Modeling the Thermal and Chemical Evolution of the Martian Lithosphere Over Time

Fiona Clare McGroarty

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in
partial fulfillment of the requirements for the degree of

Master of Science
In
Geosciences

Megan S. Duncan, Chair
Mark J. Caddick
Scott D. King
Nancy L. Ross

June 29, 2021
Blacksburg, VA, USA

Keywords: Mars, Geochemistry, Modeling



Modeling the Thermal and Chemical Evolution of the Martian Lithosphere Over Time
Fiona Clare McGroarty

ABSTRACT

Mars is an ideal planet to study planetary evolution and development, as its crust has been
preserved over its history, rather than continuously recycled through subduction, as has happened
on Earth. In order to attain a more coherent understanding of martian evolution, we focused on the
thermal and petrologic history of the martian lithosphere. We developed a model that calculates
the thermal state and melt composition of Mars over time. This model provides insight into the
planet’s history and enables us to describe how the density and seismic properties have evolved
over time. We calculated the temperature profile through the lithosphere and then fit an equation
to pre-existing experimental data in order to produce a model to predict the composition of melt
produced as a function of pressure and temperature. From the melt model, we see a trend from
ultramafic to mafic composition over time. We calculated the density and seismic properties of the
lithosphere and found that they increase over time, but decrease with depth, which is consistent

with the recent observations of NASA’s InSight mission.
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GENERAL AUDIENCE ABSTRACT

Mars is an excellent location to study how planets change over time because its crust has
remained intact, rather than being destroyed as segments of the crust move and push against each
other, which happens on Earth. In order to understand how Mars has evolved over time, we built
a model to show how the top part of the planet has changed over time. The model works by
calculating the temperature of the rocks. We calculated these temperatures in the present day and
at four, three, two, and one billion years ago. We took the temperatures and used them to calculate
the elements that are present in the rocks. Knowing the chemistry of the crust made it possible for
us to calculate the minerals present in the crust and upper mantle, which we used to calculate the
density of the outer layers of Mars and the speed at which earthquake waves would travel through
the layers. We found that the density and earthquake wave speeds decrease over the depth of the
top part of the planet. Although usually an object that is denser at the top than bottom will flip
over, we believe this will not happen on Mars because the rocks are thick enough to prevent them

from flipping.
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Chapter 1

Introduction

Mars (Latin). Ma’adim (Hebrew). Ma’rIS (Klingon). That little red point of light
has captivated the human mind and imagination since the dawn of humanity. Today, we
find ourselves transfixed anew by the Red Planet, as the National Aeronautics and Space
Administration (NASA) continues to launch satellites, landers, and rovers to study the
planet and as astronauts train and prepare for the first manned missions to Mars. Mars
represents the curiosity of humanity, as well as an exciting and innovative future.

However, Mars is of interest to us for more than its inspiration and beauty. Mars is
a unique planet, in many ways both like and unlike the Earth. Mars allows us a special
insight into planetary science, both as an alternative perspective and as a comparison to the
Earth. One of the most promising features of Mars in terms of planetary science is the long-
term stability of its crust. On Earth, the crust, or the outermost layer of solid rock, is
constantly recycled and reformed through the process of plate tectonics, in which sections
of the Earth’s crust (plates) are pulled across the surface by mantle (the layer beneath the
crust, made of ductile solid rock) currents. The crust and uppermost layer of the mantle are
thermally coupled into the lithosphere, which is distinguished from the mantle by the mode
of heat transport; the lithosphere conducts heat while the mantle convects heat. The
lithosphere itself is divided compositionally between the crust and the conductive mantle,
forming two compositional layers within one thermal layer. The plates collide with each
other, deforming the rocks and subducting one plate beneath another, push past each other,

causing shear stress, and pull apart, allowing molten rock to flow to the surface and solidify



into new crust. While this process has provided many valuable insights regarding the
interior of the Earth, it has also destroyed the earliest rocks from the Earth’s youngest days.
In contrast, Mars has no plate tectonic process destroying and recycling its rocks over time,
therefore the crust has remained intact, with new layers of lava erupting while the rocks
already there remain preserved. Another notable difference between the lithospheres on
Earth and Mars is that Earth’s lithosphere has two types: the oceanic and continental
lithospheres, whose differences are in composition, thickness, density, seismic velocity,
and structure. These distinct lithospheric differences are due to plate tectonic processes.
Conversely, Mars does not have these distinct continental and oceanic differences,
however, it does have highlands regions in the southern hemisphere and lowlands regions
in the northern hemisphere. This yields to different lithospheric thicknesses between the
Southern Highlands and the Northern Lowlands; the Southern Highlands have lithospheric
thicknesses as thick as ~100 km, while the Northern Lowlands have lithospheric
thicknesses as thin as ~3 km (Taylor & McLennan, 2009a). Because the martian surface is
made of basalt, similar to Earth’s ocean floor, we consider it compositionally most similar
to Earth’s oceanic lithosphere; however, the thickness of the martian lithosphere is more
similar to the thickness of Earth’s continental lithosphere.

In order to construct a model of how Mars has evolved over time, we use the ancient
rock layers still emplaced within the lithosphere. By knowing how Mars has evolved, we
broaden our understanding of planetary evolution, which helps us to understand other
planets, including the Earth. Knowing how planets evolve will enable us to compare the
Earth’s own history to its neighbors in the solar system. It also allows us to predict if a

planet may be “dead” inside, that is, incapable of producing any molten material and thus



volcanoes. Because volcanoes are a major contributing factor to atmospheric development
and maintenance, knowing the potential for active volcanism on a planet will provide
considerations should plans to colonize another planet progress. In the nearer future, NASA
has invested in landers and rovers to study the martian interior, and our research supports
that mission by providing a model for how the martian crust and mantle lithosphere, or top
section of the mantle, has evolved into the observable modern interior.

We built our model with the crust and mantle lithosphere which are formed from
the mantle beneath it. The mantle melts to produce the crust, while the residual, unmelted
material formed the mantle portion of the lithosphere. In our model, we calculated an
areotherm, or the temperature of the rocks in the crust and mantle lithosphere as a function
of depth. This temperature is vital because it reveals the planet’s capacity to produce
magma, here also referred to as melt. We used the adiabat, or the temperature through the
conductive mantle, to determine the temperature and corresponding pressure at the base of
the lithosphere; where the temperatures of the areotherm and adiabat intersect is the depth
and pressure of the base of the lithosphere. We also used the martian solidus, which defines
if a material is solid or partially molten, to determine the pressure at which melting begins;
if the adiabat cross the solidus, then we know that there is melt being produced. We used
those parameters to calculate the thickness of the martian crust over the past four billion
years and to calculate the amount of melt that was produced over time. We then calculated
the chemical composition of the melt, i.e., how much silica, iron, magnesium, etc., was in
the molten material. Knowing those chemical compositions allowed us to determine the
minerals that the melt crystallized into, from which we determined the type of rock within

the crust and mantle lithosphere and calculate the density and seismic velocity, or the speed



that earthquake waves travel through, over the depth of each layer, over the past four billion
years. Knowing the densities and seismic velocities helps us understand the structure of the

martian lithosphere, as well as how that structure has changed over time.



Chapter 2

A manuscript for JGR Planets

2.1 Introduction

There are currently few constraints on the thermal and geochemical evolution of
Mars, which plays a direct role in its tectonic and volcanic history. The thermal evolution
of the planet controls the amount and duration of mantle melting, which is directly linked
to crust generation (e.g., McSween et al., 2009). Current knowledge of Mars is limited to
its surface conditions, i.e., data from orbital scans (spectroscopy), surface measurements
(rovers and landers), and meteorite studies, but provide key information about the crust.
The crustal parameters are vital because we know that the crust is formed from melt
produced within the mantle; the basaltic composition indicates an ultramafic/mantle origin
of crust material. Thus, by studying the crust, we can infer some of the properties of the
mantle. We also know that the most recent lava flows occurred within about 1 Ma, which
indicates the potential for localized melting today, and from crater counting we know that
the oldest surfaces are over 4 Gy old (Hartmann, 2005; Horvath et al., 2021; Moitra et al.,
2021; Werner, 2009). Because the recent lava flows indicate potential for melt in the
present day, the melt production over time and in the present day was the focus of this
study.

2.1.1 Thermal Constraints

Previously calculated thermal history includes mantle potential temperatures (Tp)

derived from measurements of martian meteorites and surface basalts (at Gusev Crater,

Meridiani Planum, and Gale Crater), under the assumption that these were formed by



mantle melting. The calculated mantle Tr decreased from ~1723 to ~1648 K over the past
4.5 Gy (Filiberto, 2017), indicating overall mantle cooling with time. A similar study
(Baratoux et al., 2011) used orbitally-derived surface compositions, from the GRS
instrument on Mars Odyssey, and found a similar decrease in mantle Tp with time. These
values range from ~1643-1693 K for the older Southern Highlands to ~1613-1673 K for
the younger Tharsis and Elysium volcanics. This study also estimated mantle melt fractions
and surface heat flows based on their calculated Tps which decreased from ~20 to ~5%
from ~38 to ~26 mW/m? from old to young surfaces, respectively. Other observational-
based constraints (i.e., GRS plus gravity and topography) on the heat flow over time also
show a decrease, from about 50 mW/m? 4.5 Ga to 14-25 mW/m? (average 20 mW/m?) in
the present day, with uncertainties in the +1-6 mW/m? range (McGovern et al., 2002, 2004;
Parro et al., 2017). Parro et al. (2017) recognized that the average heat flow will vary with
location based on the presence or absence of mantle plumes. Geodynamic model estimates
that include heat production within the interior of the planet, estimate that the surface heat
flow in the present day ranges from 17-50 mW/m? (average 25 mW/m?), indicating a range
of surface heat flows across the planet (e.g., Plesa et al., 2016). In Plesa et al. (2016), the
largest uncertainty in the heat flow was due to uncertainty in the size of the martian core;
previous constraints on the martian interior left uncertainty on the size, phase (solid or
liquid), and composition (amount of sulfur) in the core. The current NASA InSight mission
used seismic studies and recently determined that the martian core is liquid and predicted
the radius to be ~1840 km (Stéhler S. C., 2021), similar the estimates of Khan et al. (2018).

