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Abstract
Archean continental crust is compositionally distinct from post-Archean continental crust; its felsic components
predominantly comprise the tonalite, trondhjemite, and granodiorite suite, while its mafic components record
evidence of secular mantle cooling. Although the geochemistry of these rocks have been well characterized,
the production of Archean felsic magmas remains contested because the early Earth’s dominant geodynamic
regime is uncertain. Here, a novel integration of parallel Markov chain Monte Carlo methods with the Perple_X
thermodynamic forward model inverts for the H2O content and the P–T evolution required of primitive magmas
to generate di↵erentiation trends recorded by the Archean igneous rock record. Resulting P–T paths show a
period of extended di↵erentiation at 4-5 kbar with a H2O content of ⇠3.4 wt%. These results are consistent with
the depth and water content of mantle-derived mafic magmas in modern arcs, and point towards subduction as a
potential tectonic setting for the production of these magmas.

1 Introduction

The chemically evolved, andesitic bulk composition of Earth’s
continental crust is unique among the other rocky bodies of the
Solar System [1]. The geochemistry of this crust has evolved
through its 4.5 billion year history to reflect surface heat loss and
the decrease in radiogenic heat-producing isotopes. Statistical
analyses of the bulk rock record by [2] and [3] have shown a
change in the major and trace element composition of continen-
tal crust over Earth history. Specifically, an observed change
in major elements such as Na2O and K2O and in incompatible
element ratios such as La/Yb and Eu/Eu* over the Archean-
Proterozoic boundary are interpreted to correspond to mantle
cooling and a change in global tectonics after the end of the
Archean.

This change in crustal geochemistry from the Archean to modern
continental crust is most prominently observed in the lithologies
of Archean continental crust (Figure 1). Extant felsic Archean
crust is distinctly di↵erent from modern felsic crust. Preserved
Archean crust makes up ⇠5% of Earth’s crust and are mostly
comprised of “granite-greenstone terranes”, greenstone belts
that are intruded by granitic gneisses [4, 5]. The mafic metavol-
canic greenstone belts contain komatiites and pillow basalts and
are interpreted as fragments of preserved oceanic crust. The
felsic granitic gneisses make up the majority (85-90%) of ex-
tant Archean crust and are mostly compositionally classified as
trondhjemites, tonalites, and granodioties (TTGs) [6]. Felsic
Archean crust is distinctly sodic (3-7 wt% Na2O; [7, 8]) when
compared to modern felsic crust (⇠3.27 wt%; [9]).

While experimental data and thermodynamic modeling have
shown that TTG melt can be produced from the partial melting
of metamafic rocks at mid-to-lower crustal pressures (depth � 50
km), the tectonic setting that produced these felsic magmas re-
mains contested due to uncertainty surrounding the geodynamic
regime of the Archean, the onset of global subduction, and the
rate at which felsic Archean crust was produced [10, 11, 12].
Multiple mechanisms have been proposed for the geodynamic
regime, including stagnant lid and mobile lid (active plate tec-
tonics) as two potential end members. Proposed tectonic mecha-

nisms for the generation of Archean continental crust involving a
stagnant lid regime include “sagduction” and basal melting of a
thick mafic crust or slab melting of oceanic crust, and subduction
for a mobile lid regime [13, 7, 14]. Additionally, understanding
the geochemical evolution of Earth’s crust is also important in
the context of global climate because the strength of the sili-
cate weathering feedback, the primary mechanism of regulating
temperature on geologic timescales, depends on the abundance
of subaerial continental crust [15]. Therefore, constraining the
conditions in which Archean felsic crust formed will improve
understanding of the geodynamic regime that formed Earth’s
earliest continents as well as planetary evolution and habitability.

Decades of research on TTG and other Archean granitic crust
has resulted in thorough study of the major and trace element
geochemistry of Archean felsic crust [11, 8]. Together with
statistical analyses such as weighted bootstrap resampling, it is
possible to quantitatively characterize Archean felsic di↵erentia-
tion trends in substantial detail [3]. These bulk di↵erentiation
trends present a compelling inverse problem, where calculating
the conditions that produced these di↵erentiation trends can lead
to further insight on the genesis of these felsic magmas. To that
end, this paper describes a novel Bayesian inversion that inte-
grates parallel Markov chain Monte Carlo (MCMC) methods
with the Perple_X thermodynamic forward model to solve for
the possible range of P–T paths and starting H2O compositions
through which sequential fractionation and equilibrium melt
di↵erentiation may produce the observed di↵erentiation trends
preserved in Archean continental crust.

