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ABSTRACT

Relamination—the reincorporation of deeply subducted continental crust into the
overriding plate—has been proposed as a major mechanism for continental
growth and differentiation. While numerical models and high-pressure
experiments demonstrate the thermochemical feasibility of this process, a
fundamental question remains: under what mechanical conditions is relamination
sufficiently efficient to produce geochemically detectable hybrid melts? Here we
introduce the R-critical dimensionless parameter, defined as the ratio between
buoyancy-driven mixing forces and viscous resistance at the crust-mantle
interface. R-critical quantifies the mechanical coupling required for efficient
hybridization of crustal fragments within peridotite matrix. Our analysis
demonstrates that relamination efficiency is not solely governed by pressure—
temperature conditions, but fundamentally constrained by interface viscosity,
density contrast, strain rate, and fragment size. When the mechanical coupling
parameter R falls below the critical threshold (R-critical), hybrid melting becomes
physically inhibited regardless of experimental temperature or pressure, implying
that global relamination fluxes may be substantially lower than previously
estimated. This framework provides a quantitative discriminator between

relamination and delamination, and offers testable predictions for seismic



anisotropy, UHP terrane deformation structures, and post-collisional magmatic
signatures.
Keywords: relamination; continental crust recycling; mechanical coupling; R-

critical; subduction; hybrid melting; crust-mantle interface; geodynamic modeling

1. INTRODUCTION
1.1 Background

The recycling of continental crust into the mantle and its subsequent return to the
crust—processes collectively termed relamination—has gained increasing
attention as a fundamental mechanism of continental evolution (Hacker et al.,
2011; Gerya et al., 2004). During continental collision, deeply subducted crustal
fragments may detach from the downgoing slab and ascend into the mantle
wedge, where they interact with peridotite to produce hybrid magmas. These
hybrid melts, enriched in crustal signatures, are thought to contribute significantly
to post-collisional magmatism and continental growth.

Recent advances in thermomechanical modeling have demonstrated that
relamination can reproduce first-order natural observations, including the
temporal lag between collision and post-collisional magmatism, and the
characteristic geochemical signatures of collision-related igneous rocks (Gémez-
Frutos et al., 2026). High-pressure experiments have further validated that
crustal compositions, when mixed with peridotite at appropriate pressure—
temperature conditions, can indeed generate hybrid melts with geochemically
meaningful signatures.

1.2 The Missing Link: Mechanical Coupling

Despite these advances, a critical gap persists between numerical models and
experimental petrology. Numerical models output pressure—temperature—time
(P-T-t) trajectories and deformation geometries, while experiments require pre-
homogenized mixtures as input. The physical process bridging these two
scales—mechanical mixing at the discrete crust-mantle interface—has not been

quantitatively addressed.



Natural relamination involves discrete crustal fragments interacting with peridotite
matrix, not the homogeneous mixtures used in experiments. The transition from
discrete fragments to hybrid mixtures is governed by mechanical coupling at the
crust-mantle interface. Without sufficient mechanical coupling, the experimental
starting conditions may never be achieved in nature, regardless of how favorable
the P-T conditions appear.

1.3 The R-critical Framework

In this study, we introduce the R-critical dimensionless parameter to quantify the
mechanical coupling required for efficient hybridization. Drawing analogy from
classical dimensionless numbers in fluid and solid mechanics (e.g., Reynolds
number, Rayleigh number), R-critical provides a first-order physical threshold for
determining when mechanical mixing can bridge the gap between numerical
model outputs and experimental inputs.

Our central hypothesis is that relamination efficiency is fundamentally
constrained by mechanical coupling, and that many natural scenarios may fall
below the critical threshold required for efficient hybridization. This implies that
global relamination fluxes—and consequently the contribution of relamination to

continental growth—may be substantially lower than previously estimated.

2. METHODS

2.1 Definition of the R-critical Parameter
The R-critical parameter is defined as the ratio between the characteristic
buoyancy force driving mechanical mixing and the viscous resistance opposing it

at the crust-mantle interface:
3

2

Where: - = density contrast between crustal fragment and mantle (kg/m3) - =
gravitational acceleration (9.81 m/s?) - = characteristic fragment size (m)- =
effective viscosity of the crust-mantle interface (Pa-s) - = characteristic strain

rate (s )



This formulation captures the competition between buoyancy-driven ascent and
viscous resistance to deformation and mixing.
2.2 Critical Threshold
The critical threshold R-critical is determined by the minimum mechanical
coupling required to achieve the hybrid mixing ratios ( ) observed in natural
composite dikes and experimental products. Based on the analysis of Vogt et
al. (2013), who documented composite dike mixing ratios in the range = 0.4—
0.8, we adopt a reference value of:

=10.0
This value represents the threshold above which mechanical coupling is
sufficient to produce the mixing ratios required for geochemically detectable
hybridization.
2.3 Efficiency Model

Relamination efficiency ( ) is modeled as a sigmoidal function of the normalized

)
T+exp|——

Where = 0.3 controls the width of the transition zone. This formulation provides

parameter /

a smooth transition between inefficient ( = 0) and efficient ( = 1) relamination
regimes, avoiding the unphysical discontinuity of a step function. Alternative
formulations (linear and step-function) are provided for comparison and
sensitivity analysis.