These results will change the surface heat flows above, but this is outside the scope of this



study and we will use the current average values to constrain our models; InSight to date
has been unable to measure the heat flow through the crust (Grott et al., 2021).
2.1.2 Geochemical Constraints

A key constraint of surface heat flow calculations is the abundance of heat
producing elements (HPEs), which for the average martian crust today are 0.18 ppm
uranium, 0.7 ppm thorium, and 3740 ppm potassium (Taylor & McLennan, 2009b). The
previous studies mentioned above assumed homogenous distribution of these elements
throughout the crustal layer along with a homogenous mantle HPE distribution (Dreibus &
Wanke, 1985). The current InSight mission also calculated ranges for crustal enrichment
(HPEs) and found that in order to match the melt volume today (i.e., melting only at
Tharsis), crustal enrichments (A) should vary from 20-22 for the two layer model and 11—
14 for the three layer model. This leads to Th concentrations of 1200-1700 ppb or 680—
1050 ppb for the two and three layer model, respectively, with the caveat that the two layer
model would require an enriched HPE layer in the lower crust (Michaut, 2021). Therefore,
the three layer model is preferred. Maximum crustal densities were determined to be 2900
kg/m? for the two layer model and 3100 kg/m? for the three layer model, with a minimum
of 2550 kg/m®, which are similar estimates based off of previous Moment of Inertia
constraints (Sohl et al., 2005). They note that these values are less than the calculated
densities of the shergottites, and several previous estimates for the bulk crust (e.g.,
Goossens et al., 2017), but are not unreasonable considering impart gardening porosity, the
presence of widespread clays, and water ice that are likely present for the first few

kilometers of Mars’ crust (e.g., Baratoux et al., 2014).



In addition to the HPE concentration, the thickness of the crustal layer will control
heat distribution, where the average crustal thickness today is ~50 km, with variation from
~3 to >100 km (e.g., Neumann et al., 2004; Wieczorek & Zuber, 2004). In the Noachian,
4 Ga, the average crustal thickness was ~20 km (Norman, 1999). The InSight mission
refined this global average range based on seismic observations to 24-40 km if the crust is
dominated by two seismically distinct layers, and 3572 km if three layers. They further
detected layer boundaries at 10 km and 22 km marked by sharp increases in seismic
velocities (Lognonné et al., 2020). They also determined the lithosphere thickness to be
~500 km at the InSight location that is characterized by a negative slope in Vs and neutral
to slightly positive slope in Vp (Khan A., 2021). We compared our model results to
InSight’s, which allowed us to place constraints on the accuracy of our models over time.

Here we produced a self-consistent geochemical-thermal model that places
constraints on the evolution of the martian lithosphere, using the constraints described
above. We used a combination of areotherm, melt, and thermodynamic calculations to
construct the martian crust and mantle lithosphere through time. The result of this model
is a model of heat flow through the martian lithosphere over time, the global average melt
produced over time, the composition of the melts, and the mineral composition and

corresponding density and seismic properties.

2.2 Methods
Using the previously determined constraints, we built a simplified geochemical
model moving toward a self-consistent geochemical-thermal model for Mars. The

geochemical model consisted of several parts: |) areotherm calculations, 2) construction of



a melt model based on previous experiments, and 3) thermodynamic modeling to determine
p, Ve, and Vs profiles through the crust and mantle lithosphere. All calculations represent
global averages, none of the geochemical or geodynamic thermal profiles are intended to
represent any specific location on Mars.
2.2.1 Areotherms

The first stage involved calculating areotherms, or temperature profiles through the
conductive crust and mantle lithosphere. The areotherm calculations were built off of well-
established parameters, originally designed for the Earth, with the appropriate
modifications for Mars. Areotherms were calculated after Rudnick et al. (1998) according

to the equation:

2
T(z) =T+ inZi/ki — Az / 2k, (1)
where To is the surface temperature (~220 K), q is the heat flow in mW/m?, Az is the depth
interval (100) in m, k is thermal conductivity in W/mK, and A is the heat production from
HPEs (U, Th, and K, in W/m?®). Heat flow was calculated as a function of depth using:
qi+1(2) = q; — AjAz (2)
thermal conductivity of the crustal layers was calculated after Chapman (1986):

_ k(1 +0.0015z,

k(z) )/1 +0.0001(T — 273.15) (3)

and thermal conductivity of the mantle lithosphere was calculated after Schatz and

Simmons (1972) using the lattice conductivity (W/mK):

1
kL ="/741 % 102 + 5.02 x 10-4T (4)

or

kL min — 126(1 + Z) (5)



and the radiative conductivity (W/mK):

kg = 2.3 x 1073(T — 500) (6)
under the constraints that if T <500 K, k = k¢; and if T > 500 K, k = the larger of k. or k.
min + Kr. As K is dependent on temperature, we used an initial estimate for k of 2.5 W/mK
in the crust and 4 W/mK in the lithosphere (Kiefer, 2003) to calculate an initial temperature,
which was iterated back into the calculation for k in order to produce a new calculation of
temperature. We iterated this process in order to achieve consistency between the
calculated k and temperature values. The areotherms were combined with the adiabat
calculations from Filiberto (2017); the intersection of the areotherm and adiabat marked
the base of the thermal lithosphere. These calculations for the areotherm and adiabat were
performed at one billion year intervals from 4 Ga to the present day (0 Ga).

First, we constructed a reference model in MATLAB that consisted of a single layer
with homogenous HPE distribution (Taylor & McLennan, 2009b), and a 50% depleted
mantle lithosphere relative to Dreibus and Wanke (1985). The calculated crust layer grew
linearly with time from 20 km to 50 km, and the surface heat flow decreased linearly with
time from 50 mW/m? (McGovern et al., 2002) to 25 mW/m? (Parro et al., 2017; Plesa et
al., 2016). Given the overall uncertainty in the thermochemical history of Mars, this model
serves as a conservative estimate of lithospheric evolution. All input parameters are listed
in Table 2-1.

In order to account for mantle melting through time, we modified the reference

model such that at each time step melt fraction (F) was calculated using:

F= [(d_T _ar ) /(AH_F + Z_D] (P, — Pr) (7)

dPsolidus dPadiabat Cp

10



Table 2-1. Inputs used to produce areotherms.

Input Parameter Symbol Value Units Reference
Crustal Thickness z 0 Ga 50 km  Wieczorek and Zuber, 2004
4 Ga 20 km Norman, 1999
Surface Heat Flow do 0 Ga 20 mW/m?2 Parro et al., 2017
4 Ga 50 mW/m? Baratoux et al., 2011
Surface Temperature  To 220 K
Thermal conductivity k Crust 25 W/mK Kiefer, 2003
Mantle 4  WI/mK Kiefer, 2003
Density o Crust 2900 kg/m3
Mantle Lithosphere 3400 kg/m3
Mantle 3700 kg/m3
Crust HPEs U 18 ppb Taylor and McLennan (2009)
Th 0.7 ppb
K 3740 ppm
Mantle HPEs U 16 ppb Dreibus and Wanke (1985)
Th 56 ppb
K 359 ppm
Adiabat Gradient 0.18 deg/km Filiberto (2017)
Planetary Radius rad 3390 km

where Po is the pressure in GPa where the solidus intersects the adiabat, which indicates
the initiation of melt production, Pr is the pressure at the cessation of melt production and
is marked by the intersection of the adiabat and the areotherm, dT/dPsoliqus is the slope of
the solidus (~106.15 K/GPa over the pressure range here; Duncan et al., 2018), dT/dPadiabat
is the slope of the adiabat (0.18 K/km; Filiberto, 2017), AHF is the enthalpy of fusion
(6.4x105 J/kg; Kiefer, 2003), Cp is the heat capacity (1200 J/K kg; Kiefer, 2003), and dT/dF
is the change in temperature as a function of melt fraction and was calculated from previous
experimental data (Collinet et al., 2015; Matsukage et al., 2013a), described below and
ranged from 4.38 to 3.9 K/F depending on pressure.