2 Method Development

2.1 Observed Archean Di↵erentiation Trends

The inverse model solves for the H2O content of the primitive
magma and the P–T paths of the melt evolution required to pro-
duce the di↵erentiation trends observed in preserved Archean
crust. These di↵erentiation trends are compiled from the Earth-
Chem database, as well as the compilations of [16] and [17],
as in [3]. To address the inherent issue of spatiotemporal bias
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Figure 1: a: Geochemical trends of Na2O/K2O, La/Yb, and
Eu/Eu* in felsic (62-73 wt% SiO2) rocks over time, with the
Archean Eon highlighted in the grey box. From [3]. b: Ca,
Na, and K ternary histograms of the same data, split between
Archean and post-Archean samples.

in Archean crustal sampling, data points are calculated using
a weighted bootstrap resampling technique after [3], where
weights are inversely proportional to the spatiotemporal den-
sity of the data. Data points are then bootstrap resampled based
on their assigned weights, with synthetic datasets created from a
Gaussian distribution with a mean and standard deviation based
on the original mean and uncertainty of the original data point,
and then sorted into 100 Ma time bins.

2.2 Perple_X Forward Model

The Perple_X thermodynamic modeling software is an open-
source, Gibbs free energy minimization program that calculates
the most stable phases of a given composition for a range of
pressures and temperatures through the linear approximation of
solution series by a discrete set of pseudocompounds [18, 19].
Perple_X uses an internally consistent thermodynamic dataset
to calculate the stability of pure phases, along with solution
models for melt and solid phases with continuously variable
compositions. The thermodynamic dataset, melt model, and
other solution phase models are specified by the user from a
selection of published thermodynamic models calibrated by
experimental petrology. Perple_X performs Gibbs free energy
minimization through linear optimization by representing the
composition variation of the phases of interest as a set of linear
“pseudocompounds”.

For this model, the chemical system is defined as the SiO2 –
TiO2 – Al2O3 – FeO – MgO – CaO – Na2O – K2O – H2O
– O2 melt system. The thermodynamic dataset is set to ver-
sion 6.3.3 of the Holland Powell thermodynamic dataset [20],
with the “igneous” set of solution models as specified by [21]
for melt, aqueous fluid, spinel, garnet, olivine, orthopyroxene,
clinopyroxene from [21], plagioclase from [22], epidote from
[20], cordierite, chlorite, muscovite, and biotite from [23], horn-
blende from [24], and ilmenite from [25]. The bulk composition

of the primitive magma is set to the composition of the major el-
ements in the first SiO2 bin of the Archean di↵erentation trends
from the dataset compiled by [3], which represents an average
Archean basaltic composition. These forward model runs are au-
tomated through StatGeochem.jl, an open-source package which
provides a programmatic interface for Perple_X model runs [26]
in the Julia programming language [27].

Perple_X models the stability of minerals in equilibrium with
a melt across varying pressure and temperature conditions. In
one of the simplest cases, that of varying temperature along
an isobar, this is equivalent to modelling minerals crystallizing
out from magma during cooling in a closed-system magma
chamber. Realistically, magmas within Earth’s crust undergo
open-system processes such as fractional crystallization, where
a fraction of the magma is physically and chemically separated
from the cumulate solid. To simulate these processes, a stepwise
fractional crystallization process has been implemented that
simulates the extraction and ascent of melt through a series of
magma chambers, where isobaric equilibrium crystallization is
occurring at each magma chamber, and the P–T path of this
process is represented by a series of isobaric paths that decrease
in temperature. After each isobar, the composition of the melt
phase is set as the starting bulk composition of the next isobar
to simulate melt extraction.

