 
profiles acquired.

any chemical potential except fO2 , so this speculation cannot be 
tested with the existing dataset.

Furthermore, our treatment of diffusion coefficients assumes 
that the data from experiments is appropriate for application to 
natural systems. It may be, for example, that the Y is coupled to 
Al for charge balance (on the dodecahedral and tetrahedral sites, 
respectively), and this may not have been the case in the original 
experiments (although it also cannot be ruled out). Such coupling 
would likely decrease the Y diffusion coefficients. With our cur-
rent understanding, it is not possible to reject nor definitively ac-
cept the appropriateness of any of the diffusion coefficients to our 
studied system. However, the effect of different substitution mech-
anisms on diffusion coefficients is likely to be small relative to the 
uncertainty resulting from the disagreements in diffusion coeffi-
cients between different studies.

4.4.2. Fitting Y profiles
Assuming, then, that Y diffusion can be treated as simple 

trace element diffusion (diffusion at very low concentrations in a 
medium that can be considered homogeneous), and the system is 
effectively one dimensional and semi-infinite (profile length much 
smaller than overgrowth dimension), the NanoSIMS 89Y profiles 
(Fig. 7, Appendix B)) were fitted to an error function solution of 
Fick’s second law (Crank, 1975), adjusted for measured concentra-
tion and distance:

C (x, t) = 1

2
(Crim − Ccore)erfc

(x − m)

2
√

DY t
+ Ccore (2)

where C(x, t) is the concentration at position x (in metres) at 
time t (in seconds), C rim and C core are the rim and core con-
centrations (as (semi-quantitative) 89Y/29Si), respectively, m (in 
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Fig. 8. Timescales of diffusion (Ca, Fe, Mg multicomponent in white, Y in grey) 
and of kimberlite ascent determined independently of our work (black). Diffusion 
timescales come from the same fits to the data, but with different experimentally 
determined diffusion coefficients. Kimberlite ascent rates come from several differ-
ent types of data (previously compiled by Peslier et al. (2008)). S-84 Spera (1984)
fluid dynamic model; S-06 Sparks et al. (2006) multifaceted approach; P-08: Peslier 
et al. (2008) hydrogen diffusion in olivine; M-79: Mercier (1979) olivine growth rate 
experiments; D-06: Downes et al. (2006) Ar diffusion in biotite–phlogopite; B-13: 
Baruah et al. (2013) diamond dissolution experiments and xenolith settling models; 
P-09: Perchuk et al. (2009); C-06: Carlson (2006); V-02 Van Orman et al. (2002); 
C-05: Cherniak (2005); T-05: Tirone et al. (2005); B-15: Bloch et al. (2015). Width 
of Y diffusion bars represent 95% uncertainties on timescale. Width of Ca, Fe, Mg 
bars are estimated based on spread of D over determined P and T .

metres) is an offset term that translates the profile left and 
right in concentration-distance space and DY is the diffusion co-
efficient of Y (in m2 s−1). Fitting was done by minimising chi 
squared (Levenberg–Marquardt algorithm) using Kaleidagraph (Syn-
ergy software), allowing C rim, C core, t and m to change. Further 
information, including fit parameters, are given in Appendix C.

4.4.3. Fitting major element profiles
In addition, major element (Fe, Mg, Ca) diffusion profiles were 

modelled as a multicomponent process, using the program ‘DXL’ 
(Perchuk and Gerya, 2005), obtained from A. Perchuk. Fitting 
was done manually. We used firstly the inbuilt diffusion coef-
ficients in version 7.4 of DXL (which are taken from Perchuk 
et al. (2009) from experiments with almandine-pyrope couples, 
log DCa = −20.4 ± 0.3 m2 s−1, log DMg = −19.8 ± 0.4 m2 s−1 and 
log DFe = −19.9 ± 0.4 m2 s−1). In addition, we used coefficients 
calculated using the master equation provided by Carlson (2006)
(see his equation (3) and Table 4), these are log DCa = −20.9 ±
0.4 m2 s−1, log DMg = −20.1 ± 0.4 m2 s−1 and log DFe = −20.8 ±
0.5 m2 s−1. Critical reviews of the Perchuk et al. (2009) and 
Carlson (2006) coefficients can be found in Ganguly (2010), pp. 
570–573 and 581–585, respectively. For these diffusion coefficients, 
uncertainties represent the spread of logD permissible according to 
that of P and T .