The resulting melt fraction was then used to determine the distribution of HPEs
between the “crust” and “depleted mantle lithosphere” using bulk rock/melt partition
coefficients (Beattie, 1993; Davis et al.,, 2011). This was done working under the

assumption that all of the melt became crust and that all of the residue became depleted
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mantle lithosphere, and was constrained by the present day average crustal thickness of 50
km. We constructed two versions of the melt model, one in which each melt pulse created
a new crustal layer at the surface (referred to as “Melt-Layer”), and one where the HPE
distribution was averaged throughout the crustal layer (referred to as “Melt-Average”),
weighted by the thickness at each time step. The latter scenario is closer to “reality” as not
all melt generated in the mantle erupts. Further, given the large unknowns in melt
eruptability on Mars (e.g., Lillis et al., 2009), an average is the preferred method of HPE
distribution. For the initial set of models, we used a linearly decreasing surface heat flow,
as in the reference case.
2.2.2 Melt model

In order to determine the dT/dF needed in Eq. 7, and to determine major oxide melt
composition with time (in addition to HPES), we used previous experimental results for
mantle melting in Mars (Collinet et al., 2015; Matsukage et al., 2013a). These studies
reported melt composition over a range T, P, and F, to which we used least square
regression to fit a model of melt composition as a function of P and F (Fig. 1, Appendix
A). We began by using the equation forms for peridotite melting from Duncan et al. (2017)
for each oxide. The equation forms were modified on an oxide basis depending on if the
experimental data indicated significance of the P terms. Using the above calculations of P¢
and F over time, we calculated the composition of the melt at each time interval and used
mass balance principles to calculate the composition of the residual un-melted material.
We made the simplifying assumption that all melt produced was solidified into crust, while

the residual, un-melted material formed the mantle lithosphere. From this, we calculated
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bulk crustal composition at each timestep using the thermodynamic modeling described
below.

Our model is similar in method to the work done by Mckenzie and Bickle (1988),
as both parameterized the melt fraction as a function of pressure and parameterized melt
composition by melt fraction and pressure. McKenzie and Bickle (1988), however,
incorporate the liquidus into their calculations; as Earth’s liquidus is known INSERT
CITATION, it is possible to build an Earth-based model incorporating the liquidus.
However, the martian liquidus is still undetermined, and thus our model is designed to
work independently of the liquidus. Because we know the martian solidus from INSERT
CITATION, we built our model to rely on the intersection of the solidus with the areotherm
to produce partial melt, while remaining unconcerned with the liquidus line of total melt.
We based the among of melt in the partial melt on the outputs of the areotherm and based
the melt composition equations on pressure and melt fraction, eliminating reliance on the
liquidus. Our melt model is thus similar in parameterization to McKenzie and Bickel

(1988), but without need to calculate and incoporate a martian liquidus.
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Figure 2-1. Previous experimental data (symbols) with our calculated regressions (lines)
for SiO». The data and model are denoted by pressure in order to show how the model fits
at each experimental pressure range. Percent of mass in melt phase is on the x-axis, while
the wt.% of SiO2 in the melt is on the y-axis. Other oxide plots and fit equations are
provided in Appendix A.
2.2.3 Mineralogical calculations

We used the Gibbs Free Energy Minimization Software Perple_X (Connolly, 2009)
to calculate density and seismic velocities for the crust and mantle lithosphere at each
timestep for both the reference compositions (Dreibus & Waénke, 1985; Taylor &
McLennan, 2009b) and our calculated melt and residual compositions. We used the
hpha622.ver Holland and Powell (2011) dataset, updated from the Powell et al. (1998)
dataset which includes the shear moduli from Abers and Hacker (2016), and corresponding
solution models to calculate the mineral modes (olivine, clinopyroxene, orthopyroxene,
spinel, and feldspar) and lithospheric properties over the P-T range of our areotherms. We
selected this dataset due to its inclusion of the pressure ranges of our model, and the

updated version specifically in order to more accurately calculate the seismic velocities.

Due of the limitations of the Perple_X calculator at the low temperatures of the crust, we
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calculated crustal mineral modes at a fixed temperature of 800 K; we assumed that the
mineral composition was crystalized upon cooling and did not change as it cooled. We then
used those mineral modes to calculate the density and seismic velocities of the crust along
the areotherm.

To calculate the density, we first calculated the mineral modes in the rock and the
endmember modes of each mineral in the rock. To do this, we used the equations 2, 3, 12,
and Pw from Holland and Powell (2011) and the equation of state parameters in the
Perple_X data files to calculate the volume change for each mineral’s endmember using
least square regression to solve for the pressure of our areotherm. We then calculated the
density of the mineral endmember as 1/V. We multiplied the mineral endmember mode by
the calculated density to obtain the contribution of the density of the mineral endmember
to the mineral. We then multiplied that contribution by the contribution of the mineral to
the bulk rock to result in the contribution of the endmember’s density to the total density
of the crust. After we obtained this value, we then summed the contributions to the rock in

order to obtain the total density of the crust.

MW endmember

Pbulk rock = ) [( ) * Aendmember * Xmineral] (8)

Vendmember

We calculated the seismic velocities by first calculating Ks and p, using the
thermodynamic data for each specific mineral endmember in the thermodynamic
database. We calculated these values according to the equations:
Ks= ko + k(P =F) + k(T = T;) (9)
p=mog+my(P—PF)+my(T-T,) (10)
After calculating Ks and p, we calculated the seismic velocities according to the

following equations:
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Vp = P (11)
b= |5 (12)
VPbulk rock — Z(Vpendmember * Xendmember * Xmineral) (13)
Vsbulk rock — Z(Vsendmember * Xendmember * Xmineral) (14)

where X is the mode of each mineral endmember, e.g., forsterite, in each mineral, e.g.,
OIiVine, Vendmember, VP endmember, and VS endmember are the CaICUIatEd minel’a| el‘ldmember

volumes and seismic velocities at the areotherm temperature.

2.3 Results
2.3.1 Areotherms

In the reference geochemical model (Fig. 2a, Table 2), the crustal thickness growth
was controlled from 20 km at 4 Ga to 50 km today, while the depth of the lithosphere
increased from 124 km 4 Ga to 242 km in the present day, as constrained by the intersection
of the areotherm and adiabat. This leads to a corresponding decrease in F over time starting
at of 46% across the planet at 4 Ga decreasing to 11.5% at 1 Ga. At 4 Ga, the adiabat
crosses the solidus at ~300 km, decreasing through time, until the present day where they
do not cross indicating melting is not occurring, on average today.

In the Melt-Layer areotherm model (Fig. 2b, Table 2), the thicknesses of the crust
grew as a function of melt fraction from 20 km at 4 Ga to 48 km thick in the present day.
The depth of the lithosphere increased from 115 km 4 Ga to 182 km today. The melt
production decreased from 49% 4 Ga to 8.9% in the present day. This model assumed that

100% of the melt generated over time was erupted to the surface and that none of the melt

16



remained emplaced in the crust. This assumption is likely less realistic than assuming that
the melt was partially emplaced within the crust, leading to the modifications outlined in
the Melt-Average model.

In the Melt-Average areotherm model (Fig. 2c, Table 2), the thicknesses of the crust grew
from 20 km at 4 Ga to 47 km thick in the present day. The depth of the lithosphere increased
from 115 km 4 Ga to 226 km today. The melt production decreased from 49% 4 Ga to
0.18% in the present day. This model was unique in that it assumed that not all melt
generated erupted into the surface and instead took into consideration the emplacement of

part of the melt produced in the crust.
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Figure 2-2. Calculated areotherms (solid lines) and adiabats (dashed lines) through time
for each model: a) Reference, b) Melt-Layer, ¢) Melt-Average. Light colors represent
thepresent day and the lines darken through time so that the darkest color represents the
areotherm/adiabat at 4 Ga. The solidus is the solid black line.
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Table 2-2. Results of MATLAB areotherm calculations through time.

Age (Ga) 4 3 2 1 0
Reference Model
Crustal thickness (km) 20.00 27.50 35.00 42.50 50.00
go (MW/m?) 50.00 43.75 37.50 31.25 25.00
Mantle Tr (K) 1452 1412 1381 1359 1345
Po (GPa) 427 368 325 296 278
Pr (GPa) 154 164 184 222 296
Lithosphere depth (km) 124.6 133.7 150.8 181.9 241.7
dT/dPsolidus 105.2 104.2 102.2 985 91.3
dT/dF 431 424 412 3.87 3.40
F (%) 46.14 34.11 23.04 11.50 0.00
Melt-Layer Model
Crustal thickness (km) 20.00 29.92 37.91 43.96 48.08
go (MW/m?) 50.00 43.75 37.50 31.25 25.00
Mantle Tp (K) 1452 1412 1381 1359 1345
Po (GPa) 427 3.68 325 296 278
Pr (GPa) 141 140 151 174 221
Lithosphere depth (km) 114.6 115.1 125.1 144.7 182.3
dT/dPsolidus 106.5 106.6 105.5 103.2 98.6
dT/dF 439 440 433 4.18 3.88
F (%) 49.04 39.20 29.58 20.06 8.95
Melt-Average Model
Crustal thickness (km) 20.00 29.90 37.76 43.61 47.42
go (MW/m?) 50.00 43.75 37.50 31.25 25.00
Mantle Tp (K) 1452 1412 1381 1359 1345
Po (GPa) 427 3.68 325 296 278
Pr (GPa) 141 142 156 182 277
Lithosphere depth (km) 114.6 117.0 128.6 150.5 225.7
dT/dPsolidus 106.4 106.3 105.0 102.4 93.2
dT/dF 439 438 430 4.13 3.52
F (%) 48.93 38.60 28.59 18.58 0.18
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2.3.2 Melting

