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Earth has likely cooled by several hundred degrees over its history, which has probably affected
subduction dynamics and associated magmatism. Today, the process of compositional buoyancy driven
upwelling, and subsequent underplating, of subducted materials (commonly referred to as “relamination”)
is thought to play a role in the formation of continental crust. Given that Archean continental crust
formation is best explained by the involvement of mafic material, we investigate the feasibility of mafic
crust relamination under a wide range of conditions applicable to modern and early Earth subduction

Keywords: zones, to assess if such a process might have been viable in an early Earth setting.

subduction Our numerical parametric study illustrates that the hotter, thicker-crust conditions of the early Earth
Archean favour the upward relamination of mafic subducting crust. The amount of relaminating subducting
relamination

crust is observed to vary significantly, with subduction convergence rate having the strongest control
on the volume of relaminated material. Indeed, removal of the entire mafic crust from the subducting
slab is possible for slow subduction (~2 cm/yr) under Archean conditions. We also observe great
variability in the depth at which this separation occurs (80-120 km), with events corresponding to
shallower detachment being more voluminous, and that relaminating material has to remain metastably
buoyant until this separation depth, which is supported by geological, geophysical and geodynamical
observations. Furthermore, this relamination behaviour is commonly episodic with a typical repeat time
of approximately 10 Myrs, similar to timescales of episodicity observed in the Archean rock record. We
demonstrate that this relamination process can result in the heating of considerable quantities of mafic
material (to temperatures in excess of 900 °C), which is then emplaced below the over-riding lithosphere.
As such, our results have implications for Archean subduction zone magmatism, for continental crust
formation in the early Earth, and provide a novel explanation for the secular evolution of continental

crust.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

numerical modelling

1. Introduction ated in the early Earth and led to the specificities of the early CC
are still speculative.
A commonly accepted mechanism explaining the structure and

composition of the CC is a basalt input model, where mantle

The mechanisms that have led to the formation of the fel-
sic continental crust (CC) from the mantle throughout Earth’s

history are still poorly understood, but the presence of subduc-
tion systems seems to be an essential component. Indeed, the
composition of today’s subduction related magmas shares many
similarities with the CC (Rudnick, 1995; Jagoutz and Kelemen,
2015). This also applies to the most ancient CC (>2.5 Ga), how-
ever, there are systematic differences (Taylor and McLennan, 1995).
In particular, certain geochemical features common of this early
crust are widely recognized to be derived from mafic material at
high pressure (Defant and Drummond, 1990; Foley et al., 2002;
Alonso-Perez et al., 2009), but the particular processes that oper-
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derived basaltic arc magmas are differentiated into a felsic com-
ponent, leaving an ultramafic to mafic cumulative counterpart
that ultimately delaminates and is recycled back into the mantle
(Rudnick, 1995). However, recent studies have argued for a sim-
pler petrological model where buoyant diapirs of crustal material
detach from the slab, pond beneath the over-riding plate and melt,
feeding the lower crust with evolved magmas from below, a pro-
cess commonly referred to as “relamination” (Hacker et al., 2011;
Marschall and Schumacher, 2012; Castro et al., 2013; Kelemen and
Behn, 2016). Based on the pervasiveness of a sedimentary signa-
ture in arc magma it is suggested that ~27% of modern granulite
terranes and ~43% of ultra-high-pressure terranes have formed via
such a crustal underplating mechanism (Behn et al., 2011). How-
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ever, when looking at Archean granulites this figure falls to 6%
(Hacker et al., 2011) in accordance with the fact that the composi-
tion of Archean CC is best explained by the involvement of mafic,
not just sedimentary, crustal material.

Secular changes in crustal composition suggest that CC forma-
tion differed from the modern day mechanism, but exactly how
is debated (Condie, 2005; Van Hunen and Moyen, 2012). Whether
subduction even played a role in the Earth’s earliest history has
been thrown into question (Davies, 1992; Sizova et al., 2010), al-
though there is structural evidence for Archean subduction (Calvert
et al,, 1995; Stevens and Moyen, 2007). If subduction did occur in
the early Earth, conditions within the subduction system are ex-
pected to have differed systematically from conditions today. In
particular, mantle temperatures were probably higher (Herzberg et
al., 2010), and oceanic crust was likely thicker as a result (Hoffman
and Ranalli, 1988; Abbott et al., 1994). This oceanic crust may have
differed compositionally from today’s MORB (Herzberg et al., 2010)
and, as such, may have had different physical properties. More-
over, it is debated whether subduction in the Archean was slower
(Korenaga, 2006), faster (van Hunen and van den Berg, 2008), or
comparable to today (Sleep, 1992) and perhaps occurred at a shal-
lower angle (Abbott et al., 1994) although this point is also debated
(van Hunen et al., 2004). All these differences may have affected
the dynamics of the subduction interface and, in particular, al-
lowed for the relamination of more of the subducting crust.

This leads to the hypothesis: if relamination of subducted fel-
sic materials occurs in modern subduction zones then perhaps,
under different, early Earth conditions, such a process may have
been viable not only for subducted sediments, but for more of
the mafic part of the subducting crust as well, thus producing
the characteristics of Archean CC. In this paper we aim to con-
strain the conditions required for the relamination of the mafic
subducting crust by using a thermo-mechanical numerical model
of subduction, varying key parameters across a range of values
deemed reasonable for the modern and Archean Earth. We show
that under Archean conditions (i.e., with hotter mantle and thicker
mafic crust), relamination of the mafic subducting crust is in-
deed viable under a wider range of subduction conditions. The
observed dynamic behaviour can also account for other charac-
teristics of Archean felsic terranes and related rocks, such as their
episodic emplacement history (Moyen and Van Hunen, 2012), vari-
able mantle signature (Smithies, 2000), and variable depth of pri-
mary melt formation, as well as the secular change of these prop-
erties throughout the Archean (Martin and Moyen, 2003).