4.5. Timescales of diffusion

Timescales of diffusion, assuming an isothermal and isobaric 
event at (1025 ± 25 ◦C, 4.2 ± 0.5 GPa) are shown in Fig. 8 along 
with estimated kimberlite ascent rates determined from multi-
ple independent studies. Data are presented in the Electronic Ap-
pendix D.

Notably, fitting the same Y diffusion profile to different diffu-
sion coefficients gives a considerable range in timescales. The range 
in determined timescales is due to discrepancies between diffusion 
coefficients from the different experimental studies rather than 
length variations between the different measured profiles, which 
is relatively minor. In addition, sectioning effects are unlikely to 
alter the timescales outside of the current uncertainties (Electronic 
Appendix E).

The shortest Y diffusion timescales result from using the Tirone 
et al. (2005) and Cherniak (2005) coefficients, and the longest 
from the Bloch et al. (2015) and Van Orman et al. (2002) co-
efficients. Multicomponent diffusion modelling using either the 
Perchuk et al. (2009) or Carlson (2006) coefficients gives over-
lapping timescales (108.8–1010.1 s [20–400 yr] and 108.3–109.4 s 
[6.3–80 yr], respectively). We can state therefore, with 95% confi-
dence, given the errors on all experimentally determined diffusion 
coefficients taken together, and assuming an isothermal event, the 
timescale for diffusion is between 106.3 and 1010.1 s, or 25 days 
to 400 yr. We reiterate that the large uncertainty on timescale is 
a function firstly of the large degree of disagreement between ex-
perimental studies, and secondly the uncertainty associated with 
extrapolating diffusion coefficients outside of the P –T range of ex-
periments.

These very short (in geological terms) timescales are too 
long, by orders of magnitude, to be formed during kimber-
lite ascent (Fig. 8). Driven either by unmixing of immiscible 
fluids (Kamenetsky and Yaxley, 2015), exsolution of CO2 dur-
ing orthopyroxene assimilation (Russell et al., 2012) or by the 
very low viscosity of the ascending magma, kimberlites have 
been shown to ascend from their source region in hours to 
days. The combination of geothermobarometry and geospeedom-
etry suggest that the timescales recorded by these garnets must 
relate to temporary stalling of the kimberlite during its as-
cent.

4.6. Comparison with other measured timescales

Several studies have derived timescales from concentration-
distance profiles in kimberlite-hosted garnets from the subcratonic 
lithospheric mantle. As a demonstration of the utility of their ex-
perimental data, Tirone et al. (2005) used their own diffusion co-
efficients along with previously published core-rim REE measure-
ments to determine a residence time in a magma prior to eruption 
of 32 kyr. However, it is not clear to what geological process(es) 
the timescale relate(s).