Trace element partitioning is additionally calculated based on
equilibrium paritioning equations along with partition coe�-
cients derived from the Geochemical Earth Reference Model
(GERM) database of experimentally determined trace element
partition coe�cients. These partition coe�cients, as provided in
StatGeochem.jl, are averaged from the GERM compilation and
bootstrap resampled as a function of bulk silica. For each trace
element, a bulk partition coe�cient is then calculated from the
solid phase output from Perple_X with the following equation:

D̄i = ⌃WADA
i (1)

where WA is the weight percent of mineral A in the rock and
DA

i is the partition coe�cient of element i in mineral A. This
bulk partition coe�cient is used to calculate trace element par-
titioning between the melt and the solid. A selection of trace
element partition coe�cients for major and accessory phases
can be found in Supplementary Figure 1.

Accessory phase saturation is calculated using experimentally
determined saturation equations for apatite [28], zircon [29],
sphene [30], and monazite [31]. After accessory phase satura-
tion, the bulk partition coe�cient is recalculated based on all
solid phases, including accessory phases. Melt composition is
recalculated from these partition coe�cients, adjusting for any
elements that are limited by saturation.

2.3 Bayesian Inverse Model

Markov chain Monte Carlo (MCMC) methods are based in
Bayesian statistics and use repeated sampling in the form of a
Markov chain to obtain samples from a posterior distribution
which could not otherwise be sampled directly. For example,
given a forward model which takes as input some parameters
of interest and yields as output some quantities which can be
compared to observed data, the posterior distribution may be the
distribution of those parameters of the forward model, given the
observed data. In the simplest case, such Markov chains may be
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constructed using the Metropolis algorithm, which determines
the probability of acceptance of a new proposal (including the
values of any parameters of the forward model) based on the
ratio of the likelihood of the new proposal to that of the last
accepted proposal [32]. After an initial “burn-in” period where
the model explores the parameter space, the Markov chain will
reach a stationary distribution such that each successive node
represents a draw from the posterior distribution of interest. In
order to reduce the amount of burn-in time, the model will also
be parallelized using the process of replica exchange (section
2.5), after [33].

A MCMC approach for the model inversion is tolerant of sub-
stantial prior uncertainty regarding the values of the parameters
of interest; given su�cient time for burn-in, the inverse model
can explore even a large parameter space and converge at an
accurate posterior distribution. The provided priors present such
a parameter space, with H2O represented as a uniform distribu-
tion from 0.05 to 15 wt%, and P and T ranging from 1 to 20000
bar and 550 to 1550 �C, respectively. The jumping distributions
that are used to propose new candidates are symmetric Gaussian
distributions for both H2O, P, and T, with a standard deviation of
1 for H2O and a standard deviation equal to 1/60th the possible
range for P and T. The candidate set of (P, T) pairs represent a
monotonically decreasing sequence of isobaric equilibrium dif-
ferentiation pressures and temperature changepoints. For each
model run, a new candidate set is proposed by perturbing a
randomly selected (P, T) pair from the previously accepted set.
The stationary distributions of each of the Markov chains will
represent the posterior distributions of the P–T paths and H2O
of magma di↵erentiation in the Archean where each accepted
proposal in the Markov chain represents a Perple_X forward
run.

2.4 Calculating likelihood and accounting for covariance

New proposals are generated by perturbing the current accepted
proposed values through a jumping distribution. The likelihood
of each new proposal is calculated based on how well the Per-
ple_X outputs describe the geochemical di↵erentiation trends
recorded in Archean felsic crust. The likelihood is calculated
from the sum of the multivariate Gaussian probability density
function (PDF) of the major and trace elements in each silica bin
(53-72 wt% SiO2, split into 14 bins). Trace element likelihood is
calculated using a multivariate Gaussian PDF for the distribution
of the logarithm of trace element concentration, to account for
the characteristically log-Normal distribution of trace elements.
The multivariate Gaussian PDF includes a covariant matrix to
account for the inherent interdependencies between elements
(Supplementary Figure 2):

(2⇡)�k/2det(⌃)�1/2exp(�1
2

(x � µ)T⌃�1(x � µ)) (2)

where ⌃ is a covariant matrix and µ and x are vectors.

The likelihood for the new set of proposed values is accepted
based on the ratio of the probabilities between the new proposal
and the current accepted proposal.

2.5 Parallelization

The model is parallelized on the San Diego Supercomputing
Center Expanse cluster with the replica exchange process [35].

Figure 2: Schematic of replica exchange MCMC. In a parallel
system, all of the cores connected with dashed lines represent
the system after each forward model run. Cores are filled in
depending on the log likelihood of their current proposal. Pink
vertical bars show the process of replica exchange for each
model iteration, with swapped states. Pink arrows represent the
exchange that happens at every step. Modified from [34].