2. Method
2.1. Model physics

A 2-D Cartesian version of the finite element code Citcom is
used (Moresi and Gurnis, 1996; Zhong et al.,, 2000) to numeri-
cally solve the governing equations that ensure the conservation
of mass, momentum, thermal energy, and composition:

V-u=0
—VP' 4+ V. (y(Vu' + (V&)")) + (Rar T’ +RacC)éz =0
oT’
—4u VT = V2T
at
aC
— +u-VC=0
at
where the primed variables represent dimensionless variables,
non-dimensionalised as follows:
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and the thermal and compositional Rayleigh numbers, Rar and
Rac, are defined as follows:
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All variables used in the above equations are defined in Table 1.

We use the Boussinesq approximation and assume incompress-
ibility, with no shear, adiabatic or radiogenic heating, which re-
duces the complexity of the system in order to allow for the
clearer investigation of its primary features.

We use a purely viscous, non-Newtonian rheology for all mate-
rials. Brittle behaviour is not included as it is deemed not to play
a significant role in our region of interest: namely the subduct-
ing crust and mantle wedge, below the over-riding plate. Instead,
we impose a maximum viscosity of 1024 Pas, which limits the
maximum stresses achievable within the rheologically stronger re-
gions of the model. During preliminary work it was apparent that
dislocation creep dominates throughout the model region. This is
in line with the findings of Karato and Wu (1993) who put the
dislocation-diffusion creep transition between 200 km and 300 km
depth, and with the fact that dislocation creep is more likely to
dominate in high-stress regimes such as around subduction zones.
As such, the viscosity (1) is calculated as follows:

.1-n E
En exXpl —
P nRT

All variables in the above equation are defined in Table 1.

The effect of pressure on viscosity is assumed to be negligi-
ble as the model domain is shallow, and is partly offset by the
omission of adiabatic heating, which has an opposite effect on the
rheology. It is expected that the inclusion of pressure effects and
adiabatic heating, would increase the viscosity at the bottom of the
model area by no more than a factor of 3.2 (based on an activation
volume of 14 x 1076 m3mol™! for dislocation creep (Karato and
Jung, 2003) and an adiabatic gradient of 7.8 °C/GPa). This is small
compared to the viscosity uncertainties due to variations in flow
law parameters arising from uncertainty in the subducting crustal
composition as well as discrepancies between different rheological
studies (see Fig. 2).

Material is defined to be either mantle or crust, both with dif-
ferent flow laws (A, E and n) and densities. The density of crust
relative to mantle material (Ap) is assigned a fixed negative value
above a certain “eclogitisation depth” and a fixed positive value be-
low (see Table 1). This is included as a first order effort to simulate
the effect of densifying phase changes (eclogitisation) expected to
take place in the subducting crust (see Section 2.5 for details).

RaT

S

n=A

2.2. Model setup

The model domain is 450 x 150 km divided up into 512 x 256
finite elements. These elements are 600 x 600 m in a region of
interest around the subducting slab and mantle wedge and 1200
x 600 m outside. The thermal and mechanical boundary condi-
tions are illustrated in Fig. 1. The mechanical boundary conditions
are as follows: Vy =V, =0 (no slip) on the surface boundary;
Vx = Virench (see below) and dV,/dz = 0 (stress free) on the bot-
tom boundary at 150 km; dVy/dx = 0 (stress free) and V, =0
(no slip) on the left hand side; and V is linearly interpolated be-
tween Vy =0 at z=dpge and Vy = Vienep at z=h with V, =0
(no slip) on the right hand side. The thermal boundary conditions
are: T =0 (0°C) at the surface; T =1 (AT or mantle tempera-
ture, see Table 1) at 150 km; the left hand side boundary is given
the thermal profile of a half-space which has been conductively
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A list of the parameters that define the model. The default values of all the parameters are given as well as the upper and lower bounds for the parameters varied in the

parametric study.