Based on the calculated F values, we calculated the oxide composition in the melts
over time (Fig. 3, Appendix A), for each of the areotherm models. In each model, the
amount of melt produced decreases over time, however, the amount of decrease varies. The
reference model produces 11.5% melt 1 Ga, but none in the present day; the solidus never
crosses the temperature profile, resulting in 0% melt production. However, the Melt-Layer
and Melt-Average models show about 9% and 0.2% melt, respectively, produced in the
present day. Likewise, the melt compositions in each model show similar trends. Each
becomes changes from ultramafic to mafic with time, with decreasing FeO and MgO
contents, coupled with increasing Na20O, K>0, Ca0, and Al.Oz contents. Each model shows
similar trends in oxide abundance, although the absolute amount of each oxide calculated
for each model varies (Tables Al, A2, A3). The SiO, concentrations are similar in each
model, but the Average-Melt model is closest to the measured surface composition from
(Taylor & McLennan, 2009a), while the Melt-Layer and Reference models are each lower
than the measured surface composition. Both the Melt-Layer and Average Melt models
produce present-day FeO, CaO, Al>03, MgO, and NaxO results similar to the measured
surface composition, while SiO: is significantly greater. Additionally, the Reference and
Melt-Layer Models tend to yield similar results, particularly through time, while the
Average-Melt result is often slightly higher, such as with FeO and MgO, or slightly lower,
such as with Al203, CaO, K20, and Na2O. However, SiO2 follows none of the
aforementioned patterns and is overall distinguishable as the only oxide for which the
Average-Melt values are in between the Reference and Melt-Layer models, and none of

the models produce present-day SiO outputs close to the measured surface composition.
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Figure 2-3. Calculated F and melt composition over time for each areotherm model:
periwinkle circles are the Reference case, blue triangles are the Melt-Layer case, and cobalt
stars are the Melt-Average case. The green square represents the undepleted mantle
(Dreibus & Wanke, 1985), while the rust circle represents the composition on the planet’s
surface (Taylor & McLennan, 2009b).
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2.3.3 Density

For all areotherm model melt composition results, the density calculated through
the crust over time shows a consistent trend of decreasing density with depth. The mantle
lithosphere shows the same trend, with the densities of the top of the mantle lithosphere at
the mantle/crust boundary being greater than the density calculated at the base of the
conductive lithosphere. While the densities of both the crust and the mantle lithosphere
decrease over depth, the crustal density is always lower than the mantle lithosphere.
Likewise, the density through the mantle lithosphere is lower than the density of the
convective mantle beneath it.

After calculating the density for the Melt-Average model compositions (Fig. 4), the
density calculated through the crust over time is similar to the previous two models, with
some notable differences. At 4 Ga, the density at the top of the crust is ~2.29 g/cm?, and
decreases to 2.01 g/cm? at the base of the crust. This trend is observed in the crust at 3, 2,
1, and 0 Ga, with the crustal density decreasing from 2.62 to 2.57, 2.97 to 2.35, 3.13 to
3.11, and 3.09 to 2.01 g/cm?, respectively. This trend is also observed in the mantle
lithosphere; the density of the mantle lithosphere decreases from 3.50 to 3.40, 3.55 to 3.48,
3.59 to 3.53, 3.57 to 3.48, 3.66 to 3.61 g/cm?® at 4, 3, 2, 1, and O Ga, respectively. The

underlying mantle density is ~3.5 to 4.4 g/cm?, increasing over depth (Khan et al., 2021).
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Figure 2-4. Density of the crust and mantle lithosphere (g/cm?®) calculated along the
areotherms over time for the Melt-Average case, from 4 Ga (cobalt blue) to the present day
(baby blue).

2.3.4 Seismic velocity
For all areotherm models, the velocities of primary and secondary waves generally
remain constant through the depth of the crust, while they decrease over the depth of the
mantle lithosphere. In the reference model, the seismic velocities decreased slightly over
the depth of the crust, then increased across the crust/mantle boundary before decreasing

across the depth of the mantle lithosphere, echoing the trend observed in the calculated

density.
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Using the Melt-Layer areotherms, we calculated a decrease in the seismic velocity
of the crust. The values were similar to results of the other areotherm models, and varied
primarily in regard to the location of the increase in seismic velocity over the
crust/lithosphere boundary, due to the difference in calculated depth of the crust in each
model. These increases in seismic velocity occurred at depths corresponding to pressures
ranging from ~0.25 GPa at 4 Ga to ~0.5 GPa in the present day.

The results Melt-Average areotherms (Figs. 5,6) show at 4 Ga that Vp in the crust
slightly decreased from 7.6 to 7.3 km/s from the top to bottom of the crust. Likewise, Vs
decreased from 4.4 to 4.3 km/s with depth. In the mantle lithosphere, Vp and Vs decreased,
from 7.7 to 7.6 km/s and 4.4 to 4.3 km/s, respectively, with depth. This pattern continued
through time until it stabilized in the crust: Vp at 3, 2, 1, and 0 Ga decreased from 7.7 to
7.6, 7.8 to 7.7.Meanwhile, Vs decreased from 4.5 t0 4.4, 4.6 to 4.5. At 1 Ga, however, Vs
remained at 4.5 at the top and bottom of the crust, and in the present d,ay, Vs is calculated
at 6.9 km/s at the top and 7.0 km/s at the bottom of the crust.. In the mantle lithosphere, the
seismic velocities also decreased over depth. At 3,2,1, and 0 Ga Vp decreased from 7.44 to
6.13, 7.43 to 6.14, 7.40 to 6.20, and 7.44 to 7.12 km/s, while Vs decreased from 4.26 to
2.79,4.26 t0 2.79, 4.24 t0 2.81, and 4.26 to 4.01 km/s at 3, 2, and 1 Ga and in the present
day. In both the crust and the mantle lithosphere, the results show layers of varying

velocity; the difference from the top of bottom of each layer
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model, from 4 Ga (cobalt blue) to the present (baby blue). The plots indicated that Vs
decreases over the depth of the lithosphere.
2.4 Discussion
2.4.1 Areotherms and Melting

Based on the intersection of the solidus and mantle adiabat from Filiberto (2017),
we found that there was significantly more melt generated in the past than more recently,
with no melt on average being produced today for the Reference case. The Melt-Layer and
Melt-Average areotherms indicate that there is about 9% and 0.2% melt generated in the
present day, which corresponds to the results from (Horvath et al., 2021; Moitra et al.,

2021) indicating that volcanic activity on Mars occurred recently and could feasibly occur

again in the future.
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One notable difference between the melt model and the modern observed crust is
that the melt model prediction does not match what is observed at the surface in the present
day (Fig. 2-3); the compositions of the melt through time are slightly different from the
observed surface composition. This is most likely due to the partial crystallization process
within magma chambers prior to eruption; as the melt sits within the chamber, it cools,
partially crystallizes, and changes in composition. We took this into consideration while
producing the Melt-Average areotherm model, so that the composition of the crust
calculated through time is the composition of the average crust, rather than the composition
observed at the surface. This partial crystallization process explains why the ultramafic
melt predicted by the model yielded the mafic lava flows observed on the surface.
Shortcomings of the model include the lack of experimental data; more data would increase
the accuracy of the melt model by providing a larger number of data to use to fit the
equations. More experimental work is necessary in order to continue to refine this model.

The layer thicknesses of each new layer decreased over time, from about 9 km of
new crust following the melting to about 3 km of crust in the past billion years. The
abundances of oxides (Fig. 3, Tables A1-A3) show the change in melt, and subsequently,
crust layer, composition over time, from an ultramafic to mafic composition. This was
reflected in all models. These compositional differences represent a change in crustal
composition with each layer, and also indicate that the 20 km thick crust at 4 Ga input into
the model is compositionally different from subsequent layers. This correlates to NASA’s
InSight mission, which observed a layered crust (Lognonné et al., 2020), which is also

apparent in our models.
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From these results, we infer that if the crust was thinner or had higher heat flow,
there would be more melt production than is currently observed (akin to the conditions in
the past). One interesting question to consider is the impact of heat flow versus crustal
thickness: which parameter is the driving factor behind melt production? It is most
reasonable to predict that the heat flow will have the greater impact; a high temperature
crust (enriched in HPES) is more likely to produce melt even if it is thick, than a thin but
cold crust. As the heat flow increases, the temperature within the lithosphere is increased
without change in pressure, which naturally generates melt. Likewise, a thinner crust would
decrease the pressure while maintaining the same temperatures, which would also generate
melt. However, between these two factors, the heat flow would have the greater impact, as
the change in temperature at constant pressure would create a greater change within the
rock than the pressure decrease along a constant temperature.

2.4.2 Density

The decreasing density over depth of the lithosphere was unexpected, due to the
apparent long term stability of the martian crust (i.e., it’s average age). Typical density
profiles show an increase over the depth of the lithosphere, indicating a stable state, rather
than a decrease, which suggests the presence of instability and overturn. However, given
the small decrease with depth within a given layer, and the overall increasing density with
depth between layers (i.e., from the crust to mantle lithosphere to mantle), it is not
necessarily an unstable configuration. The lithosphere, both within the crust and the mantle
lithosphere, is thick enough to lock itself into place so that it cannot be broken by the slight
instability of the density decrease, which allows it to maintain what would otherwise be an

unstable configuration and result in overturn of the lithosphere. Additionally, we did not
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consider the porosity resulting from the impact-related fracturing that has occurred on the
surface and the density of the regolith on the outermost layer of the crust; the density of
the top of the crust is in reality lower than we calculated due to these factors.