2.4 Parameter Ranges and Sources

All physical parameters are constrained by published experimental and

observational data:

Parameter | Symbol | Range Best Estimate | Source

Density 200-500 kg/m?® | 300 kg/m? Crust/mantle density

contrast difference
(Christensen &




Parameter | Symbol | Range Best Estimate | Source

Mooney, 1995)

Interface 10"-10%" Pa's | 10" Pa-s Rock deformation
viscosity experiments (Hirth &
Kohlstedt, 2003)

Strain rate 10-16-10"12g"" 1014 s GPS measurements

(Kreemer et al., 2014)

Fragment 10°-10°m 5x10°m Seismic tomography /

size Field mapping

2.5 Numerical Implementation

All calculations were implemented in Python 3.9+ using NumPy and SciPy
libraries. The code is structured as follows: 1. Core module (r_critical.py):
Computes R and E for given parameter sets. 2. Efficiency module
(efficiency_model.py): Generates efficiency curves across parameter sweeps. 3.
Phase diagram module (phase_diagram.py): Produces 2D phase diagrams in
parameter space.

Unit tests verify asymptotic behavior, monotonicity, and consistency with
analytical solutions for simplified cases.

3. RESULTS

3.1 R-critical Definition and Physical Interpretation
Figure 1 illustrates the physical meaning of R-critical. The crust-mantle interface
acts as a rheological boundary where buoyancy forces (driving mixing) compete
with viscous forces (resisting mixing). When > , the interface is
sufficiently weak to allow mechanical coupling and hybridization. When <

, the interface remains too strong, and discrete crustal fragments ascend

without significant mixing.




(a) Subduction zone cross-section (b) Force balance at interface (c) Definition of R parameter

Overiding
plate

Mantie wedge Fo= 3
{peridotite} s=0p-g-L

uoyancy force) H

coherently

Figure 1. The R-critical parameter and mechanical coupling at the crust—
mantle interface. (a) Subduction zone cross-section showing discrete crustal
fragments (blue ellipses) embedded in peridotite matrix (green). The crust—
mantle interface (yellow highlight) marks the zone of mechanical interaction
where buoyancy-driven ascent competes with viscous resistance. The
overriding plate (light grey) and subducting slab (dark grey) provide the
tectonic framework. Red arrows indicate buoyancy-driven upward motion of

crustal fragments. (b) Force balance at the interface. The interface zone

(yellow block) experiences upward buoyancy force = 3 (blue
arrow) and downward viscous resistance = 2 (red arrow). The
dimensionless parameter = / quantifies their competition. (c) Definition

of the R parameter and its physical interpretation. The central equation =
( )( ) defines the mechanical coupling strength. When >
(green zone), the interface yields and mechanical mixing occurs.
When < (red zone), the interface remains intact and fragments
ascend as coherent blocks. The reference threshold =10.0is

calibrated against natural composite dike mixing ratios (Vogt et al., 2013).

3.2 Efficiency Curves
Figure 2 presents efficiency curves generated by systematic parameter sweeps.
Key observations:

1. Viscosity sensitivity: Efficiency drops sharply as interface viscosity

increases above 10" Pa-s, even for favorable values of other parameters.



Fragment size effect: Larger fragments (> 70* m) require significantly
lower viscosities to achieve efficient mixing, due to the 2 scaling of
buoyancy forces.

Strain rate dependence: Natural strain rates (10-'°-10-* s') span the
transition zone, implying that local tectonic conditions strongly control
relamination efficiency.