Symbol Description Units (Default) value Lower bound Upper bound
t Time s - - -
u Velocity ms~! - - -
P Pressure Pa - - -
T Temperature K - - -
C Composition (either mantle, basalt or eclogite) - - -
z Depth m - - -
& Strain rate 57! - - -
Amantle Rheological pre-factor for mantle dislocation creep pa"s! 5.92 x 10'° 3.61 x 10'6 5.92 x 10'°
Acrust Rheological pre-factor for crustal dislocation creep pPa st 3.37 x 1020 6.04 x 102! 1.59 x 1019
Emantle Activation energy for mantle dislocation creep Jmol~! 5.41 x 10° 4.50 x 10° 5.41 x 10°
Ecrust Activation energy for crustal dislocation creep Jmol~! 2.44 x 10° 1.70 x 10° 3.23 x 10°
Nmantle Stress exponent for mantle dislocation creep 3.48 347 3.48
Nerust Stress exponent for crustal dislocation creep 3.03 2.95 312
R Gas constant JK= " mol~! 8.31 - -
To Surface temperature °C 0 - -
AT Temperature difference between the surface and the mantle °C 1350 (MODERN) 1350 (MODERN) 1550 (MODERN)
1550 (ARCHEAN) 1450 (ARCHEAN) 1650 (ARCHEAN)
o Density of the mantle kgm~3 3300 - -
AP rust Density of oceanic crust relative to the mantle kgm3 —300 —500 —100
APeclogite Density of eclogite relative to the mantle kgm™3 +200 - -
rust Incoming crustal thickness km 7 (MODERN) 7 (MODERN) 22 (MODERN)
15 (ARCHEAN) 15 (ARCHEAN) 29 (ARCHEAN)
dpiate Thickness of the over-riding plate km 50 20 80
declogite Depth of the transition from crust to eclogite km 140 80 140
dyeak zone Depth the weak zone extends to km dpjate + 10 - -
r Radius of curvature of the slab prior to initialisation km 180 - -
X0 Distance from the left boundary to the trench km 18 - -
6 Subduction angle ° 45 30 60
Vplate Velocity of the subducting plate cmyr~! 5OR 4.5 2 10
Slab age Age of the subducting plate Myrs 40 20 60
No Reference viscosity Pas 1019 - -
Nweak zone Viscosity of weak zone Pas 1020 109 102!
Nmax Maximum viscosity Pas 1024 - -
h Model depth km 150 - -
K Thermal diffusivity m2s~! 8 x 1077 - -
g Acceleration due to gravity ms—2 9.8 - -
a Thermal expansivity K1 3.5x 107 - -
N \
<
- I
& I =
2 =4
u.EJL ; ————— dplate - - g - - — =
¢ lle : :
£ I s 3 &
£ x o =) T
S ) =~ ) 3
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Fig. 1. Schematic representation of the model setup with thermal and mechanical boundary conditions. Green area marks the position of crustal material and is given a
thickness dcryst, the location of the weak zone (see main text for further details) is depicted in orange, and the overriding plate is defined to extend down to dpjge. The
artificial slab pull force F is applied over an area within the slab mantle which is free to move laterally (indicated in blue). Vyene, is applied to the bottom boundary to
mimic the effect trench migration has on the subduction geometry. *The outflow flow profile is V, =0 above dpjge and Vx = Vypency at the bottom boundary with Vy linearly
interpolated in between. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cooled from above for a certain period of time: the “slab age” (see
Table 1); and the right hand side boundary is given the linear ther-
mal profile of an older plate where we assume that the base of the
plate has been kept at a constant temperature by convective pro-
cesses and the heat-flow through the plate is purely conductive

and in steady-state.

In order to avoid modelling the full slab extending throughout
the upper mantle, we approximate its presence by applying a slab
pull force, F, achieved by applying a body force within the slab
mantle at the bottom boundary. The bottom V, boundary condi-
tion, Viench,» approximately mimics the effect of slab roll-back in
the reference frame of the overriding plate, and allows for the sub-
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Fig. 2. The viscosity-temperature relationships at a constant strain rate of 10~'> s~! according to: the flow laws listed in the Supplementary Material (in grey); the logarithmic
mean viscosity flow law (solid red line); and the +1 standard deviation (of the logarithm of the viscosity) flow laws (dashed red lines) for the mantle (A) and the crust (B).
The default flow laws used in both parametric studies are highlighted by the dot-dashed blue lines. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

duction angle to be a controllable variable. Throughout the runtime
of the model, the magnitudes of F and Vi.nn are automatically
adjusted such that a fixed, controllable, incoming plate velocity
and subduction dip angle are achieved (see Table 1). By using this
technique we neglect the effects of feedbacks between behaviour
in our model and larger scale slab dynamics.

Randomly distributed tracers at an average density of ~60 per
element are advected with the flow to carry compositional infor-
mation. Tracer velocities are conservatively interpolated between
nodes to prevent gaps in tracer density forming in areas of high
shear (Wang et al., 2015). A weak zone, 1.2 km wide, is imposed
to decouple the two plates. Its position is defined using these
tracers and it has a fixed low viscosity (see Table 1), which is log-
arithmically interpolated to the background viscosity over 10 finite
elements (6 km).

During the model run time, the subducting crust is initially sub-
jected to artificial stresses, resulting from the system finding its
steady state geometry. We first run each model calculation with a
uniformly strong (1023 Pas) crust, during an “initialisation stage”
until it reaches a quasi-steady state temperature profile in order to
prevent these stresses from deforming the crust. After this initiali-
sation stage, all parts of the model are given their proper rheolog-
ical properties, as described above.

2.3. Parametric study

Four default models are constructed for our parametric study.
The first two “modern-day defaults” have reasonable values for
a typical modern day subduction zone with convergence rates of
4.5 and 5 cm/yr, respectively. The other two “Archean defaults”
are identical, but with an increased mantle temperature (4200 °C)
and thicker subducting crust (15 km rather than 7 km). A param-
eter sensitivity study of these four default model setups is then
undertaken by systematically isolating and varying key parame-
ters, about the default model but within the parameter’s bounds
(see Table 1 for the values of these bounds). The varied parame-
ters are incoming slab age, subduction convergence rate, subduc-
tion angle, mantle temperature, over-riding lithosphere thickness,

crustal thickness, crustal buoyancy, “eclogitisation” depth (see Sec-
tion 2.5), plate coupling (via viscosity of the imposed weak zone,
see Section 2.2), mantle rheology, and crustal rheology. The default
and bounds for each parameter are chosen to be representative
for realistic subduction zones (and assuming that Archean crustal
composition is similar to today’s (see Section 4.4)) as well as to
capture the full range of behaviours.

2.4. Rheological parameter values

It is recognised that the behaviour of the system is particularly
sensitive to the choice of flow laws and as such the default and
bounds for the mantle and crustal rheologies are informed by a
thorough literature study. See Supplementary Material for a list of
the experimentally derived flow laws for mantle and crustal dis-
location creep used in this study. Values for the viscosity were
calculated for a range of temperatures (300-1700 K) and strain
rates (10718-10710 s=1) for each flow law, and the logarithmic
mean viscosity and standard deviation (SD) found. Flow laws were
then fit to the mean and its +1 SD using least squares regression.