Due to the observed decreasing density for our models, we reproduced the Perple_X
calculations of Semprich and Filiberto (2020), i.e., same input file and solution models, for
the Taylor and McLennan (2009b) crustal and Dreibus and Wénke (1985) mantle
compositions in conjunction with our present day areotherm. We extracted the densities
calculated along our areotherm, which showed that there was a slight increase in density
over depth of the crust when done according to the (Semprich & Filiberto, 2020) methods,
but that the density across the conductive mantle lithosphere decreased over depth. The
density calculated was also significantly lower than according to our model results in the
present day; the crust modeled with our Perple_X assumptions had a density of about 3.05
g/cm?, while the density calculated using the Semprich and Filiberto (2020) assumptions
was about 2.45 g/cm®.

2.4.3 Comparison to InSight’s Observations

This research is pertinent to InSight by calculating the seismic profiles through the
crust and mantle lithosphere. The heat flow calculations used in the areotherm estimates
derived for Elysium Planitia (Plesa et al., 2016), where the InSight lander is located. Since
landing, InSight constrained core size: 1830 km radius, and state: entirely liquid (Stahler
S. C., 2021). This large radius of the core increases the amount of heat flowing through the
mantle and the crust. This is pertinent to us because the amount of heat flowing through
the mantle into the lithosphere has a direct impact on the temperature of the lithosphere

and the amount of melt being generated, both in the present day and in the past
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All of our models show that the seismic velocity decreases over lithosphere depth,
following the same trends as calculated from the results of the InSight mission (Khan A.,
2021), (Figs. 6,7). Comparing these results to InSight’s observations demonstrates the
accuracy and consistency of the model in the present day, which in turn shows the accuracy
of the model through time. The InSight team also calculated Th concentrations necessary
to generate melt producing the recent lava flows observed in the Tharsis region (Michaut,
2021). When compared to their Th concentration estimates of 1200-1700 ppb or 680-1050
ppb for the two and three layer crust models, (Michaut, 2021), the value calculated with
our Average-Melt model of 241 ppb Th is significantly lower. Their model calculates the
amount necessary to generate melt in Tharsis, while our model calculates the amount
present based on melting assumptions of the initial crustal layer. It is possible that the
disparity between our model and their results is due to the melt fraction calculation; if our
melt fraction was lower than (Michaut, 2021), it would increase the amount of Th in the
crust. The Th difference may be in indication that the actual melt fraction is lower than the
melt fraction calculated by our model.

Overall, our model shows the same structural layers and seismic velocity profiles
as observed by InSight, but with some differences (Th concentrations) between the Tharsis-
specific models produced by InSight and the global average models that we used.

2.5 Conclusions

From these models, we have a clearer vision of how the martian lithosphere evolved
over time. We see how the crust and mantle lithosphere have thickened over time, with a
thickness calculated over Gy increments. We also calculate a decrease in density over the

depth of the crust and mantle lithosphere, with the density of the mantle lithosphere greater
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than the density of the crust. The seismic velocities also remain close to constant in the
crust and mantle lithosphere, with only a slight decrease over depth in each. Should
additional martian data become available, specifically the surface heat flow, composition
of the crust over depth, and observed lithospheric thickness. Experimentally, this model
would be improved by incorporating data from more melting experiments of the
partitioning of oxides into melt under lithospheric temperature and pressure conditions.
Additionally, because this model relies on thermodynamically calculating the partitioning
of oxides into minerals from the melt, it would be worthwhile to produce more of that
experimental data. Such data could be used to calculate a model showing the partitioning
of the oxides from solid into melt and then from melt into minerals. While the data that we
used here from (Collinet et al., 2015; Matsukage et al., 2013b) As expected, the melt
production decreased in quantity and changed from ultramafic to mafic over time; likely
due to fewer Fe- and Mg-rich minerals such as olivine and pyroxene melting and
crystalizing out of the upper mantle and into the crust. While the afore-mentioned
observational and experimental data are necessary to refine and enhance this model, we
can see from the available data and experiments how the lithosphere has changed
compositionally over time. These models help us understand how Mars has evolved over
time from an initially homogenous mantle composition to the conditions observed on the
surface today. We can compare this model to known histories of Earth’s evolution to see
how each planet has thickened and cooled over time and how the melt composition has
changed. Our work here presents a model of planetary lithospheric evolution that can
provide a beginning towards comparing each planet’s evolution and produce a self-

consistent, planetary-wide model.
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Appendix A

Geochemical Data

The equation forms were parameterized by fitting the data by pressure bins to
determine correlation to pressure. We then fitted polynomial coefficients to the data by
using least square minimization. The resulting equations were used to calculate the oxides
based on the melt percent (F) and pressure (Pg).

Si02 = (-4.26*10**P + 6.01*104)*F2 + (0.09.54*102*P — 1.90*10"))*F — (5.14*P +
57.37)

TiOz = 2.62*F 058

Al,03 = 1.51*%1073*F2 — 0.27*F + 15.51

Cr203 = (1.71*10°*P — 2.53*104)*F? + (-3.126046*103*P + 3.71*1072) + (0.14*P —
0.39)

FeO = (9.30*10°*P — 3.78*103)*F2 + (-0.14*P + 0.53) + (5.35*P + 2.71)

MnO = 5.73*10°*F? — 1.58*10**F — 8.10*107

MgO = (2.74*10°**P — 3.15*10%)*F2 + (6.28*102*P + 0.33)*F + (3.61*P + 0.49)
Ca0 = 2.37*10°*F2 — 6.97*102*F + 9.05

Na20 = (-2.71%10*P + 1.28*10%)*F2 + (3.90*102*P — 0.19)*F + (-1.22*P + 7.16)
Ko0 = 3.74*F 081

P20s = 8.90*F 0%
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Table A-1. Normalized melt compositions calculated with the Reference model.

Age (Ga)

4

3 2

1 0

Melt composition (wt.%)
47.71 47.89 47.74 46.66 n.a.

SiO2
TiO2
Al2O3
Cr203
FeO
MnO
MgO
CaO
Na20
K20
P20s

0.28
6.12
0.85
20.10
0.56
17.13
5.84
0.93
0.14
0.34

0.33 042
7.81 9.40
0.68 0.49
18.84 17.66
0.53 0.50
14.41 12.37
7.22 8.08
1.66 2.47
0.19 0.26
0.44 0.61

0.64 n.a.
10.56 n.a.
0.27 n.a.
17.14 n.a.
0.51 n.a.
11.12 n.a.
8.27 n.a.
3.25 n.a.
0.49 n.a.
1.09 n.a.

Table A-2. Normalized melt compositions calculated with the Melt-Layer model.

Age (Ga)

4

3 2

1 0

Melt composition (wt.%)
47.80 48.20 48.38 48.15 46.64

SiO2
TiO2
Al2O3
Cr203
FeO
MnO
MgO
CaO
Na20
K20
P20s

0.27
5.80
0.87
20.29
0.57
17.68
5.48
0.78
0.13
0.33

0.31 0.36
7.22 8.75
0.75 0.60
19.20 17.94
0.54 0.50
15.21 13.09
6.67 7.62
1.35 2.05
0.16 0.21
0.39 0.50

0.46
10.15
0.42
16.89
0.48
11.48
8.20
2.78
0.30
0.69

0.74
11.04
0.20
16.67
0.50
10.59
8.17
3.49
0.61
1.34

Table A-3. Normalized melt compositions calculated with the Melt-Average model.

Age (Ga) 4 3 2
Melt composition (wt.%)

SiO2 47.80 48.17 48.31
TiO2 0.27 0.31 0.37
Al2O3 581 7.30 8.86
Cr203 0.87 0.74 0.58
FeO 20.28 19.15 17.88
MnO 0.57 0.54 0.50
MgO 17.66 15.10 12.96
CaO 549 6.74 7.70
Na20 0.78 1.39 211
K20 0.13 0.17 0.22
P20s 0.33 040 0.51

1 0
47.96
0.48
10.27
0.39
16.87
0.48
11.37
8.25
2.88
0.32
0.73

28.02
4.65
6.69
0.02

11.67
0.39
7.11
4.76
2.36

12.58

21.76
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Figure A-1. Model fit to the data. This figure shows the model calculations as solid line
curves and the geochemical data from Matsukage, 2013 and Collinet, 2015 as markers.
Data is divided into pressure bins to show correlation between pressure and oxide
abundance.
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Appendix B

Matlab Codes

B.1 Reference Model

% Project: Areotherm Reference.m

% Author: Fiona McGroarty

% Date Written: 19 October 2019

% Last Updated: 19 May 2021

% Purpose: This program will calculate the HPE concentration in the
depleted mantle lithosphere and then use those values to calculate the
parameters for an areotherm through time and plot the result. It will
calculate the composition of melt produced at a particular time and the
composition of the residual, with error. It will then repeat the process
using the previous calculation as the starting value for the next timestep
and the previous melt as the most recent layer in the crust.