Density contrast: The efficiency is relatively insensitive to  within the

natural range (200-500 kg/m?), suggesting that density contrast is not the

primary control.
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Figure 2. Relamination efficiency curves from systematic parameter

sweeps. All panels use the sigmoidal efficiency model = 1/[1+
exp(—( / — 1)/ )] with =0.3and = 10. Vertical dashed
lines mark the parameter value yielding = for each curve. The

horizontal dashed line marks = 0.5 (transition midpoint). (a) Efficiency
as a function of interface viscosity for three fragment sizes ( = 103, 5 x
10%,10° m), with = 300kg/m®and = 10""#s . Efficiency drops
sharply as viscosity increases above 10" Pa-s, even for large fragments.
The 3 scaling of buoyancy force causes larger fragments to maintain
higher efficiency at elevated viscosities. (b) Efficiency as a function of
strain rate for three interface viscosities ( = 10'7, 1078, 107° Pa-s), with
= 300 kg/m®and = 5x 10° m. Natural strain rates (10-°-10""4 s-)
span the transition zone, indicating strong tectonic control on
relamination efficiency. Lower-viscosity interfaces remain efficient

across most natural strain rates. (c) Efficiency as a function of fragment



size for three density contrasts (= 200,300,500 kg/m?), with = 107°
Pa-sand = 10""4s™. Larger density contrasts shift the transition to
smaller fragment sizes. Within the natural density range (200-500
kg/m?), efficiency is relatively insensitive to  compared to viscosity or

fragment size.

3.3 Phase Diagram

Figure 3 presents a phase diagram showing the boundaries between efficient
relamination ( > ), inefficient relamination ( = ), and mechanically
inhibited relamination (< )inthe — parameter space. The diagram
reveals that: - High-viscosity, low-strain-rate regimes (upper-left) fall
predominantly in the inhibited zone - Low-viscosity, high-strain-rate regimes
(lower-right) favor efficient relamination - A broad transition zone occupies the
central parameter space, where small changes in local conditions can switch the

system between regimes
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Figure 3. Phase diagram in interface viscosity—strain rate space with
model parameter comparison. Contours show constant efficiency values
( =0.1,0.3,0.5,0.7,0.9) for density contrast = 300 kg/m® and
fragment size = 5 x 10 m. The white dashed line marks = =
10. The colour gradient transitions from red (inhibited relamination, <
) through yellow (transition zone) to green (efficient relamination,
> ). Natural scenarios (A—C): A (Continental collision): interface
viscosity = 2x 10%° Pa-s, strainrate = 10""#s" ', = 7.4 (inhibited
regime). B (Mature subduction): interface viscosity = 1.5x 10%° Pa-s,
strainrate =107 s ', = 9.8 (near-critical regime). C (Post-
orogenic extension): interface viscosity = 5x 107 Pa-s, strain rate
=2x 1078 s ', = 147 (efficient regime). Model comparison: The
red circle marks the conditions inferred from the numerical models of
Gomez-Frutos et al. (2026) (~1.5 GPa, 1200°C, homogeneous mixture
assumption), which fallat = 7471 (well within the efficient regime
under their simplified boundary conditions). The blue dashed ellipse
represents natural equivalents with discrete fragments and variable
interface conditions, which may frequently fall below the critical
threshold due to localized high-viscosity domains or low strain rates.
The broad transition zone (yellow) indicates that relamination efficiency
is not binary but spans a continuum, with natural systems frequently
operating near the critical threshold where small parameter changes

produce large efficiency variations.

3.4 Comparison with Published Models

Figure 4 compares the parameter ranges inferred from the numerical models of
Gomez-Frutos et al. (2026) with the R-critical phase diagram. The comparison
suggests that the model parameters (1.5 GPa, 1200°C, homogeneous mixture
assumption) correspond to = 7471, well above R-critical, but the natural

equivalents (discrete fragments, variable interface conditions) may frequently fall



below the critical threshold due to localized high-viscosity domains or low strain

rates.

Conceptual model comparison
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Figure 4. Conceptual model comparison. (a) “Efficient relamination”
model (left): Discrete crustal fragments (blue circles) under
homogeneous pressure—temperature conditions instantaneously mix
into a homogeneous mixture (purple circle, = 0.4-0.8) regardless of
mechanical coupling strength. This end-member scenario corresponds
to the experimental conditions of Gomez-Frutos et al. (2026) and
assumes that pressure—temperature conditions alone control
hybridization. (b) “R-critical constrained” model (right): Discrete crustal
fragments (blue circles) with variable interface conditions encounter a
mechanical coupling gate ( ) that controls the transition
pathway. When > (green arrow), the interface yields and
mechanical mixing produces hybrid melt (purple circle). When <

(red arrow), the interface remains intact and fragments ascend



as coherent blocks (blue circle) without significant hybridization.
Mechanical coupling, not solely pressure—temperature, determines the
geological outcome. This framework predicts that natural systems will
exhibit a spectrum of mixing efficiencies depending on local mechanical
conditions, rather than the binary efficient/inefficient dichotomy assumed

in simplified models.