The £1 SD flow laws for mantle material are used as the
bounds in this parametric study and the +1 SD as the default
as this best represents dry peridotite. All mantle flow laws give
modern-day upper mantle viscosities of order 10%° Pas (Fig. 2),
in line with the conclusion of Hirth and Kohlstedt (2003) and es-
timates from isostatic rebound observations (Walcott, 1973). The
experimentally derived crustal flow laws show a large variability
with the collection of 15 studies showing a spread of viscosities
over 4 orders of magnitude at temperature conditions of 800 K
(Fig. 2). This is in part due to the inclusion of a variety of crustal
materials, an approach deemed appropriate as the uppermost sub-
ducting crust is likely to consist of a mixture or “melange” of mafic
crust and subducted sediments (Marschall and Schumacher, 2012)
with the extent of mixing and the hydration state of these materi-
als uncertain. All hydrated mafic flow laws lie near to or below the
mean, with dehydrated mafic crust lying above and felsic material
around the —1 SD flow law. As such, the —1 SD and mean crustal
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Fig. 3. Snapshots of the Archean default model with convergence rate 5 cm/yr (panel A), which exhibits normal subduction and the Archean default model with convergence
rate 4.5 cm/yr (panel B), in which a small, deep crustal plume forms, model A5_CR_LB (panel C), which displays complete crustal decoupling (Section 3.3) and model A5_V_2
(panel D) which displays whole crust delamination (Section 3.2). Crustal material is outlined in red. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

flow laws are used as upper and lower bounds for crustal mate-
rial, respectively, and a flow law exactly halfway between used as
the default. The default model therefore has a rheology that well
represents the behaviour of hydrated mafic crust (see Supplemen-
tary Material for details). The upper bound of the crustal rheology
is a realistic upper bound for hydrated mafic crust while the lower
bound is realistic for a more felsic crust.

The effects of both dehydration (Hirth and Kohlstedt, 2003;
Karato and Jung, 2003) (which can occur at highly variable depths
Magni et al., 2014; Bouilhol et al., 2015) and partial melting (Hirth
and Kohlstedt, 2003) on the rheology are uncertain. In addition to
this, inclusion of dehydration involves modelling processes beyond
the scope of this study. For these reasons, the effect of dehydration
is not considered.

2.5. Crustal density and eclogitisation depth

Subducting mid-ocean ridge basalts densify via metamorphism,
a process that we refer to here as “eclogitisation”. The thermokine-
matic models of Duesterhoeft et al. (2014) demonstrate that this
eclogitisation leads to gradual densification of the subducting
mafic crust, which becomes negatively buoyant in the mantle
below 100 km. However, there is seismic (Garth and Rietbrock,
2014), geodynamic (Gutscher et al., 1999; van Hunen et al., 2004)
and field evidence (Austrheim, 1987; Hacker, 1996) showing that
the mafic crust may remain metastable and therefore buoyant at
greater depths, particularly if the crust is dry (Hacker, 1996). In
addition, the effects of partial melts (not considered in this study)
can reduce crustal densities considerably. The reader is referred to
Section 4.4 for a more thorough discussion on the eclogitisation

depth. As such, Apguse = —300 kg/m> is used above an eclogi-
tisation depth of 140 km (as default) and A pcuse = +200 kg/m?3
below. This eclogitisation depth and the crustal density above this
depth are both varied as part of the parametric study. The effect
of eclogitisation depth is investigated separately in more detail by
running a further set of models that systematically explore the
convergence rate — eclogitisation depth parameter space, the re-
sults of which are presented in Section 3.4.

3. Results

We performed four sets of parametric studies, in each of which,
physical parameters were varied about a specific default model.
Two default models apply to a modern day subduction system and
the other two apply to an Archean setting, in which the man-
tle is made 200 K hotter and the crust is 15 km thick (Abbott
et al., 1994) rather than 7 km thick. In the modern day default
models, “normal” steady state subduction (i.e. no break-off or re-
lamination) is observed. Normal subduction is also observed in the
Archean default model with convergence of 5 cm/yr. However, up-
ward removal of a portion of the mafic slab crust and subsequent
underplating, henceforth referred to as relamination, occurs in the
Archean default model with convergence of 4.5 cm/yr. These par-
ticular default models, with convergence rates of 4.5 cm/yr and
5 cm/yr, were chosen such that one Archean default model ex-
hibits plume behaviour while the other does not, in order to al-
low for the investigation of the switching on/off behaviour of all
parameters. Models that exhibit relamination appear to lie on a
spectrum between a smaller scale, episodic behaviour that we refer
to as “crustal plume” behaviour (Fig. 3B, described in section 3.1)
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Summary of cases where relamination behaviour is observed, with the depth of detachment of material from the slab and the degree of
relamination (a quantitative indication of the volume of crustal material expected to be removed from the slab. The method used to calculate
the degree of relamination is described fully in the main text), and the peak vertical velocity of the crustal plume for each case. The depth of
detachment is calculated as the shallowest depth of crustal material moving net upwards at the point of the formation of the first instability
(or point “A” in Fig. 5). LB stands for “lower bound”. Some models don’t show relamination as they exhibit complete crustal decoupling
instead (see Section 3.3 and Fig. 3C).