% Addiitonal files needed: MeltModel.xlsx

%% Load the initial values from the Excel file meltmodel.xlsx

% Load values needed later to calculate F (dT/dPsolidus, dT/dPadiabat,
deltaHF, C_P. dT/dF) . PO and Pf will be calculated in a later step
prior to calculating F

[

% 1. Parameter read in
param = importdata ('OxideCoeff.txt'");

[

% 2. Variable read in
Si02A = param
Si02B = param
Si02C = param
Si02D = param
Si02E = param
Si02F = param

Ti02A = param(
TiO2B = param/(
Ti02C = param/(
TiO2D = param/(
Ti02E = param
Ti02F = param

Al1203A = param(3
Al203B = param(3,
Al1203C = (3
A1203D = (3

(]
T T
ORI
IRER]
U]
3 3
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Al203E =
Al1203F = param(3,6);

|
o
o))
I
o))
3
w
1

Cr203A = param(4,1
Cr203B = param(4, 2
Cr203C = param(4,3
Cr203D = param (4,4
Cr203E = param(4,5
Cr203F = param(4,6

FeOA = param(
FeOB = param (
FeOC = param(
FeOD = param(
FeOE = param(
FeOF = param(

MnOA = param/(
MnOB = param (
MnOC = param(
MnOD = param/(
MnOE = param/(
MnOF = param/(

MgOA = param(7,1);
MgOB = param(7,2);
MgOC = param(7,3);
MgOD = param(7,4);
MgOE = param(7,5);
MgOF = param(7,6);
CaOA = param(8,1);
CaOB = param(8,2);
CaOC = param(8,3);
CaOD = param(8,4);
CaOE = param(8,5);
CaOF = param(8,6);
Na20A = param(9,1);
Na20B = param(9,2);
Na20C = param(9,3);
Na20D = param(9,4);
Na20E = param(9,5);
Na20F = param(9,6);
K20A = param(10,1);

( .
K20B = param(10,2);
(
(
(
(

’

)
)
10,3);
)
)
)

K20C = param
K20D = param(10,4);
K20E = param(10,5);

K20F = param(10,6) ;
P205A = param(1l1l,1);
P205B param(11,2);
P205C = param(11,3);



P205D param(11,4);
P205E = param(1l1,5);
P205F = param(11,6);

%% Mars parameters

rhoc = 2900; %kg/m"3 crustal density

rhoml = 3400; %kg/m”3 mantle lithosphere density
rhom = 3700; %$kg/m”3 mantle density

TO = 220; %Temperature at the surface in K

g = 3.72; %m/s"2 gravitational acceleration on Mars
slope = 0.18; %adiabat slope (deg/km)

slope2 = (slope/1000)/ (g*rhoml)*1E9; %adiabat slope

deltaHF = 640000; %J/kg (Kiefer, 2003)

C P = 1200; %J/K*kg (Kiefer, 2003)

rad = 3390; %km radius planet

d = 5000; %The number of rows of the array to hold the values
step = 0.1; %step for depth km

dTdFa = -0.639; %calculated from experimental data
dTdFb = 5.2926; %calculated from experimental data

%$Input the oxides in the undepleted mantle (Dreibus and Wanke 1985)
mantleSi02 = 44.4;
mantleTiO2 = 0.14;

mantleAl203 = 3.02;
mantleFeO = 17.9;
mantleCr203 = 0.76;
mantleMnO = 0.47;
mantleMgO = 30.2;
mantleCaO = 2.45;

mantleNa20 = 0.50;
mantleK20 = 0.04;
mantleP205 = 0.16;

%$Initial thermal conductivity guess
kc = 2.5; %crust thermal condutivity (W/mK)
klth = 4.0; %mantle lithosphere thermal conductivity (W/mK)

[

% Heat Production Constants

U238 = 0.992834; %fraction of U238 in the solar system
U235 0.00711; %fraction of U235

U238t = 4.469E9; %half-life in yr

U235t = 0.704E9; %half-life in yr
H238U = 9.464E-5; %rate of heat release 238U (W/kqg)
H235U = 5.687E-4; %rate of heat release 235U (W/kg)

Th232 = 0.9998; Sfraction of Th232
Th232t = 14.00E9; %half-life in yr
H232Th = 2.638E-5; %rate of heat release 232Th (W/kg)

K40 = 1.193E-4; %fraction of K40
K40t 1.268E9; %half-life in yr
H40K 2.97E-5; %rate of heat release 40K (W/kg)

%Bulk peridotite/melt partition coefficients
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DK 0.003; %Dhavis et al. 2011 EPSL, garnet peridodite
DU = 1.le-4; %Beatie 1993 EPSL, spinel peridodite
DTh = 1.7e-4; %Beatie 1993 EPSL, spinel peridodite

$HPE concentrations

Uc = 180/1E9; %Uranium in crust (Taylor and McLennon, 2009)
Thc = 700/1E9; %Thorium in crust (Taylor and McLennon, 2009)
Kc = 3740/1E6; %Potassium in crust (Taylor and McLennon, 2009)

Um = 16/1E9; %Uranium in mantle Dreibus and Wanke
Thm = 56/1E9; %Thorium in mantle Dreibus and Wanke
Km = 315/1E6; %Potassium in mantle Dreibus and Wanke

o

% Areotherm 4 Ga

Input the initial parameters TO BE CHANGED WITH TIME
t = 4%¥1079; %time in years, 0 is present

Q04 = 6.25*(t/1079)+25; %surface heat flow (mW/m”2), 25 is present
Tad4 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

o

%Calculate the heat produced in the crust and mantle lithosphere
Forig = 0.1; %initial guess for melt fraction for first crust
Uc4 = Um/ (Forig+ (1-Forig) *DU); %$Uranium in crust

Thc4 = Thm/ (Forig+ (1-Forig) *DTh); %Thorium in crust

Kc4 = Km/ (Forig+ (1-Forig) *DK); %Potassium in crust

Um4 = (Um-Forig*Uc4)/ (1-Forig); %Solve for mantle lithosphere
concentration

Thm4 = (Thm-Forig*Thc4)/ (1-Forig); %Solve for mantle lithosphere
concentration

Km4 = (Km-Forig*Kc4)/(1l-Forig); %Solve for mantle lithosphere
concentration

HU238c4 = Uc4*U238*H238U*exp (t*log(2)/U238t) ;

HU235c4 = Uc4*U235*H235U%exp (t*log (2) /U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U*exp (t*log(2)/U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t);
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m = Um*U238*H238U*exp (t*log(2)/U238t);
HU235m = Um*U235*H235U*%exp (t*log (2) /U235¢t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotm4 = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; S$volumetric heat production
mantle (W/m3)

Adc = Atotc4d;
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Adm = Atotm4;
Am = Atotm;

%Calculate the layer thicknesses

laylc = 20;

vollc = (4/3)*pi* (rad”~3-(rad-laylc)”3); %$km"3 volume of crustal layer
masslc = vollc*(100073)*rhoc; %kg mass crustal layer

masslm = masslc/Forig-masslc; %$kg mass lithosphere layer

vollm = masslm/ ((100073)*rhoml); %km”3 volume lithosphere layer
laylm = (rad-laylc)-((rad-laylc)”~3-vollm/ ((4/3)*pi))"(1/3); %km
thicknes of lithosphere layer

cthd4 = laylc; %total thickness of crust in km
cmth4 = cthéd+laylm;

%% Calculate areotherm at 4 Ga

x = zeros|(d,33);

x1l = zeros(d,2);

%$Fill in the initial row of the array so that the loops can build the

x(1,1) = 0; %$Initial Pressure (GPa)

x(1,2) = 0; %$Initial Depth (km)

x(1,3) = Tad4+273;

x(1,4) = (-4.877*x(1,1)"2+120.2*x(1,1)+1088)+273.15; %solidus
x(1,5) = Q04/1000; %This is the surface heat flow (W/m"2)
x(1,7) = TO;

[

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
x(1i,2)=x(1i-1,2)+step; %km
if x(i,2)<cth4
x(1,1)=(rhoc*g*x(i,2)*1000)/10"9;
else
x(1,1)=(rhoc*g*cth4*1000) /10794 (rhoml*g* ((x(i,2) -
cth4)*1000))/10"9;
end

%$These are the adiabat and solidus
x(1i,3)=slope*x(i,2)+x(1,3);
x(1i,4)=(-4.877*x(1,1)"2+4120.2*x(1,1)+1088)+273.15; %solidus

%$This is the g value
if x(i,2)<cth4
g=x(1i-1,5)-Adc* (x(1i,2)-x(i-1,2))*1000;
elseif x(i,2)>cthd && x(i,2)<cmth4
g=x(1i-1,5)-Adm* (x(1i,2)-x(1i-1,2))*1000;
else
g=x(1i-1,5)-Am* (x(1,2)-x(i-1,2))*1000;
end
x(1i,5)=qg; %Store the g value in the array

%Step 1: Calculate initial guess k values
if x(i,2)<cth4
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k=kc;
else
k=klth;
end
x(i,6)=k; %Put this k value into the array

%Step 2: Calculate the temperature at this z wvalue
$T (z)=T0+gT*deltaz/k-A*deltaz"2/2*k
if x(1i,2)<cth4
T=x(1-1,7)+x(1,5)* ((x(i,2)-x(i-1,2))*1000)/x(1i,6)-Adc* ((x(1i,2)-
Xx(i-1,2))*1000) "2/ (2*x(1,6));
elseif x(i,2)>cthd && x(i,2)<cmth4
T=x(1-1,7)+x(1,5)* ((x(1i,2)-x(i-1,2))*1000) /x(1i,6)-Adm* ((x(1i,2)-
x(1i-1,2))*1000) "2/ (2*x(1,6));
else
T=x(i-1,7)+x(1i,5) * ((x(i,2)-x(i-1,2))*1000)/x (i, 6)-Am* ((x(i,2) -
x(i-1,2))*1000) "2/ (2*x(i,6)) ;
end
x(i,7)=T;

