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Transport and eruption of mantle xenoliths creates
a lagging problem
James K. Russell 1 & Thomas J. Jones 2✉

Mantle-derived xenoliths entrained by low viscosity magmas indicate transport through great

thicknesses of orogenic (≲50-80 km) and cratonic (≲20 km) mantle lithosphere. The size

and density of xenoliths dictate that, relative to the ascending magma, they continuously

settle during transport. This creates a lag time between when the initial sampling magma

reaches the Earth’s surface and the arrival of the xenoliths. The magnitude of this lag time

depends on xenolith properties, sampling depth and the magma ascent velocity. Here, using

settling calculations, we develop this lag time concept and show how eruption durations and

volumes can impact the distribution, abundance, and properties (e.g., sample depths, size) of

xenoliths. Lag times can account for heterogenous xenolith distributions within volcanic

deposits, the potential biased sampling of the mantle lithosphere, and can constrain minimum

eruption volumes required to transport and erupt the deepest sourced xenoliths such as

those producing diamondiferous kimberlites.
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Crustal and mantle xenoliths—foreign rock fragments
incorporated into magmas—are a common occurrence
within volcanic deposits spanning a wide range of magma

compositions and eruption styles. Crustal-derived xenoliths are
used to establish the age and origins of the crustal lithosphere1–3,
to create stratigraphic cross-sections for the mid-to-lower crust4,
to constrain its thermal history and state, and to document the
physical-chemical conditions within trans-crustal magmatic
systems5–7. Within physical volcanology, crustal xenoliths inform
on syn-eruptive conduit erosion and fragmentation depths during
explosive eruptions8–10.

Xenoliths of the mantle lithosphere, the focus here, are found
in a wide variety of alkaline and related magmatic deposits, such
as nephelinites, basanites, lamprophyres, and kimberlite. Much of
our knowledge of the mineralogical and geochemical composi-
tion, thermal state, structural properties, age, and origins of the
subcontinental mantle lithosphere derives from petrological11–14,
geochemical15–19, and structural20–23 studies of peridotite, pyr-
oxenite, and eclogite xenoliths recovered from volcanic and
magmatic deposits. Thus, direct studies of the mantle lithosphere
rely on successful sampling, entrainment, and eruption of these
xenoliths by mantle-derived melts.

Mantle xenoliths also constrain the average rates of the ascent of
their host magmas. For example, xenoliths are commonly thermally
equilibrated with the host magma during transport but are not (fully)
chemically equilibrated. Their mineralogy and mineral compositions
still record original mantle pressure-temperature conditions24,
implying that there is insufficient time during transport for the
slower, chemical equilibrium to be achieved19,25. Many other indi-
cators of chemical disequilibrium have been exploited to constrain
magma ascent rates26–28, with a full review provided by
Rutherford28. High-temperature experiments have been used to
quantify the rates of specific mineral-melt reactions thereby con-
straining minimum and maximum ascent rates. Examples include
decompression-driven degassing and groundmass crystallization
experiments, mineral (phenocryst or xenocryst) reaction or dis-
solution experiments29,30, and melt-crystal diffusion experiments31

(e.g., H diffusion in olivine32–34; Ar diffusion in phlogopite35).
Lastly, magma ascent rates are commonly estimated using the

simple premise that the magma must rise faster than the xenolith can
settle27,36,37. Despite the limiting implicit assumptions, these

calculations indicate that, during transport, the dense mantle cargo is
continually settling relative to the less dense, low-viscosity magma.
This implies that xenoliths can separate from the host magma wherein
a substantial lag time develops between the eruption of the original
magma that sampled the mantle and eruption of the associated, yet
lagging, xenolithic cargo. Here, we illustrate the feasibility for, and
extent of, this decoupling between magma and xenoliths and explore
the implications for heterogenous and biased distributions of mantle
material within volcanic deposits, as well as, the transport of dia-
mondiferous mantle cargo.