211

Default Model Condition Depth of Degree of Velocity of
detachment relamination plume
(km) (km?) (cm/yr)
Modern 5 cm/yr M5_CR_LB LB crustal rheology 73 260 20
M5_V_2 Vplate =2 cmyr~! 72 395 20
Modern 4.5 cm/yr M4.5_CR_LB LB crustal rheology 60 340 30
M4.5_V_LB Vplate = 2.5 cmyr ™! 106 227 10
M4.5_MT_UB AT =1550°C 129 120 40
M4.5_CD_UB ApPeryse = —500 kgm—3 96 260 20
Archean 5 cm/yr A5_An_UB ® =60° 120 106 30
A5_CD_UB ApPeryse = —500 kgm—3 106 866 70
A5_MT_UB AT =1650°C 114 190 60
A5_V_2 Vplate =2 cmyr~! 75 1217 10
A5_CR_LB LB crustal rheology Complete crustal decoupling
A5_CT_22 deryst = 22 km Complete crustal decoupling
Archean 4.5 cm/yr A4.5_default Default 120 183 40
A4.5_An_UB ® =60° 96 169 30
A4.5_An_LB ® =30° 119 343 60
A4.5_CD_UB ApPeryse = —500 kgm—3 100 680 40
A4.5_OPT_LB dpiare = 20 km 111 254 60
A4.5_MT_UB AT =1650°C 96 289 50
A4.5_PC_LB LB plate coupling 115 131 40
A4.5_V_25 Vplate = 2.5 cm yr~! 93 461 30
A4.5.V_35 Vplate = 3.5 cmyr™! 90 525 40
A4.5_CR_LB LB crustal rheology Complete crustal decoupling
A4.5_CT_22 deryst =22 km Complete crustal decoupling
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Fig. 4. A graphical summary of the amount of relamination (see text for definition). Red symbols represent the Archean model runs and blue, modern day model runs. Darker,
smaller symbols represent models where the default has a convergence rate of 4.5 cm/yr and lighter, larger symbols, 5 cm/yr. The circles represent Archean models which
display relamination behaviour that is morphologically distinct from the normal “crustal plume” mode of relamination (see Sections 3.2 and 3.3). Crosses represent model
runs which displayed slab break off instead of subduction (see Section 4.3). “LB” stands for lower bound, “def” for default and “UB” for upper bound. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

and larger scale, continuous behaviour that we term “whole crust”
behaviour (Fig. 3D, described in Section 3.2). Table 2 and Fig. 4

summarise the results of the two parametric studies, listing the
conditions required to achieve crustal relamination. A key result to
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outlined in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

be noted from these results is that relamination does occur under
a wider range of conditions in Archean models in comparison to
modern day models.

3.1. Crustal plume behaviour

In models which display crustal plume behaviour, the top-most
2-3 km of crust becomes weak enough to form a Rayleigh-Taylor
instability that subsequently feeds a plume consisting of crustal
material which rises through the mantle wedge, driven by its com-
positional buoyancy (Fig. 5).

Convergence velocity strongly influences the development of
these instabilities, with lower values promoting crustal plume
development. When using the modern-day default with conver-
gence 5 cm/yr, crustal plumes can be switched on by using the
lower-bound crustal (i.e. felsic) rheology or decreasing the sub-
duction convergence rate to ~2 cm/yr. For the modern-day de-
fault with convergence 4.5 cm/yr, raising the mantle temperature
or decreasing the crustal density also produces crustal plumes.
In the Archean default with convergence 5 cm/yr, crustal plumes
form under all the above conditions and also when the angle of
subduction is significantly steeper than 45°. The default Archean
model with convergence 4.5 cm/yr is just slow enough to form
crustal plumes without adjustment. But decreasing the eclogiti-
sation depth to shallower than 140 km, increasing the slab age,
decreasing mantle viscosity, decreasing the mantle temperature,
increasing the over-riding plate thickness, decreasing the crustal
density, or increasing the crustal strength all have the effect of
switching off the crustal plumes (Fig. 4).

Fig. 5 summarises the evolution of a model which shows typ-
ical crustal plume type behaviour. Relamination starts with the
formation of an instability on the subduction interface (stage A),
which corresponds to the start of an increase in the area of hot
crustal material within the model, as this material is separated
from the slab and heated in the mantle wedge. As the plume de-
velops (stage B), crustal material is fluxed into the mantle wedge,
which causes the mantle wedge to cool. At stage C, the mantle
wedge has cooled by typically 100-300°C and along with it, the
surface of the newly incoming slab. At this point the surface of
incoming crust is too cold and strong to relaminate, the source of
the crustal plume is shut off and the crustal plume self-terminates.
This is accompanied by a rapid removal of some of the colder re-
laminating material and surrounding cooled mantle. There is then
a period where the ponded crustal material is gradually heated
from below by the mantle wedge flow, with some of this material
being caught in this flow and cycled around the mantle wedge.
This causes some undulations in the thermal evolution of the crust
(see curves between points C and D in Fig. 5). Eventually, the sub-
duction interface becomes hot enough for another instability to
form, which feeds a new crustal plume (stage D). Usually the sec-
ond plume forms deeper in the model than the first as the mantle
wedge is cooler overall, which is particularly apparent in the mod-
ern day models. The period of the episodicity of this behaviour
is defined as the time between the formation of the two crustal
plumes (points A and D) and is typically ~10 Myrs although it
ranges from 3 Myrs to 16 Myrs. In Archean conditions, crustal
plumes rise fast through the mantle wedge, with velocity peaks
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of tens of cm/yr (40-80 cm/yr), typically taking only 100-200 kyrs
to reach the base of the overriding plate.