%$Steps 5 and 6 must be iterated 10 times; use a for loop
for §j=8:2:33
%Step 5: Calculate k using most recent temperature calculation
if x(i,2)<cth4
k=kc* (1+0.0015*x(1,2))/(1+0.0001* (x(i,3-1)-273));
elseif x(i,2)>cth4
if x(i,3-1)<500
k=1/(0.0741+0.000502*x(1,3-1));
else %Take the larger of these wvalues
k1=1/(0.0741+0.000502*x(i,3-1))+0.0023* (x(i,3-1)-500);
%or
k2=1.26* (1+x(1i,2)/1000)+0.0023* (x(1i,3j-1)-500) ;
if k1>k2
k=k1;
else
k=k2;
end
end
end
x(i,J)=k; %Save the applicable k in the array

x(1,J+1)=T0; S%set T on first row

%Step 6: Calculate the temperature using the most recent k
if x(i,2)<cth4
T=x(i-1,3+1)+x(i,5) *(x(1,2)-x(i-1,2))*1000/x(1i,7]) -
Adc* ((x(1,2)-x(1-1,2))*1000)"2/(2*x(1,73)):
elseif x(i,2)>cthd4 && x(i,2)<cmth4
T=x(i-1,3+1)+x(i,5) *(x(i,2)-x(i-1,2))*1000/x(1i,73) -
Adm* ((x(1i,2)-x(1-1,2))*1000)"2/(2*x(i,3));
else
T=x(i-1,3+1)+x(i,5) *(x(1,2)-x(i-1,2))*1000/x(1i,7) -
Am* ((x(1,2)-x(i-1,2))*1000)"2/(2*x(i,3));
end
x(i,J+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop
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(1,1)=x(1,1)*10000;
x1(1,2)=x(1,33);
x1(i,2)=x(i,33);
Ad(i,1)=x(1i,33)-x(i,3);
B4(i,1)=x(i,1);
Cd4(i,1)=x(1,2);
PFp4 = find(A4>0,1, 'first');
PFm4 = find (A4<0,1, 'last');
PF4 = (B4 (PFp4)+B4 (PFm4))/2; %calulate pressure
dF4 = (C4 (PFp4)+C4 (PFm4))/2; %calculate lithosphere+crust thickness

end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w=zeros (31,5);

w(l,1l)=cth4;

w(2,1)=004;

w (3

,1)=Tad4;
syms PO
egqnl = slope2*P0+(Tad4+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;

P04 = min(vpasolve (eqnl,P0)); S%Spressure of adiabat and solidus
intersection

P04 = double (P04);

w(4,1)=P04;

w(5,1)=PF4;

w(6,1)=dF4;

dTdPsolidusd4 = 2* (-4.877*PF4)+120.2; %solidus slope
dTdF4 = dTdFa*PF4+dTdFb;

w(7,1)=dTdPsolidus4;

w(8,1)=dTdF4;

% Use PO and PF to calculate F (percentage of melt produced)
F4 = ((dTdPsolidus4-slope2)/ ((deltaHF/C_P)+dTdF4))* (P04-PF4)*100;
w(9,1)=F4;

% Calculate the composition of the melt and error

51024 = (Si02A*PF4+S102B) *F472+ (S1i02C*PF4+5102D) *F4+ (S102E*PF4+S51i02F) ;
Ti024 = TiO2A*F4"Ti02B;
Al2034 =

(A1203A*PF4+A1203B) *F4~2+ (A1203C*PF4+A1203D) *F4+ (A1203E*PF4+A1203F) ;
Cr2034 =
(Cr203A*PF4+Cr203B) *F4"2+ (Cr203C*PF4+Cr203D) *F4+ (Cr203E*PF4+Cr203F) ;

FeO4 = (FeOA*PF4+FeOB) *F4"2+ (FeOC*PF4+FeOD) *F4+ (FeOE*PF4+FeOF) ;

MnO4 = (MnOA*PF4+MnOB) *F472+ (MNOC*PF4+MnOD) *F4+ (MnOE*PF4+MnOF') ;

Mg04 = (MgOA*PF4+MgOB) *F4"2+ (MgOC*PF4+MgOD) *F4+ (MgOE*PF4+MgOF') ;

Ca04 = CaOA*F4"3+Ca0OB*F472+CaOC*F4+CalD;

Na204 = (Na20A*PF4+Na20B) *F4"2+ (Na20C*PF4+Na20D) *F4+ (Na20E*PF4+Na20F) ;
K204 = K20A*F47K20B;

P2054 P205A*F47P205B;

w(1l0,1)=51024;
w(ll,1)=T1i024;

)

( )
w(l2,1)=A12034;
w(l3,1)=Cr2034;
w(l4,1)=Fe0O4;
w(l5,1)=Mn0O4;
w(l6,1)=Mg0O4;
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w(l7,1)=Ca04;
w(l8,1)=Na204;
w(l9,1)=K204;
w(20,1)=P2054;

o)

% Calculate the residual using batch melting- will become mantle lithos

Si02resd4 = (mantleSiO02-((F4/100)*Si024))/(1-(F4/100))
TiO2resd4 = (mantleTi02-((F4/100)*Ti024))/(1-(F4/100))
Al203resd = (mantleA1203—((F4/100)*A12034))/(1—(F4/100))
Cr203res4 = (mantleCr203-((F4/100)*Cr2034))/(1 F4/100))
FeOres4 = (mantleFeO-((F4/100)*Fe04))/ (1 (F4/1OO
MnOres4 = (mantleMnO-((F4/100)*Mn0O4))/(1-(F4/100)
MgOres4 = (mantleMgO- ((F4/100)*Mg04))/(1-(F4/100)
CaOres4 = (mantleCaO- (F4/100)*CaO4))/(1—(F4/100
Na20res4 = (mantleNaZO—((F4/1OO *Na204)) /(1 F4/100
K20res4 = (mantleK20-((F4/100)*K204)) /(1—(F4/100
P205res4 = (mantleP205-((F4/100)*P2054))/ (1 F4/100
w(21,1)=Si02res4;
w(22,1)=TiO2res4;
w(23,1)=A1203res4;
w(24,1)=Cr203res4d;
w(25,1)=FeOres4;
w(26,1)=MnOres4;
w(27,1)=MgOres4;
w(28,1)=CaOres4;
w(29,1)=Na20res4;
w(30,1)=K20res4;
w(31,1)=P205res4;
$End of 4 Ga (will become one distinct layer)

%% 3 Ga
% Input the initial parameters TO BE CHANGED WITH TIME
t = 3*¥10"9; %time in years, 0 is present

Q03 = 6.25*(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tad3 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Uc3 = Um/ (F4+ (1-F4)*DU); %Uranium in crust

The3 = Thm/ (F4+ (1-F4) *DTh); $Thorium 1n crust

Kc3 = Km/ (F4+ (1-F4) *DK); %Potassium 1in crust

Um3 = Um-F4*Uc3/(1-F4); %Uranium 1in crust
Thm3 = Thm-F4*Thc3/ (1-F4); %Thorium in crust
Km3 = Km-F4*Kc3/(1-F4); %$Potassium in crust

HU238c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235c3 = Uc3*U235*H235U*exp (t*log(2)/U235t);
HTh232c3 = Thc3*Th232*H232Th*exp (t*1og(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*log(2) /K40t)

HU238c4 = Uc4*U238*H238U*exp (t*log (2) /U238¢t);
HU235c4 = Uc4*U235%H235U*exp (t*log (2) /U235¢t) ;
HTh232c4 = Thcd*Th232*%H232Th*exp (t*log (2) /Th232t) ;
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HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U*exp (t*log(2)/U238t) ;
HU235m4 Um4*U235*H235U*exp (t*log (2) /U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 Um3*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m = Um*U238*H238U*exp (t*log(2)/U238t) ;
HU235m = Um*U235*H235U*%exp (t*log (2) /U235¢t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotc3 = (HU238c3+HU235c3+HTh232c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotm4 = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; S%$volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; %volumetric heat production

mantle (W/m3)

%$Calculate the layer thicknesses

lay2c = 20*(F4/100); %km

vol2c = (4/3)*pi* (rad”"3-(rad-lay2c)”3); %$km"3 volume of crustal layer
mass2c = vol2c*(100073) *rhoc; %kg mass crustal layer

laylc = (rad-lay2c)-((rad-lay2c)”3-vollc/ ((4/3)*pi))~(1/3); %km
laylm = (rad-lay2c-laylc)-((rad-lay2c-laylc)”3-vollm/ ((4/3)*pi))~(1/3);
Skm

mass2m = mass2c/ (F4/100) -mass2c; %$kg mass lithosphere layer
vol2m = mass2m/ ((100073)*rhoml); %km”3 volume lithosphere layer
lay2m = (rad-lay2c-laylc-laylm)-((rad-lay2c-laylc-laylm)"3-
vol2m/ ((4/3) *pi)) "~ (1/3); %km