The replica exchange process reduces the burn-in time that is
characteristic of MCMC methods (Figure 2). In replica ex-
change, cores communicate with each other after each Perple_X
run to compare likelihoods using the MPI.jl package [36]. Cores
will copy the set of proposed values from another core if that
core has a higher likelihood. All cores communicate with and
see the likelihoods of every other core in the system. Replica
exchange is performed every 5 steps. From an e�ciency point
of view, the communication overhead inherent to the blocking
message passing interface methods is negligible relative to the
time it takes to run the Perple_X forward model. Strong scaling
tests from [33] demonstrate that the replica exchange model,
given the minutes-long Perple_X forward model runs, maintains
near-linear speedup until the core count is increased by several
orders of magnitude beyond the current configuration.

3 Results and Discussion

3.1 Equilibrium distributions of H2O, P, and T

The log likelihood of accepted proposals provides a quantitative
measure of how well the Perple_X outputs match the Archean
geochemical di↵erentiation trends. Figure 3 shows the evolution
of the log likelihoods and the initial H2O content across all 128
cores on 1132 Perple_X runs per core. Model convergence is a
qualitative assessment of the variance of the log likelihood of
accepted proposals, and of the variance of the Markov chains
for H2O and P–T conditions. From these data, convergence is
assessed to begin after ⇠200 steps of the parallel Markov chain
based on the sharp increase in log likelihood from an initial
value of �8 ⇥ 10�5 to an equilibrium range of -28000 to -25600.
The H2O Markov chain correspondingly shows a convergence
around 200 model steps from an initial set of values that range
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Figure 3: Parallel Markov chains for log likelihood (top) and
primitive magma H2O (bottom) of melt in the currently accepted
proposal as a function of the number of Metropolis steps taken.
Each line represents a single core, with 128 total cores shown.
The primitive bulk H2O concentration appears to converge after
⇠200 parallel steps of the Markov chain, coincident with the
plateauing of the log likelihood of accepted proposals.

from 0.01 to 15 wt% to a much tighter range of 3.0-3.8 wt%.
The convergence of the P–T paths for melt is shown in Figure
4. Similar to the Markov chains for log likelihood and H2O,
P–T convergence starts at around 200 model steps. The final
model run of the melt P–T paths (Figure 4f) cut o↵ once the
solidus is reached, whereas the heatmaps (Figure 4a-e) show the
entire range of the proposed paths. The changepoints recorded
by the final melt P–T paths are identical to those of the stationary
distribution (Figure 4b-e), so the final melt P–T paths are an
accurate reflection of the stationary distribution.

The equilibrium distributions of the primitive magma H2O con-
tent, the isobaric equilibrium di↵erentiation P, and the T of the
changepoints of the isobaric di↵erentiation steps demonstrate
the model’s ability to resolve these parameters given that for
all of these quantities, their posterior distributions are markedly
lower in variance than the respective priors. The modalities of
the equilibrium distributions (Figure 5) provide insight on the
relative role of each parameter on the model output. The H2O
stationary distribution appears almost Gaussian, in comparison
to the bimodal stationary distribution of the isobaric equilibrium
di↵erentiation pressures, or the more uniform distribution of the
temperature changepoints. That is to say, the model converges
on a single initial bulk H2O of 3.6 wt%, but requires polybaric
di↵erentiation, while temperature of changepoints varies the
least from the prior. In part, this points towards the importance
of the bulk composition in magma di↵erentiation. The impor-
tance of water in the di↵erentiation trends of magmas has been
well documented (i.e. [37, 38]), and as demonstrated by the
equilibrium distribution, the average di↵erentiation trends of
Archean magmas require a specific amount of water in the start-
ing bulk composition. Di↵erentiation pressure plays a secondary
role, and no single pressure fully explains the observed di↵er-
entiation trends. The temperature of changepoints (at which
fractionation and magma ascent occurs) plays the smallest role
and accordingly has the least well resolved posterior distribution.

Figure 4: Heatmaps (a-e) depicting the convergence of P–T
paths of melt over 1000 model runs. Final melt P–T paths (f)
across all 128 cores are plotted and colored by log likelihood.
P–T paths appear to converge after ⇠200 parallel steps of the
Markov chain (b-e), coincident with the plateauing of the log
likelihood of accepted proposals.