All models that show crustal plume type behaviour have a simi-
lar evolution with points A, B, C and D easily identifiable. However,
there is great variability in the depth at which these instabilities
form and the amount of crustal material that is removed from the
slab and eventually ponds below the over-riding plate. We define
the depth of detachment as the shallowest depth of crustal mate-
rial moving upwards at the point in time of the formation of the
first instability (stage “A” in Fig. 5), and the amount of relamina-
tion as the area of crust that has passed the 900°C isotherm, at
the peak of the first crustal plume event. We use this measure as
it offers a proxy for the amount of crust removed from the slab:
the more crust that is removed, the more crust heats up to these
high temperatures in the mantle wedge. In addition, it gives us a
first order handle on the relative amounts of melt one could ex-
pect. These values are listed in Table 2, for all models that show
relamination. Archean models lie on a spectrum between normal
subduction with no relamination (Fig. 3A), through models which
display smaller, more short-lived crustal plumes that form deeper
in the model (up to 120 km, Fig. 3B), to the “whole crust” end
member, described below, for which the instability forms shal-
lower, ~10-40 km below the over-riding plate, and crustal input
into the mantle wedge is continuous (Fig. 3D). We observe a nega-
tive correlation between the depth of detachment and the amount
of relamination in both the Archean and modern-day models, im-
plying that crustal plumes that detach from the slab shallower are
usually larger.

3.2. Whole crust relamination

It is possible for almost the entire crust to detach from the
slab upon entering the mantle with only a small portion of ma-
terial leaving through the bottom of the box (see Fig. 3D). This
only occurs under Archean conditions and if the convergence is
slow (~2 cm/yr). In this model, the initial Rayleigh-Taylor insta-
bility forms at a depth between 75 and 90 km, or ~10-40 km
below the over-riding lithosphere. Unlike the crustal plume be-
haviour, this behaviour is not transient, with continued input of
crustal material into the mantle wedge upon continued subduction
and a new mantle wedge flow developing below the relaminat-
ing crust. As such, the definition of the “amount of relamination”
(see Section 3.1) has to be altered for this model as there is no
peak associated with a plume event. Instead, the amount of crustal
material that has crossed the 900 °C isotherm after 10 Myrs from
point A is used. All mantle material above the relaminating crust
is cooled to <900°C and therefore has lithospheric strength. The
new mantle wedge below the crust behaves as it does under nor-
mal steady state subduction only with most crust flowing laterally
above it, with only a small amount of crust, subducted with the
slab, underlaying it.

3.3. Complete crustal decoupling

In Archean models where the lower crust is comparable in
strength to the imposed inter-plate weak-zone prior to subduction,
either because the crust is thick (>22 km) or rheologically weak,
the lower crust assumes the role of the decoupling interface. The
result of this is that the crust no longer subducts (Fig. 3C).

3.4. The effect of eclogitisation

A further set of model calculations was performed to deter-
mine the required eclogitisation depth for a given convergence
rate (Fig. 6). It was found that the formation of the smaller,
deeper plumes at moderate convergence rates (4 cm/yr), requires
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Fig. 6. Graphical summary of the results of the parametric study of the effects of
convergence rate and eclogitisation depth on relamination (see Section 3.4).

an eclogitisation depth of 140 km. However, for the larger, shal-
lower relamination events which occur at slower convergence rates
(2 cm/yr) an eclogitisation depth of 100 km is sufficient. The
plumes that form at the faster convergence rates are smaller and
form deeper in comparison to the crustal plumes that form at
slower convergence rates. The result that relamination occurs at
4.5 cm/yr but not at 4 or 5 cm/yr when the eclogitisation depth
is 140 km in Archean models, is due to the fact that this region is
at the boundary between behavioural regimes. Any small changes
under these conditions can result in markedly differing behaviours
due to the fact that this system is very non-linear. This chaotic be-
haviour is also demonstrated in Fig. 4, panel 1.

4. Discussion
4.1. Conditions for crustal relamination in modern subduction zones

Crustal plume behaviour can occur, under modern-day subduc-
tion zone conditions, when a weak rheology (e.g. for sediments
or felsic crust; see Section 2.4) is used. Indeed, modern-day fel-
sic and sedimentary material can relaminate from the subducting
slab in the form of mantle wedge plumes (Gerya and Yuen, 2003;
Behn et al,, 2011; Marschall and Schumacher, 2012; Castro et al.,
2013; Vogt et al., 2013), also known as “cold plumes” (Gerya and
Yuen, 2003). The only condition under which material, which is
as strong as hydrated mafic crust, can relaminate, is when the
plate convergence rate is slow enough (<5 cm/yr or as low as
~2 cm/yr when in a mantle at modern day temperatures and with
a crust of relative density <4500 kg/m?). This is primarily be-
cause, in slower subduction systems, the crust has more time to
form Rayleigh-Taylor instabilities above the eclogitisation depth. In
addition, while the topmost crust may heat up more slowly in slow
subduction zones (Magni et al., 2014), the bulk of the crust heats
up and therefore weakens more at shallower depth, which helps
instabilities to form. This is particularly important for whole-crust
relamination in Archean models (see Section 4.2).

4.2. Crustal relamination in the Archean

As in the modern-day cases, the parameter with the strongest
control on relamination behaviour appears to be the subduction
convergence rate. However, when subduction is slow (2 cm/yr)
under Archean conditions, “whole-crust” relamination is observed
(see Section 3.2). A much larger amount of crust is involved in the
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relamination process when compared directly to the modern-day
equivalent (amount of relamination ~4 times higher). In addition
to this, crustal plume relamination now occurs under a far wider
range of conditions. These results give strength to our original hy-
pothesis that the relamination of the subducting crust was more
viable in the early Earth.