Our times are substantially quicker than the several tens 
of thousands of years estimated by Griffin et al. (1999) using 
(>100 μm) profiles of Ca, Zr and Y from similar samples from 
Kaapvaal. However, they based all timescales on the experimen-
tally determined rate of 26Mg tracer diffusion in pyrope (Schwandt 
et al., 1995) when probably more appropriate diffusion coefficients 
were available at the time (e.g. Elphick et al., 1985). In addi-
tion, Griffin et al. (1999) used no correction for pressure, even 
given an experiment-sample pressure difference of around 4 GPa 
– this would serve to decrease diffusion coefficients and hence in-
crease the modelled timescales. Furthermore, examination of their 
profiles shows that Ca, Mg, Y, Ti etc. all appear to show simi-
lar diffusivity, which is not in line with experimental data. Thus, it 
may be the case that the initial (growth/inherited) conditions prior 
to diffusion already resembled diffusion profiles (rather than step 
functions) and diffusion was less important than they assumed (or 
negligible).
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Fig. 9. Cartoon geological history of xenolith KBD12, assuming the original starting material is a lherzolite (a), which is depleted (b), then metasomatised by a carbonate-
bearing fluid ((c) imparting the sinusoidal REE patterns). Then, part of the mantle volume is uplifted tectonically (d) by up to 10s km. This is associated with the decrease 
in Ca–Al–Cr in orthopyroxene. Next, the rock is infiltrated by a presumably kimberlitic melt (e.i), leading to growth of the garnet rims. Tectonic uplift may still be occurring 
at this point, but over much longer timescales than those of metasomatism, so the process is considered isobaric. The new compositional gradients are partially relaxed by 
diffusion (e.ii) over timescales in Fig. 8. Subsequently, the rock is sampled by a kimberlite (f) and moves to the surface rapidly, quenching in the diffusion profiles. The main 
diffusion modelling in this study considers the time at e.ii, before step f.
4.7. Geological history

Xenolith KBD12 offers a rare insight into processes occurring 
prior to kimberlite eruption. The xenolith is from a mantle volume, 
probably lherzolite (Fig. 9a), that was depleted by partial melt ex-
traction to form harzburgite (Fig. 9b), and was then metasomatised 
by a carbonate-bearing fluid (Fig. 9c), giving characteristic sinu-
soidal REE patterns observed in the garnet cores (Hanger et al., 
2015). This may have been part of a metasomatic episode that af-
fected the whole of the Kaapvaal craton that may also have been 
associated with magmatism in the Karoo large igneous province 
(Woodhead et al., 2017). The body was then exhumed by up to 
10s of vertical kilometres (Fig. 9d). During this process, the range 
of orthopyroxene compositions (Ca–Cr–Al) observed in the xeno-
lith must have developed during uplift and cooling, likely over M.y. 
timescales. At some point during, or after, the uplift, a kimberlitic 
melt infiltrated the rock, forming clinopyroxenes and overgrowths 
on the garnet crystals (Fig. 9e.i). This event may have marked a 
failed kimberlite eruption. For the next several months to hundred 
years, the garnet cores and rims diffusively interacted, forming 
micrometre-scale diffusion profiles (Fig. 9e.ii). After this period of 
quiescence, it is assumed that another kimberlite passed through, 
entraining the xenolith and successfully transporting it to the sur-
face (Fig. 9f).

As we are only able to observe kimberlites that have breached, 
or came close to, the Earth’s surface, there is clear potential for 
sampling bias. Thus, whether such kimberlite stalling, as sample 
KBD12 records, is commonplace, or whether the kimberlite meta-
somatism somehow facilitates final kimberlite eruption is not clear. 
It may be the case that there are many failed kimberlites in the 
deep subcratonic lithospheric mantle that cannot and will not ever 
be sampled. However, this study has shown that kimberlites may 
not always travel directly from source to surface at extreme veloc-
ities. This study uses widely available analytical techniques; con-
siderable advances in microanalytical techniques, especially in the 
field of NanoSIMS, will allow determination of whether or not this 
xenolith from Wesselton is an exception to the norm, or whether 
stalling is common in such magmas.

This study also affirms the power of diffusion modelling for in-
terrogating geologically very short timescales for high-T processes, 
regardless of absolute sample age. The time gap between the first 
and second kimberlite would be too short to resolve by any cur-
rently available radiometric dating techniques. However, the utility 
of the techniques used are still limited by uncertainties on diffu-
sion coefficients and inexplicable disagreements between similar 
studies (e.g. Tirone et al., 2005, versus Bloch et al., 2015) – clearly 
more experimental work is necessary to resolve these issues.
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