Figure 5: Equilibrium distribution histograms of the H2O con-
tent of the primitive magma and the P and T of the changepoints
in the P–T paths.

3.2 Major and trace element evolution

The inversion is able to fit Perple_X outputs with Archean crustal
trends reasonably well to first order, with the major elements of
melt from the Perple_X output (Figure 6) generally exhibiting
better matches than the partitioning-based model for trace ele-
ment concentrations (Figure 7). Harker diagrams comparing the
melt composition from the final simulation of the Perple_X out-
put across all 128 cores with the Archean crustal di↵erentiation
trends for major and trace elements are shown in figures 6 and
7. Similar to the P–T evolution (Figure 4), the final simulation
of the Perple_X output across all cores appears to provide an
accurate snapshot of the stationary distribution, so only these
lines are shown for simplicity and ease of interpretation.

Within the major element trends, the slopes of the di↵erentiation
trends are captured by the Perple_X output. As expected, the
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Perple_X output for mafic elements Mg, Fe, and Ca decrease
and the felsic elements Al, K, and Na increase as Si increases.
However, there are still some deviations between the EarthChem
data and the Perple_X output. Notably, the Perple_X outputs of
the melt Al2O3 evolution from 55-65 wt% SiO2, the melt TiO2
evolution from 53-60 wt% SiO2, and the melt MgO evolution
from 53-62 wt% SiO2 show deviations from the EarthChem data
of 0.5-3 wt%.

These deviations can be understood in terms of the evolution
of the major and accessory mineral phases within the Perple_X
model results (Figure 8). The sharp dip in MgO and the jump in
Al2O3 can be attributed to the 15 wt% of clinopyroxene that is
immediately crystallized from the basaltic starting composition.
The continuous crystallization of pyroxene throughout the melt
evolution contributes to the overall depression in the slope of
Mg, Fe, and Ca. The inflection point and change in slope of
Al2O3 at 65 wt% melt SiO2 corresponds to the growth of amphi-
bole at ⇠54 wt% melt SiO2. Finally, the initial increase in the
Perple_X output of TiO2 relative to that of the EarthChem data
is interpreted to result from the lack of stability of the accessory
phase sphene (titanite).

Archean trace element di↵erentiation trends are captured by the
Perple_X output with varying levels of accuracy. The di↵erenti-
ation patterns of the HREE (i.e., Dy, Yb, Lu) and some of the
LREEs (Sm, Nd) are relatively flat in logarithmic space, and
the Perple_X output matches the slope of these data. Larger
di↵erences exist for the LREEs La and Ce, as well as for Ta,
Th, Ba, and Cr. Some of these mismatches can be explained by
major phase fractionation, such as the onset of clinopyroxene
fractionation at 55 wt% melt SiO2, which strongly partitions
Cr, or feldspar fractionation from 56-72 wt% melt SiO2, which
partitions Ba.

Some potential underlying causes for such mismatches between
observed and model di↵erentiation trends are discussed in Sec-
tion 3.4. First and foremost, it must be noted that the inversion
is modeling an average Archean di↵erentiation trend. The re-
sults from fitting these parameters to the average di↵erentiation
trend are conceptually distinct from those that would result from
averaging the P–T–H2O conditions of all individual local or
regional Archean di↵erentiation trends. Moreover, neither ap-
proach should necessarily be expected to capture the full realm
of possible crustal di↵erentiation conditions. Instead, it may be
more accurate to consider that these results represent at least
one possible way to produce Archean-like crust with the correct
bulk compositions and covariance structure.

Despite these observed mismatches between the Perple_X out-
put and the di↵erentiation trends, the model has managed to
reproduce these di↵erentiation trends to the first order, which we
consider a promising sign given the small number of variables (P,
T, H2O) that can be modified in our inversion compared to the
large number of variables being fitted (i.e., 30+ major and trace
elements, each with observations spanning 15 silica bins, as well
as the covariances thereof). Of the several aspects of the model
that are fixed (i.e. forced decrease in T, complete fractionation of
melt from solid phases, fixed starting composition), the success
of the model in replicating these trends can be largely attributed
to the process of stepwise bulk fractionation as a model for the
petrogenesis of felsic magmas. Prior iterations of this model that
considered only batch crystallization occurring along a single

isobar without melt fractionation resulted in larger mismatches
between the Perple_X output and the di↵erentiation trends, fur-
ther underlining the importance of polybaric di↵erentiation to
our inversion results.