The fact that one Archean default model displays relamination
and the other does not allows the effects of all parameters to be
gauged. The result that increased crustal buoyancy promotes re-
lamination is perhaps unsurprising as with higher buoyancy forces,
instabilities form more readily. Subduction with a hotter man-
tle means the crust heats faster, which leads to faster weakening
and promotes the formation of instabilities. Steepening subduction
means that slabs are more aligned with the direction of gravity
which leads to increased stress weakening.

Whether subduction operated more slowly in the Archean is
unclear. More dehydration stiffening near Archaean MORs may
have led to consistently slower plate tectonics in the early Earth
(Korenaga, 2006) (though this has been argued against Davies,
2009) or perhaps subduction was episodic, interrupted by inter-
mittent slab break-off events (van Hunen and van den Berg, 2008;
Moyen and Van Hunen, 2012). Episodic subduction may have had
a particularly dramatic effect on relamination as during periods of
slab stagnation the convergence rate is effectively zero. Stagnating
mafic slab crust would heat up in such a situation, ideal conditions
for the formation of crustal plumes. Due to the way we impose an
artificial slab pull force, our models were not designed to investi-
gate slab breakoff accurately beyond whether it occurs or not (see
Section 4.3). As such, an investigation of this behaviour is outside
the remit of this study but could be a subject for further study.

The complete crustal decoupling observed when the crust is
made weak (felsic-like in strength) or thick (22 km) (see Sec-
tion 3.3 and Fig. 3C) has previously been suggested as a pos-
sible mode of plate tectonics in the Archean (“flake tectonics”)
(Hoffman and Ranalli, 1988). Based on proposed Archean con-
ditions, it was argued that the thicker crust, which is hot and
weak at its base, may have been more decoupled from the un-
derlying mantle lithosphere, allowing it to fully separate from the
subducting slab upon subduction leaving only the mantle litho-
sphere to sink deeper into the mantle. This mechanism has been
shown to be dynamically viable in other modelling studies, pro-
vided that a weak enough layer underlays the crust (Davies, 1992;
Vogt and Gerya, 2014).

4.3. Slab break-off

Previous studies have suggested that, with a thicker crust, sub-
duction may not have been viable in the early Earth (Davies, 1992;
Sizova et al., 2010). This is because, with a thicker crust, buoy-
ancy forces resisting subduction are higher and the overall litho-
spheric strength weaker. Indeed, in Archean models we find that
slab break-off is more likely to occur when the crust is thick-
ened (to ~29 km in our models) or the slab made too young
(~20 Myrs), shutting down subduction. However, subduction with
episodic, spontaneous break-off has been shown to be a viable
mode of subduction in the Archean and may also explain the ab-
sence of ultra-high-pressure metamorphic rock from this time (van
Hunen and van den Berg, 2008; Sizova et al.,, 2014).

4.4. The composition and density of the subducting crust

We have undertaken an extensive parametric study to constrain
the conditions required for crustal relamination and investigate
the effect of various subduction parameters on this behaviour. In
our default models, the depth to which the crust remains buoy-
ant (i.e. the eclogitisation depth) is 140 km. Additional simula-

tions demonstrated that, for larger crustal plumes to develop at
slower velocities, an eclogitisation depth of 100 km is sufficient.
However an eclogitisation depth of 140 km is required for the
development of smaller, deeper crustal plumes (see Section 3.4).
The reason for choosing 140 km as a default eclogitisation depth
is motivated by the evidence that the subducting crust remains
metastable during its prograde path. Indeed, the geological record
of exhumed ultra-high-pressure terranes (e.g. Western Norwegian
Caledonides, Sulu belt, Eastern China) show that mafic material has
resisted the transformation to eclogite well within eclogite-facies
conditions (some as deep as >90 km), save for along hydrated
veins (Austrheim, 1987; Zhang and Liou, 1997). This petrological
evidence for a delayed eclogitisation, has been confirmed by the
geophysical observation that slab crust remains seismically slow
compared to mantle to great depths (>150 km) (Abers, 2000;
Garth and Rietbrock, 2014). Such significant delays in eclogitisation
have also been invoked to explain flat slab subduction of oceanic
buoyant plateaus, arguing that the bulk of this plateau crust must
remain buoyant at the depth at which the slab flattens (typically
~150 km) for timescales of several Myrs (Gutscher et al., 1999;
van Hunen et al., 2004). We have therefore used these observations
to postulate that if the subducting crust is subject to eclogitisation
delays, then the bulk crust may remain metastably buoyant.

As highlighted by the results in Section 3.4, the deepest, small-
est scale crustal plumes require a deep eclogitisation depth and
are therefore most likely to be prevented by densification reac-
tions. However, these small plumes only form from the topmost
1-2 km of subducting crust, which is likely to consist of a melange
of mafic subducting crust and sediments (Gerya and Yuen, 2003;
Marschall and Schumacher, 2012). In this case, the physical addi-
tion of sediments to the oceanic crust would significantly affect the
bulk density of this heterogeneous layer, leading to an even more
buoyant slab top. In addition, along the warm subduction gradi-
ents of an “Archean subduction zone” the oceanic slab crust may
undergo partial melting (Bouilhol et al., 2015) leading to signifi-
cantly lower density (Gerya and Yuen, 2003).