Results and discussion
Xenolith sampling and properties. Mantle xenoliths are gener-
ated through brittle deformation of lithospheric wall rocks,
especially where magmas exsolve CO2–H2O-rich fluids. Stresses
imposed at the crack tip, at the head of the buoyant magma
(Fig. 1a), exceed the tensile strength of the wall rocks causing
damage and failure27,37–41. Subsequent propagation of the dyke
through the damaged mantle lithosphere samples and entrains
xenoliths42. Continued and sequential dyke propagation, driven
by increasing buoyancy, promotes magma ascent and repeated
sampling of the lithosphere.

Most mantle xenolith-bearing magmas (e.g., nephelinite, basanite,
kimberlite, lamprophyre) have low viscosities on the order of 1 to
100 Pa s, erupt at high temperatures43 (~1050–1350 °C) with low
phenocryst contents, and have vesicle-free densities (ρm) of
~2700 kgm−3 (e.g., basanite, nephelinite) to ~3000 kgm−3 (e.g.,
kimberlite)27,44,45. Despite traveling substantial distances through the
mantle lithosphere, these magmas can erupt with high loads (≲25 vol.
%) of large, dense (~3250 kgm−3) mantle cargo (Fig. 1b). The mantle
xenoliths found in alkaline volcanic rocks are commonly 5–25 cm in
diameter (Fig. 1c), but maximum sizes reported25,46–48 reach
25–80 cm. Once entrained, there is a large density contrast
(4ρ �250–550 kgm−3) between the xenoliths and the magma which
promotes xenolith settling. Importantly, the low viscosity of alkaline
magmas at near-liquidus temperatures means that substantial settling
can occur on timescales coincident with transport and eruption.

Quantitative field data on the abundance, size distribution, and
stratigraphic position (i.e., relative eruption timing) of mantle
xenoliths within volcanic deposits are sparse. However, there is

Fig. 1 Sampling and entrainment of mantle-derived xenoliths. a Schematic representation of the origins of mantle-derived xenoliths. The fragmentedmantle
is entrained by magma with a rise velocity (Vm). Once entrained, xenoliths sink continuously (VT) depending on the density difference between xenolith and
magma (Δρ ¼ ρx � ρm) and on the xenolith diameter, d. bOutcrop-scale field photograph of abundant peridotitic mantle xenoliths within a 1–7mwide basanite
dyke exposed at Mount Preston, British Columbia, Canada88. c Deposit-scale field photograph showing xenolith size (d ~ 5 to 40 cm), shape and near clast-
supported distribution of mantle xenoliths within the same basanite dyke. The authors have obtained consent for publication of the images showing individuals.
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abundant qualitative, descriptive evidence for uneven xenolith
abundances within deposits, indicating some degree of decou-
pling between xenoliths and the host magma. Examples of
eruptions producing variably xenolith-enriched deposits include
the 1730–1736 eruption of alkaline lavas from Lanzarote, Canary
Islands49; the 1800 Hualālai lavas, Hawaii50,51; the monogenetic
Bakony–Balaton Highland Volcanic Field, Hungary52; the Pello
Hill scoria cone, Tanzania53; and the Homestead kimberlite,
Montana25. Furthermore, in several instances, mantle xenoliths
were reported as erupting late, relative to the onset of the
eruption54,55, consistent with the concept of a lag time.

Xenolith-settling basics. Stokes Law is a constraint on the
minimum magma ascent velocities required for successful
entrainment and transport of xenoliths37. It provides an idealized
estimate of the terminal settling velocities (VT) of dense solids
(xenoliths) in magmas as a function of magma viscosity (η),
xenolith radius (r) and the density contrast between xenolith and
magma (Δρ= ρx�ρm):

VT ¼ ð2 g4ρ r2Þ
9 η

: ð1Þ

The relationship between magma viscosity and Stokes settling
velocity (Eq. (1)) for a range of xenolith sizes (r= d/2) is shown
in Fig. 2a. The terminal settling velocity estimates are valid for
spherical particles settling within the laminar flow regime at
particle Reynolds numbers (ReP) less than or equal to unity:

ReP ≤ 1 ¼ VT ρm d
η

: ð2Þ

The Stokes settling velocity (Eq. (1)) constrained to the
condition ReP ~ 1 (Eq. (2)) defines a critical viscosity value (ηc) as:

ηc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 g Δρ ρmr

3

9

r
: ð3Þ

Substitution of Eq. (3) into the Stokes equation yields a critical
settling velocity (VTc), consistent with ReP ~ 1, described by:

VTc ¼
gΔρr
9ρm

� �0:5

: ð4Þ

At lower viscosity and higher settling rates, values of ReP
exceed 1 (Fig. 2a; dashed lines). For example, larger xenoliths
have higher settling rates and to meet the condition ReP < 1
would require transport in a higher viscosity magma (Fig. 2a).
This limiting condition (ReP > 1), however, does not negate the
high settling rates of xenoliths in low-viscosity magmas. It simply
means that xenoliths are settling at a rate that is not necessarily
the exact velocity predicted by Stokes’s law.

Xenoliths—coupled or not? Previous studies have invoked
a yield stress (e.g., Bingham rheology) to enhance xenolith-
magma coupling and explain the ubiquitous and successful
transport of xenoliths27,28,36,56. Sparks et al.36 argued that yield
strengths of 10–1000 Pa, corresponding to crystal contents >25
vol. %, would allow for xenoliths up to 30 cm in diameter to
couple with the ascending magma. Similarly, Spera27 suggested a
yield strength of 100 Pa (~25 vol. % crystals) could couple
xenoliths up to ~5 cm in diameter to the magma. However, to
cause a 50% reduction in settling velocity of, for example, a 30 cm
xenolith would require a yield strength of 500–1000 Pa achieved
only by a substantially higher magma crystallinity27.

Coupling between the xenolith and magma can be quantita-
tively evaluated using the Yield number57,58:

Y ¼ 3τy
gd ρx � ρm
� � ð5Þ

where τy is the yield stress and g is the gravitational acceleration.
For a spherical particle, above a critical Y of 0.145 there is no
motion—the xenolith cannot settle, and it is held in place by the
yield strength of the host magma57–60. Yield stresses are not
observed for crystal volume fractions (ϕ) significantly below the
maximum packing fraction, ϕm. It is only where ϕ=ϕm≳0.8 that
appreciable yield stresses develop for all crystal sizes61. Heymann
et al.62 have shown that yield stresses increase with increasing

Fig. 2 Stokes terminal settling velocities (Eq. 1) of mantle xenoliths.
a Xenolith-settling velocities (–‘ve) calculated as a function of the
magma viscosity (η; Pa s) and xenolith diameter (d; 2–100 cm). Solid
lines indicate velocities where Rep < 1; dashed lines indicate Rep > 1. The
thick blue line marks the Rep ~ 1 constraint (Eq. (2)). b The critical
xenolith diameter, dc, at which xenoliths with density ρx= 3250 kg m−3

overcome magma yield stress and can settle. Values of dc calculated as
a function of the crystal content, where ϕ is the crystal volume fraction
and ϕm is the maximum packing fraction. Three different fitting
parameters of τ* (i.e., 0.01, 0.1, and 1 Pa) are shown for magma density
values of 2700 kg m−3 (black lines) and 3000 kg m−3 (gray lines).
These values cover the full range of particle sizes and shapes typical of
natural systems.
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particle volume fraction by the following relationship:

τy ¼ τ� 1� ϕ

ϕm

� ��2

� 1

 !
ð6Þ

where τ* is a fitting parameter related to the size and shape of the
crystals. Although no functional form exists relating crystal size to
τ*, generally larger crystals have a lower τ* and thus provide a
lower yield strength. For reasonable61,62 and cautious values of τ*
ranging from 0.01 to 1 Pa, corresponding to approximate crystal
diameters ranging from 100 to 1 μm, respectively, we find that the
critical xenolith diameter (dc) required to overcome the yield
stress is very small (Fig. 2b). Even small xenoliths <10 cm can
readily decouple from the host magma. It is only at unrealistic
particle volume fractions ϕ=ϕm≳0.8 that xenolith sizes <20 cm
can be transported without appreciable settling. This is further
compounded by the fact that most alkaline magmas carrying large
volumes of mantle xenoliths have relatively low (micro-)
phenocryst contents indicating ascent at near-liquidus tempera-
tures, thereby, precluding extensive groundmass crystallization.
Whilst extensive cooling and crystallization could provide the
required yield strength for xenolith coupling, continued magma
ascent and eruption would become implausible27. In addition, as
argued by Spera27, there is no field-based correlation between

crystal contents (i.e., yield stress) of xenolith-bearing magmas and
xenolith abundance.

Our analysis suggests that mantle xenoliths are unlikely to be
coupled to their host magmas by a yield stress during ascent
through the lithosphere27,36. Thus, we contend that xenoliths are
variably decoupled from the magma and are subject to settling for
the duration of ascent. A large, appreciable time difference—a lag
time—must develop between the surface eruption of xenoliths
and the magmas that originally sampled them.

Xenolith lag times. Dense mantle-derived xenoliths reach the
surface; this implies that host magmas ascend from the sampling
depths (Xs) at velocities (Vm) faster than the xenoliths are sinking
(VT). For example, a 25-cm diameter peridotite xenolith sampled
and entrained by an alkaline magma (η ~ 10 Pa s;
Δρ ~ 550 kg m−3) at 50-km depth (Xs) will potentially settle
through the magma with a velocity of ~−2 m s−1 (VT; Fig. 3a). A
kimberlite magma ascending at 4 m s−1 (Vm) can drag the
xenolith upwards at a net rise rate (Vx= Vm+ VT) of ~2 m s−1.
The differential velocity between the magma and the xenolith
results in a lag time that increases with transport distance. A
xenolith sampled at 50-km depth arrives at the Earth’s surface 3 h
after the eruption of the magma that originally entrained the

Fig. 3 Controls on xenolith transport times and lag times (Δt). a Lag time calculated for a 25 cm diameter xenolith sampled and entrained at mantle depth
of 50 km (Xs). Magma ascends at (Vm) 4m s−1 and xenolith has VT of ~−2m s−1 resulting in a xenolith rise velocity (Vx= Vm – VT) of ~2 m s−1.
b Comparison of transport and lag times for same-sized xenolith (d= 25 cm) entrained at different depths (Xs= 50 and 80 km). c Model transport times
and lag times (Δt) of xenoliths labeled for different diameters (cm) sampled at the same depth (Xs= 80 km) within a magma ascending at 4 m s−1 (blue
line). Xenoliths greater than d= 36.5 cm are sinking continuously relative to their sample site. d Calculated lag times for xenoliths settling at different rates
(VT=−0.5, −1, and −2m s−1) as a function of magma ascent rate (Vm) for a source depth (Xs) of 80 km. Arrows indicate the relative effects of source
depth on lag time. Lag times increase with lower magma ascent rates and higher rates of xenolith settling. Curves shown for different xenolith-settling rates
approach infinity as Vm approaches VT.
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xenolith (Fig. 3a). For a deeper sampling depth of 80 km, the lag
time increases to ~5 h (Fig. 3b).

The lag time (Δt) can be directly expressed in terms of source
depth (Xs) and the rise velocities of, both, the magma (Vm) and
xenolith (Vx):

4t ¼ VT Xs

Vm Vm þ VT

� � ¼ Xs
1
Vm

� 1
Vx

� �
; ð7Þ

making the velocity differentials independent of Stokes Law and
its assumptions. In general, the deeper sourced mantle xenoliths
will have the greatest lag times, as well as the greatest transport
durations (Eq. (7); Fig. 3b). Shallow sampled mantle xenoliths will
have shorter residence times and have shorter or no appreciable
lag times. Crustal xenoliths, having lower density, are likely to be
better coupled to the magma and erupted continuously with the
original magma63.