Figure 6: Harker diagrams comparing the di↵erentiation trends
between observed Archean felsic rocks and Perple_X outputs
for the major elements of melt. Trends are binned by SiO2. Each
line represents a core and lines are colored by their likelihood.

3.3 Accessory phase saturation calculations

While not modeled by Perple_X directly, we additionally model
the accessory phases apatite, zircon, sphene, and monazite by
combining the Perple_X melt composition output with experi-
mentally determined saturation equations and partition coe�-
cients. In our inversion results, apatite (0.01-0.2 wt%), zircon
(0.001-0.004 wt%), and monazite (0.001-0.006 wt%) saturation
occur at felsic melt compositions where SiO2 > 60 wt%. Of
these 4 accessory phases, apatite is the only one that crystallizes
at intermediate melt compositions. Zircon and monazite both
only crystallize from high silica (SiO2 > 75 wt%) melts. Mon-
azite is not included in figure 8 given that in our forward models
the crystallization of monazite only occurs at very high melt
SiO2 levels (SiO2 > 77 wt%) outside of the range the inverse
model considers. These results for zircon are consistent with the
trend expected given zircon saturation modelling by [39], who
found that zircon are less likely to crystallize from low-silica
Archean magmas compared to low-silica modern magmas due
to lower Zr abundances in Archean magmas. A primary control
on accessory phase saturation is the abundance of incompatible
minor-to-trace elements (i.e. Zr for zircon and baddeleyite; P
for apatite, monazite, and xenotime), which have generally in-
creased in abundance through time as a result of secular mantle
cooling and decreasing average mantle melting extent (Figure 9;
[3]). Sensitivity tests of zircon and apatite saturation show that
crystallization occurs from lower silica melts with a higher ini-
tial abundance of Zr and P, respectively (Supplementary Figures
3 & 4). Similarly, sensitivity tests of sphene saturation, which
isn’t crystallizing under current conditions, also show that the
initial TiO2 content of ⇠0.8 wt% is not high enough to result
in sphene saturation (Supplementary Figure 5). Comparisons
of average di↵erentiation trends through time show an increase
in TiO2 after the Archean as well (Figure 9). Therefore, the
low abundances of these accessory phases can be attributed to
the lower abundances of both major and trace elements in the
Archean.
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Figure 7: Harker diagrams comparing the di↵erentiation trends
between observed Archean felsic rocks and Perple_X outputs
for the trace elements of melt. Trace element concentrations are
shown in log space. Each line represents a core and lines are
colored by their likelihood.

Figure 8: Phase evolution plots showing wt% of major phases
as melt evolves. Each line represents a single core, and lines are
color-coded by likelihood.

Figure 9: TiO2, Zr, and P (in wt%) di↵erentiation trends during
the 3 geologic eons, binned by SiO2. Zr and P are plotted in log
space.

3.4 Model Limitations

3.4.1 Geologic complexity

One shortcoming inherent in most all attempts at modeling Earth
processes is the scale of geologic complexity, which can rarely
if ever be fully represented in forward models. For example,
while we implemented manual melt fractionation (see Section
2.2) in an attempt to simulate melt fractionation in a magma
chamber, limitations remain with this design. The number of
times the melt was fractionated is constrained by the number of
isobaric di↵erentiation paths run by Perple_X, which is limited
to 5 in our present inversion. Additionally, each isobaric path
in Perple_X undergoes batch crystallization (i.e., equilibrium
crystallization), restrcting any fractionation to the end of each
isobaric path. While stepwise di↵erentiation across small incre-
ments of P-T space can approximate fractional crystallization
by e↵ectively resetting the bulk composition at each step, this
approach introduces its own assumptions about the degree of
melt-solid separation that occurs during fractional crystalliza-
tion, and remains a discrete approximation of what is likely
in nature a near-continuous process. More complex magmatic
processes like magma mixing and assimilation are also not rep-
resented in this model.