In this study, our modelled Archean crust is assumed to be
thicker than its modern equivalent but similar in composition.
The nature of the Archean oceanic lithosphere is much debated.
At higher mantle potential temperatures, more mantle material
is processed at the ridge, leading to a thicker, MgO-rich oceanic
crust. This thicker crust might have been stratified, in a similar
way to modern oceanic plateaus, being more basaltic (MORB-like)
at the top and more ultramafic/komatiitic at depth (Kerr et al.,
1997). As such, MORB properties might be appropriate for the top-
most Archean crust but the lower crust may have been denser
and stronger. This would affect neither the eclogitisation depth nor
the crustal plume behaviour, but could hinder the removal of the
deeper parts of the crust from the slab during whole-crust relami-
nation.

4.5. Magmatic output and Archean continental crust formation

Although studying the magmatic output of this process is be-
yond the scope of this work and we do not compute it in our
models, it is worth noting that during normal subduction, under
Archean conditions, very little crust heats up to above 800°C and
no crustal material heats up to above 900°C within our model
region. However, as Fig. 4 illustrates, the area of mafic crustal
material that heats up to above 900°C when relamination oc-
curs (the “amount of relamination”) can be substantial (typically
a few 100 km?, but ~1000 km? after 10 Myrs in the whole-crust
relamination case). At this temperature, partial melting of mafic
material is likely to occur, particularly if the system is being per-
colated by metamorphic fluids (Magni et al., 2014; Bouilhol et al.,
2015). In all cases crustal plume material reaches these melting
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temperatures within the mantle wedge (at >50 km depth in our
models) and, as such, has the potential to explain the high pres-
sure mafic signature, pervasive in Archean terranes (Martin, 1999;
Foley et al., 2002).

Episodic crustal plumes may result in episodic magmatism
(Marschall and Schumacher, 2012) and previous studies on Archean
terranes have suggested episodicity in their formation with a typ-
ical timescale of a few Myrs (Moyen and Van Hunen, 2012), the
same timescale under which crustal plumes operate in our models.
The variability of the depth of formation of the crustal instability,
the variability in the size of the subsequent relamination event and
the fact that shallow instability formation correlates with more
extensive relamination imply that the degree of crust-mantle in-
teraction may also vary significantly. When crustal plumes form
deep and are small, the degree of mantle interaction is likely to be
high whereas in the whole-crust relamination case, the crustal re-
laminant does not have to pass through the hot mantle wedge at
all and potential melts from the ponded crustal material will only
pass through mantle lithosphere which is <900°C.

Our results demonstrate that more extensive and shallow re-
lamination is more likely under the hotter mantle conditions of the
early Earth. As the mantle probably cooled through the Archean
(Herzberg et al., 2010), crustal relamination may have gradually
transitioned from shallow and extensive to small-scale and deep.
The result of this may have been a gradual transition from crust
derived melting at relatively shallow depths with minimal mantle
interaction, to crust derived melting at greater depths with greater
mantle interaction. Interestingly, this trend in depth and degree of
mantle interaction is observed in the composition of Archean fel-
sic terranes of different ages (Martin and Moyen, 2003). This has
previously been cited as evidence for, on average, shallower sub-
duction in the Archean which gradually steepens through Earth’s
history (Abbott et al., 1994), or a secular change in the depth of
slab melting through time (Martin and Moyen, 2003). Here we of-
fer secular changes in subducting crust dynamics as an alternative
explanation.

5. Conclusions

We performed two sets of parametric studies to investigate how
different key parameters can affect subduction dynamics and, in
particular, the possibility for the detachment of the subducting
mafic crust from the slab and subsequent upwelling and under-
plating (or “relamination”), in a modern day setting and early Earth
setting (with a 200 K hotter mantle and 15 km oceanic crust). Un-
der modern day conditions, crustal relamination is only observed
when the crust has a “felsic” flow law (in agreement with previous
studies) or when subduction is slow (<5 cm/yr or ~2 cm/yr for
modern mantle temperatures and a realistic crustal density). Slow-
ing down subduction, raising mantle temperature and decreasing
crustal density or strength also enhances relamination in the early
Earth models. However, in these Archean models, so does making
the over-riding plate thinner, making the subduction angle signif-
icantly steeper or shallower than 45°, making the slab younger,
or making the mantle stronger. Relamination of the mafic crust
requires that the crust remains buoyant in the mantle to depths
greater than the equilibrium eclogitisation depth in all but the
most extreme (slow convergence) cases. This may be achieved by
mixing with more buoyant sediment, partial melting or the slow
kinetics of eclogitisation in the absence of water.

Crustal strength and subduction convergence rate have the
strongest control on behaviour. Indeed, when subduction is slow
enough (~2 cm/yr), the entire mafic crust is able to detach from
the slab and relaminate. We demonstrate that crustal relamina-
tion behaviour exhibits a spectrum between this whole-crust end
member (which occurs at relatively shallow depths) through an

episodic “crustal plume” mode (which occurs deeper and is typ-
ically episodic on a ~10 Myr timescale), to no relamination. We
suggest that this trend may explain secular changes in the degree
of mantle interaction and depth of primary magma production
of Archean felsic terranes over time. It is also observed that, un-
der early Earth conditions, continuous subduction is less viable if
the oceanic crust is too thick (> ~20 km), the slab is too young
(~20 Myrs), or the inter-plate coupling high, due to spontaneous
slab-breakoff. Finally, when drawing a direct comparison between
the modern day and early Earth parameter studies, we find that re-
lamination of subducting mafic crust is a viable mechanism under
a wider range of subduction conditions in an early Earth sub-
duction zone and has the potential to be more substantial. This
has implications for the generation of magmatism in Archean sub-
duction zones, Archean subduction dynamics, and the long term
recycling of mafic crust.
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