3.5 Sensitivity Analysis

Monte Carlo sensitivity analysis (10,000 realizations) with log-uniform parameter
sampling reveals: - Most sensitive parameter: Interface viscosity ( )—
contributes ~45% of total variance in efficiency - Second most sensitive:
Fragment size ( )—contributes ~30% of variance - Least sensitive: Density
contrast ( )—contributes ~10% of variance - Strain rate ( ) contributes ~15% of
variance

This sensitivity hierarchy indicates that improving constraints on interface

rheology should be the highest priority for future research.

4. DISCUSSION
4.1 Model-observation Convergence Does Not Imply Mechanistic
Uniqueness
We acknowledge that numerical models of relamination reproduce key natural
observations, including post-collisional magmatic timing and geochemical
signatures. However, model-observation convergence does not guarantee
mechanistic uniqueness. Our R-critical analysis demonstrates that the same
geochemical signatures could arise from alternative scenarios, such as:
1. Inefficient, long-duration relamination below R-critical, where small but
sustained hybrid contributions accumulate over geological time
2. Partial melting of detached lithospheric mantle with minimal crustal
contribution, producing similar trace-element signatures through different

pathways



3. Multi-stage processes involving initial delamination followed by limited

relamination

Without a quantitative discriminator like R-critical, the interpretation of post-
collisional magmatism remains underdetermined.

4.2 The Interface Gap in Integrated Approaches

We appreciate the elegance of integrated numerical-experimental approaches.
However, we identify a critical “interface gap”: numerical models output P—T—t
trajectories and deformation geometries, while experiments require pre-
homogenized mixtures as input. The physical process bridging these scales—
mechanical mixing at the crust-mantle interface—is precisely what R-critical
quantifies.

The experimental conditions of Gomez-Frutos et al. (2026) (1.5 GPa, 1200°C,
homogeneous mixtures) represent an end-member scenario where mechanical
mixing is complete. Natural relamination, however, begins with discrete
fragments. The R-critical framework defines the physical conditions under which
these fragments can evolve toward the experimental end-member.

4.3 Global Relamination Flux Reconsidered

Hacker et al. (2011) estimated a global relamination flux of ~0.5 km?3/yr. If R-
critical constraints reduce the effective efficiency by one order of magnitude for a
significant fraction of natural scenarios, the integrated contribution over 2.7 Ga
drops from potentially dominant to demonstrably secondary. This does not deny
relamination’s existence, but quantifies its geological significance.

4.4 Testable Predictions

The R-critical framework generates specific, testable predictions:

1. Seismic anisotropy: Regions where > should exhibit crust-
mantle interface anisotropy consistent with active shear mixing; regions
where < should show coherent, unmixed crustal blocks.

2. UHP terrane deformation: Rapidly exhumed UHP terranes with minimal
hybridization may indicate mechanical decoupling ( < ), while
slowly exhumed terranes with extensive mixed lithologies may indicate

efficient coupling ( > )-



3. Post-collisional magma chemistry: Magmas from relamination-
dominated systems should show systematic correlations between
mechanical coupling indicators (e.g., deformation intensity in source
regions) and hybrid mixing ratios.

4.5 Limitations and Future Directions
Our framework involves several simplifications that warrant acknowledgment:

1. 2D approximation: R-critical is a 1D parameter that reduces complex 3D
thermomechanical processes to a single number. Like the Reynolds
number or Rayleigh number, its value lies in providing a first-order
screening tool, not in replacing 3D modeling.

2. Constant parameters: Wetreat , ,and as constantfor each
scenario, whereas natural systems exhibit spatial and temporal variability.

3. Single R-critical value: We adopt a reference = 10.0 based on
Vogt et al. (2013), but this value may vary with specific lithological
compositions and P-T conditions.

Future work should focus on: - Laboratory deformation experiments to
calibrate R-critical for specific lithology pairs - 3D numerical simulations with
spatially variable interface properties - Natural case studies applying R-critical to

well-documented UHP terranes

5. CONCLUSION
We introduce the R-critical dimensionless parameter as a quantitative framework
for evaluating mechanical coupling at the crust-mantle interface during
continental relamination. Our analysis demonstrates that:
1. Relamination efficiency is fundamentally controlled by mechanical
coupling, not solely by pressure—temperature conditions
2. Natural parameter ranges frequently fall near or below the critical
threshold for efficient hybridization
3. Global relamination fluxes may be substantially lower than previously

estimated



4. The framework provides testable predictions for seismic, structural, and

geochemical observations

5. R-critical fills a theoretical gap between numerical model outputs and

experimental petrology inputs

This framework transforms the qualitative narrative of relamination into a
parameterized, testable model, enabling quantitative assessment of its role in

continental crust evolution.
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