3.4.2 Trace element partition coe�cient limitations

Trace element partition coe�cients are compiled based on the
GERM Kd database of experimentally determined trace element
partition coe�cients using StatGeochem.jl [26]. These partition
coe�cients are interpolated as a function of melt SiO2, and
applied to the modelled stable major and accessory phases given
the Perple_X model melt SiO2 and melt fraction. Mineral/melt
partition coe�cients for each phase in the stable assemblage are
averaged from individual entries for experimentally determined
mineral/melt partition coe�cients and summed together. These
partition coe�cients from GERM Kd are not constrained by P/T
or other thermodynamic conditions, except to any degree that
these may correlate with melt SiO2, meaning that the averaged
partition coe�cients implicitly incorporate experimental data
collected across a broad range of conditions that may not reflect
the conditions explored by the forward model.

3.4.3 Thermodynamic equilibrium

The assumption of equilibrium poses a central limitation for all
thermodynamic forward models, a limitation which the field of
petrologic modeling as a whole must frequently grapple with
(i.e., [40]). The condition of phase equilibrium, where the chem-
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ical potentials of all phases are equal, must be fulfilled in Per-
ple_X’s calculation of the compositions and amounts of phases
stable at a certain pressure and temperature. As such, these
models assume local equilibria in a closed system at any given
step, so can only approximate open system behaviors such as
variable fractionation and melt extraction [41].

Figure 10: a. FeO*/MgO–SiO2 of the 3 geologic eons, binned
by SiO2 wt%, with the tholeiitic/calc-alkaline dividing line from
[42]. b. The tholeiitic index (THI) from [38] for igneous rocks
(53 wt% < SiO2 < 72 wt%), binned and resampled by age.

Figure 11: Evolution of the SiO2 wt% of melt compared to the
pressure (in bar) for final melt paths across all 128 cores. Most
of the melt di↵erentiation (55-72 wt% SiO2) occurs at 4-5 kbar.

3.5 Implications for Archean tectonics

An initial value of ⇠3.6 wt% H2O in the mafic parental magma
is consistent with the average water content of mantle-derived,
mafic magmas in modern volcanic arcs [37]. This relatively
high H2O content can explain how the average FeO*/MgO dif-
ferentiation trends of the Archean, Proterozoic, and Paleozoic
eons all fall largely within the calc-alkaline field, and how the
mean tholeiitic index (THI) of igneous rocks through time is
also predominantly calc-alkaline (Figure 10). Melt di↵erentia-
tion occurs at 3 main crustal depths: at 13-15 kbar (⇠46.8-54
km), at 4-5 kbar (⇠14.4-18 km), and at 0.5-2 kbar (⇠1.8-7.2 km)
with the bulk of the di↵erentiation occurring at 4-5 kbar, or in
the mid-crust (Figure 11). These pressure conditions and the
high water contents are broadly consistent with subduction at
relatively shallow depths in an arc setting as a potential tectonic
setting for the production of these magmas.

Within an Archean arc setting, di↵erentiation by both partial
melting and fractional crystallization may in principle occur
under a wide range of conditions. One particular scenario that
has been extensively discussed is slab melting [7]. Incompat-
ible element similarities between Archean TTG and modern
slab-derived adakites have been proposed as evidence for TTG
magma genesis through slab melting [43]. [44] showed that at
the elevated mantle temperatures of the Archean, downgoing
slabs facing increased resistance from plate boundaries may
have produced TTG magmas at depths of 35-45 km (9.7-12.5
kbar). Alternatively, [45] argued for Archean slab melting of
oceanic plateau basalts under “hot subduction” conditions (>15
kbar). While our results suggest within-crustal di↵erentiation,
the pressures likely expected in a slab melting scenario (>10
kbar) exceed the supported range of most of the thermodynamic
solution models upon which we rely. Consequently, while our
model suggests polybaric di↵erentiation primarily at within-
crustal pressures, we cannot directly test the possibility of a slab
melting contribution as a result of these limitations.

A purely stagnant-lid regime, where magmatism is dominated
by internal overturn, delamination, and plume-driven melting
mechanisms with limited transport of surface volatiles to mantle
source regions, can not on its own explain the generation of con-
sistently hydrous magmas. Sagduction of the base of thickened
continental crust has been proposed as an alternative mechanism
to subduction in a vertical tectonics-dominated regime, but [46]
showed that sagduction produces water-poor, “dry” magmas that
are unable to produce large enough volumes of melt with the
composition of Archean granitoids. Geodynamic regimes in-
volving lateral transport and vertical tectonics, such as a partially
stagnant lid with localized subduction, or an active-lid regime
with sustained subduction, are more compatible with our results.