The magma-xenolith differential velocities are mainly a
function of the mantle xenolith size (Fig. 3c). For a sampling
depth (Xs) of 80 km and Vm of 4 m s−1, smaller (d ≤ 10 cm)
xenoliths have lag times <1 h. However, increasing the xenolith
size to d= 25 cm generates lag times that imply a minimum of
~5 h of continuous eruption preceding the xenoliths reaching the
surface. Larger xenoliths having d ~ 30 cm generate lag times
>10 h. The settling velocities for xenoliths > d= 36.5 cm exceed
the magma ascent rate of 4 m s−1 and are not easily carried to the
surface (Fig. 3c).

Increasing magma ascent rates can drastically reduce lag times
for xenoliths of similar size and density sampled at the same
depth (Fig. 3d). For a fixed xenolith-settling velocity of −2 m s−1,
the lag time for xenoliths sampled at 80 km depth decreases from
~7 h to ~2 h for magma ascent velocities (Vm) of 4 vs. 6 m s−1,
respectively. For the same ascent rates, smaller xenoliths with
lower settling velocities (i.e., −1 to −0.5 m s−1) will have lag
times between 2 h and minutes. As values of Vm approach -VT,
lag times approach infinity (Fig. 3d).

A direct consequence of the lag time concept is that most
xenoliths sampled at depths of Xs are inherited and erupted by
later magmas that were situated deeper (Dm) at the time of
sampling:

Dm ¼ VmXs

Vm þ VT
¼ VmXs

Vx
: ð8Þ

The pairing between magma and xenoliths at the surface is
dependent on their relative rise velocities and the xenolith
sampling depth. This value of Dm serves as a proxy for the
minimum supply of magma passing through the system and
required to drag the lagging xenolith to the eruption point. This
also emphasizes the petrological and geochemical disconnection
between mantle xenoliths and the nature and composition of the
magma that carries them.

Modification of cargo. Extended residence time, due to lagging,
within the host magma promotes a variety of physical and che-
mical processes that modify the mantle cargo. Rapid upwards
flow facilitates mechanical abrasion of xenoliths by
particle–particle interactions9,42,64–69 promoting resizing,
reshaping (i.e., rounding), and resurfacing (i.e., roughness) of the
mantle material.

Prolonged residence times within the host magma can also
promote (partial) chemical re-equilibration of mantle minerals
driven by changes in pressure–temperature conditions or by
chemical (e.g., Fe, Mg, H) exchanges with the transporting melt19.
Potentially, finer-grained, deeply sourced, large xenoliths have the
greatest potential for partial thermal-chemical re-equilibration
(i.e., porphyroclastic or sheared peridotites). Furthermore, a

by-product of abrasive milling, is the concomitant production of
fine chips of mantle minerals66,68 which are highly susceptible to
magmatic assimilation during transport. Lastly, large, uncoupled
xenoliths (i.e., Vm ≠ Vx) are susceptible to ablation-driven
assimilation70 which can accelerate dissolution processes driven
by chemical disequilibrium between the xenolith mineral
assemblage and the magma71.

Sorting, mixing and biased sampling. Sorting of xenolithic
material by size alone during magma transport is an inefficient
process and leads to xenolith clusters, each representing a single
sampling event during episodic dyke propagation. The magma
rises faster than most xenoliths, allowing stratification to be
maintained, wherein shallower sampled xenoliths lead the way
ahead of clusters of xenoliths from the earlier, deeper sampling
events. This can promote highly disparate distributions within
intrusive deposits (e.g., dykes), where deposits contain only
crustal xenoliths or only mantle xenoliths or both (cf. Fig. 1b).
Consequently, geothermobarometric studies of xenoliths within
individual volcanic deposits may vary greatly depending on which
phases of eruption the deposits represent. Volcanic eruption
processes, particularly explosive processes, on the other hand,
provide a means of dispersing and mixing xenolith populations.