While our estimate of 4 wt% water in Archean magmas repre-
senting the starting point of crustal di↵erentiation, along with
previous geochemical constraints such as THI are indicative of
a similar proportion hydrated flux melting in the Archean, our
geochemical results do not require that Archean tectonics were
identical to modern plate tectonics. In particular, our results
place no constraint on the timing or continuity of magmatism
and crustal growth. In particular, this does not rule out models
where magmatism may occur in several sharp pulses with pe-
riods of quiescent crustal growth [47, 48]. Paleomagnetic data
of the Pilbara and Kaapvaal cratons show di↵erential horizontal
plate motion potentially compatible with an episodically mo-
bile lithosphere [49]. One constraint on this episodic growth
model is the tholeiitic index (THI) of igneous rocks over time
(Figure 10b; [38]), which suggest that the proportion of flux
and decompression melting stays relatively stable through the
Archean. Regardless, our results do not distinguish between
episodic overturning of the lithosphere and punctuated periods
of crustal growth and active-lid, consistently mobile plate tecton-
ics. These results should thus be considered a reflection of the
dominant tectonic setting during periods of active magmatism,
rather than the single, globally uniform tectonic regime of the
Archean Eon as a whole.

4 Conclusions
Our parallel Bayesian inverse model solves for the parental
magma water content and the P–T conditions of the melt evo-
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lution required to produce the average di↵erentiation trends
recorded in Archean felsic rocks. The parallelization of this
model uses a replica exchange approach to distribute the bottle-
neck of running the Perple_X thermodynamic forward model,
and is able to explore a wide range of possible candidates for
H2O and P-T while simultaneously reducing the number of se-
quential Perple_X runs needed to reach an equilibrium state in
any one of the parallel Markov chains.

This model can be applied to di↵erentiation trends through time
to better understand the evolution and petrogenesis of continental
crust. In principle, this model may be used to invert for the
parental magma water content and the P–T conditions of the melt
evolution for a su�ciently large and representative whole-rock
sample set from any geologic setting that records a magmatic
di↵erentiation process. Adjusting the e�ciency of fractionation
or simulating magma mixing between two parental magmas may
also improve the range of geologic complexity that this model
covers.

Our findings show that the parental magmas were hydrous (⇠3.6
wt% H2O) with most di↵erentiation occurring in the mid-crust
(4-5 kbar). The equilibrium distributions of H2O and the P/T
of the changepoints of the di↵erentiation steps highlight the
importance of water in magma evolution, with the initial value
of ⇠3.6 wt% H2O proving to be comparable to water contents of
primitive waters in modern arcs. These results strongly favor a
tectonic regime capable of recycling surface-derived water into
magma source regions, and are therefore inconsistent with a
purely stagnant-lid Earth. Instead, they point to subduction-like
processes as a key mechanism of crust formation.
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Supplementary Figure 1: Compilation of trace element partition
coe�cients for major and accessory phases from the GERM Kd
database. All partition coe�cients shown are for a felsic magma
with 65 wt% SiO2.

Supplementary Figure 2: Correlation matrices of major and trace
elements for each SiO2 bin shows interdependencies between
elements.
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Supplementary Figure 3: Sensitivity tests of zircon saturation
with a range (60-120 ppm) of Zr primitive magma compositions
demonstrate that under the equilibrium H2O and P–T conditions
determined by the inverse model, zircon crystallizes from less
felsic magmas with a higher Zr content in the primitive magmas.

Supplementary Figure 4: Sensitivity tests of apatite saturation
with a range (410-600 ppm) of P primitive magma compositions
demonstrate that under the equilibrium H2O and P–T conditions
determined by the inverse model, apatite crystallizes from less
felsic magmas with a higher P content in the primitive magmas.

Supplementary Figure 5: Sensitivity tests of sphene saturation
with a range (3-6 wt%) of TiO2 primitive magma compositions
demonstrate that under the equilibrium H2O and P–T conditions
determined by the inverse model, sphene saturation is partially
limited by TiO2 content.
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