During transport, magma properties will not be constant but
evolve from the deep mantle, through the lithosphere, to the point
of eruption24,28,43,72. Solid particles, such as xenoliths and
xenocrysts in silicate magmas can enhance nucleation of H2O/
CO2 bubbles40,73. Experiments using carbonated liquids and
solids demonstrate the importance of rough surfaces for causing
rapid, heterogeneous bubble nucleation74. Longer xenolith
transport times support abrasive processes66–68 which will
roughen xenolith surfaces, potentially facilitating
vesiculation40,75.

Rapidly increasing magma vesicularity can promote further
decoupling between the magma and xenolith and increase
xenolith lag times in two ways. First, the transition to a high-
vesicularity magma will decrease the bulk magma density and,
under the high eruption velocity (i.e., high shear-rate) conditions
characteristic of these magmas26,41,45,66,76, will decrease the bulk
magma viscosity. This will increase xenolith settling and lag
times. Second, for these low-viscosity magmas bubble exsolution
will be followed by efficient bubble coalescence, promoting
separated fluid flow77. This can lead to a stratified magma
column42 featuring a gas-dominated head followed by bubble-
rich magma, and a relatively gas-poor, xenolith-rich tail. This
stratification of the magma column results in an energetic
explosive eruption onset (i.e., the arrival of a xenolith-absent gas-
rich head) followed by a continuing decrease in intensity and
concludes with an effusive eruption. These eruptive processes
have the capacity to create highly heterogeneous distributions of
xenoliths, wherein, different phases (i.e., early versus late) have no
xenoliths, or only small xenoliths, or host most of the larger
xenoliths. We might expect, for example, explosive and effusive
eruption products to have vastly different xenolith populations.

Making (diamondiferous) kimberlite. The transport of mantle
xenoliths by kimberlite magmas is of particular interest because
they have ultra-deep18 mantle sources (200–600 km) and
erupt after transiting 190–220 km of cratonic mantle
lithosphere12,78–80. Despite traveling such large distances, they
erupt xenoliths sampled from even the deepest cratonic mantle81

(i.e., >150 km), including xenoliths from within the lithospheric
diamond stability field or diamond window (depths ≳
120–130 km; Fig. 4a).
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Lag times are especially important for kimberlites because the
deeply sourced, potentially diamond-bearing xenoliths can erupt
hours after eruption onset. If eruption durations are short,
erupted magma volumes are low, or ascent stalls, xenoliths are at
risk of being left within the subsurface. Furthermore, the earliest
eruptions could be completely devoid of xenoliths or, at
least, devoid of those from within the diamond stability field
(Fig. 4a, b). Xenolith size is also an important factor because
larger xenoliths provide greater preservation of diamond (i.e.,
limited dissolution, graphitization, decarbonation). Indeed,
although kimberlites originate from depths below the diamond
window, not all kimberlite bodies have economic grades of
diamond82,83. Eruption duration, therefore, may be an important
factor contributing to the presence and distribution of diamonds
within kimberlites. For a kimberlite magma with an average
ascent rate45 of 4 m s−1, there are ~11 h of transit time once it
leaves a mantle depth of ~160 km (Fig. 4; Points 1–2). Average
sized xenoliths (d ~ 25 cm) sampled at 160 km would have lag
times of ~7 h and total transit times of 18 h before eruption. If
magma ascends at 4 m s−1 within a 1 m wide dyke having a 1 km
strike length, then at the onset of eruption (t= 11 h; Fig. 4; Point

2) 158 × 106 m3 of magma has passed the original depth of
xenolith sampling and has carried the xenoliths to within
60–65 km of the Earth’s surface. Later, when these xenoliths are
being erupted (t= 18 h; Fig. 4; Points 2–3) the minimum volume
of erupted material is 100 × 106 m3 and more than 250 × 106 m3

of magma has passed through the diamond window. Continued
eruption from this time onward enhances the potential for
producing diamond-bearing kimberlite deposits.

This minimum erupted volume (100 × 106 m3) is ~25 times
larger than the volume of the Quaternary Igwisi Hills kimberlites,
Tanzania (3.5 × 106 m3) which are devoid of diamond and large
xenoliths. The Igwisi Hills kimberlites only contain abundant
micro-xenoliths (d ≲1 cm) of mantle material and olivine
xenocrysts84,85. Shaikh et al.80 suggest that these micro-
xenoliths are from relatively shallow sources (100–145 km),
indicating that the deepest-seated and largest xenoliths failed to
make it to the eruption point. This supports the idea that the
eruption at Igwisi Hills was too short in duration, erupting too
small a volume of magma, to sustain the ascent of the larger,
deeper-seated diamondiferous mantle cargo. Those materials
were able to lag-out before eruption. In contrast, the minimum

Fig. 4 Schematic illustration of transport of mantle xenoliths by kimberlite magmas (ρm= 2800 kgm−3; η= 10 Pa s). a The xenoliths shown in this
figure are sampled and entrained at depths within the diamond stability field ( > 120–130 km). The lag time (Δt ~ 7 h) developed for an initial magma with
an ascent velocity of 4 m s−1 and a xenolith (d= 25 cm) sampled at 160 km (VT ~−1.5 m s−1). Values of Δt will be less for smaller xenoliths and much
greater for larger xenoliths (cf. Fig. 3c). b Illustrations corresponding to specific points on the graph: (1) time of sampling (t= 0); (2) the onset of eruption
(t= 11 h), and (3) the surface arrival of those xenoliths carried by later magma (t= 18 h).
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preserved volumes of many of the older, partially eroded,
diamondiferous kimberlite pipes comprising the Lac du Gras
kimberlite cluster in Canada86 (e.g., A418 pipe) are equal to, or
greater than, 100 × 106 m3. Many diamondiferous pipes in South
Africa87 are even larger (107−8 m3). Furthermore, Tappe et al.82

showed that for any major kimberlite cluster on the Kalahari
craton the highest-grade kimberlite pipe is typically the largest.
This can be explained by our lag time concept—for kimberlites to
be diamondiferous they must erupt large magma volumes, for
long enough, to allow lagging mantle xenoliths originating from
the lithospheric diamond window to reach the surface.

Methods
Calculation of xenolith-settling velocity. We use Stokes Law for the terminal
settling velocity (VT) of particles in a viscous fluid as a proxy for the rate at which a
mantle xenolith could settle through the host magma: VT= 2 gΔρ r2/(9η). The
settling velocity depends on the density contrast between xenolith and magma
(Δρ), the size (radius) of the xenolith (r), and magma viscosity (η). We use average
properties for the magma and a range of xenolith sizes based on observations
published in the literature. An example calculation is presented in Table 1.

The calculated values of VT are then compared to a range of assumed magma
ascent velocities. This is used to find the differential rise rate between the magma
and the entrained xenoliths. We model the lag time (Δt) that results from the
differences in rise rates as Δt= Xs (1/Vm− 1/Vx). The lag time between the
eruption of the magma and the xenoliths it sampled is modeled as a function of
source depth and magma rise velocity. If the differential velocity between the
xenolith and magma is known or established independently, we can calculate lag
times that are not explicitly dependent on Stokes Law. The general idea and
consequences of a lag time are explored within this manuscript.

Data availability
The data generated or analyzed in this study are provided in the main article and can be
accessed via Zenodo (https://doi.org/10.5281/zenodo.7904005).

Code availability
The xenolith settling and lag time calculations were performed using MATLAB. Our
code can be accessed via Github/Zenodo (https://doi.org/10.5281/zenodo.7818407).
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