3Calculate base (depth) of each layer
cth3 = lay2c+laylc; %total thickness of crust in km
cmth3 = cth3+laylm+lay2m;

A3c = Atotc4d* (laylc/cth3)+Atotc3* (lay2c/cth3);

A3m = Atotm4d* (laylm/ (cmth3-cth3))+Atotm3* (lay2m/ (cmth3-cth3));
Am = Atotm;

% Calculate areotherm 3 Ga

y = zeros(d,33);

yl = zeros(d,2);

o\°
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%$Fill in the initial row of the array so that the loops can build the

= 0; %$Initial Pressure (GPa)

0; %Initial Depth (km)

Tad3+273;

= (-4.877*y(1,1)72+120.2*y(1,1)+1088)+273.15; %solidus
Q003/1000; %This is the surface heat flow (W/m"2)

= TO;

—_— — — — — —

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
y(i,2)=y(i-1,2)+step; Skm
if y(i,2)<cth3
y(i,1)=(rhoc*g*y(i,2)*1000)/10"9;
else
y(i,1)=(rhoc*g*cth3*1000) /10"9+ (rhoml*g* ((y(i,2) -
cth3)*1000))/1079;
end

$These are the adiabat and solidus
y(i,3)=slope*y(i,2)+y(1,3);
v(i,4)=(-4.877*y(i,1)"2+120.2*y(i,1)+1088)+273.15; %solidus

%$This is the g value
if y(i,2)<cth3

g=y (i-1,5)-A3c* (y(i,2)-y(i-1,2))*1000;
elseif y(i,2)>cth3 && y(i,2)<cmth3

g=y (i-1,5) -A3m* (y (i,2) -y (i-1,2)) *1000;
else

g=y(i-1,5)-Am* (y(i,2)-y(i-1,2))*1000;
end
y(i,5)=q; %Store the g value in the array

%Step 1: Calculate initial guess k values
if y(i,2)<cth3
k=kc;
else
k=klth;
end
y(i,6)=k; %Put this k value into the array

%Step 2: Calculate the temperature at this z value
$T (z)=T0+gT*deltaz/k-A*deltaz”"2/2*k
if y(i,2)<cth3
T=y(i-1,7)+y(i,5) * ((y(i,2)-y(i-1,2))*1000)/y(i,6)-A3c* ((y(i,2)-
y(i-1,2))*1000) "2/ (2*y(i,6));
elseif y (i, 2)>cth3 && y (i, 2)<cmth3
T=y(i-1,7)+y(i,5) * ((y(i,2)-y(i-1,2))*1000)/y(i,6)-A3m* ((y(i,2)-
y(i-1,2))*1000) 2/ (2*y (i,6)) ;
else
T=y (i-1,7)+y(1,5) * ((y(i,2)-y(i-1,2))*1000)/y(i,6)-Am* ((y(i,2)-
y(i-1,2))*1000) "2/ (2*y(i,6));
end
y(l, 7):T;
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%$Steps 5 and 6 must be iterated 10 times; use a for loop
for 3=8:2:33
%Step 5: Calculate k using most recent temperature calculation
if y(i,2)<cth3
k=kc* (1+0.0015*y(1i,2))/(1+0.0001* (y(i,3-1)-273));
elseif y(i,2)>cth3
if y(i,3-1)<500
k=1/(0.0741+0.000502*y(1,3-1));
else %Take the larger of these wvalues
k1=1/(0.0741+0.000502*y (i,3-1))+0.0023* (y(i,3J-1)-500);
sor
k2=1.26* (1+y(i,2)/1000)+0.0023* (y(i,j-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
end
y(i,3)=k; %Save the applicable k in the array

y(1l,3+1)=T0; %set T on first row

%Step 6: Calculate the temperature using the most recent k
if y(i,2)<cth3
T=y (i-1,3+1)+y (i,5) * (v (i,2) -y (i-1,2))*1000/y (i,3) -
A3c* ((y(i,2)-y(i-1,2))*1000) "2/ (2*y(i,3));
elseif y(i,2)>cth3 && y(i,2)<cmth3
T=y (i-1,3+1)+y(i,5) * (y(i,2) -y (i-1,2))*1000/y(i,3) -
A3m* ((y(i,2)-y(i-1,2))*1000) "2/ (2*y(i,3));
else
T=y (i-1,3+1)+y (i,5) * (v (i,2) -y (i-1,2))*1000/y (i,3) -
Am* ((y(i,2)-y(i-1,2))*1000)"2/(2*y(i,3));
end
y(i,3+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop

y1(i,1)=y(i,1)*10000;
v1(1,2)=y(1,33);
yl(i,2)=y(i,33);

A3 (ll 1)=Y(l, 33) ‘Y(i, 3) ’
B3(i,1)=y(i,1);
C3(i,1)=y(1i,2);

PFp3 = find(A3>0,1, "first'");

PFm3 = find(A3<0,1, "'last');
(B3 (PFp3)+B3 (PFm3))/2; %calulate pressure
dF3 = (C3(PFp3)+C3(PFm3))/2; %calculate crust+lithosphere thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,2)=cth3;
w(2,2)=003;
w (3,

el

]

w
Il

2)=Tad3;
syms PO
egqnl = slope2*P0+ (Tad3+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
P03 = min(vpasolve (eqnl,P0)); S%pressure of solidus-adiabat intersection

P03 = double(P03);
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w(4,2)=P03;
w(5,2)=PF3;
w(6,2)=dF3;

dTdPsolidus3 = 2* (-4.877*PF3)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF3 = dTdFa*PF3+dTdFb;

w(7,2)=dTdPsolidus3;

w(8,2)=dTdF3;

% Use PO and PF to calculate F (percentage of melt produced)
F3 = ((dTdPsolidus3-slope2)/ ((deltaHF/C_P)+dTdF3))* (PO3-PF3)*100;
w(9,2)=F3;

[

% Calculate the composition of the melt and error

S1i023 = (Si02A*PF3+Si0O2B) *F372+ (S102C*PF3+5102D) *F3+ (S102E*PF3+Si02F) ;
Ti023 = TiO02A*F3"Ti02B;
Al2033 =

(A1203A*PF3+A1203B) *F372+ (A1203C*PF3+A1203D) *F3+ (A1L203E*PF3+A1203F) ;
Cr2033 =
(Cr203A*PF3+Cr203B) *F372+4+ (Cr203C*PF3+Cr203D) *F3+ (Cr203E*PF3+Cr203F) ;

FeO3 = (FeOA*PF3+FeOB) *F3"2+ (FeOC*PF3+Fe0D) *F3+ (FeOE*PF3+FeOF) ;
MnO3 = (MnOA*PF3+MnOB) *F3"2+ (MnOC*PF3+MnOD) *F3+ (MnOE*PF3+MnOF) ;
MgO3 = (MgOA*PF3+MgOB) *F3"2+ (MgOC*PF3+MgOD) *F3+ (MgOE*PF3+MgOF) ;

Ca03 = CaOA*F3"3+CaOB*F3"2+CaOC*F3+CalD;
Naz203 = (Na20A*PF3+Na20B) *F372+ (Na20C*PEF3+Na20D) *F3+ (Na20E*PF3+Na20F) ;
K203 = K20A*F37"K20B;
P2053 = P205A*F37P205B;
w(l0,2)=51023;
w(ll,2)=Ti023;
w(l2,2)=A12033;
w(l3,2)=Cr2033;
w(l4,2)=Fe03;
w(l5,2)=Mn03;
w(l6,2)=Mg03;
w(l7,2)=Ca03;
w(l8,2)=Naz203;
w(l9,2)=K203;
w(20,2)=P2053;

[

Si02res3 = (mantleSi02-((F3/100)*S1023))/(1-(F3/100));
TiO2res3 = (mantleTi02-((F3/100)*Ti023))/(1-(F3/100)):;
Al203res3 = (mantleA1203—((F3/100)*A12033))/(1—(F3/100))
Cr203res3 = (mantleCr203-((F3/100)*Cr2033))/ (1 F3/100))
FeOres3 = (mantleFeO-((F3/100)*Fe03))/(1-(F3/100)
MnOres3 = (mantleMnO- ((F3/100)*Mn0O3))/ (1-(F3/100)
MgOres3 = (mantleMgO- ((F3/100)*Mg03))/ (1-(F3/100)
CaOres3 = (mantleCaO- (F3/100)*Ca03))/(1—(F3/100
Na20res3 = (mantleNa20-((F3/100)*Na203))/ (1 F3/100
K20res3 = (mantleK20- ((F3/100) *K203) /(1—(F3/100
P205res3 = (mantleP205-((F3/100) *P2053 )/ (1 (F3/1OO
w(21,2)=Si02res3;

w(22,2)=TiO2res3;

w(23,2)=A1203res3;

w(24,2)=Cr203res3;
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w(25,2)=FeOres3;

w(26,2)=MnOres3;

w(27,2)=MgOres3;

w(28,2)=CaOres3;

w(29,2)=Na20res3;

w(30,2)=K20res3;

w(31,2)=P205res3;

%$End of 3 Ga (becomes next distinct layer)
%% 2 Ga

t = 2*%1079; %time in years, 0 is present

Q02 = 6.25*(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tad2 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Uc2 = Um/ (F3+ (1-F3)*DU); %Uranium in crust

Thc2 = Thm/ (F3+(1-F3)*DTh); %$Thorium 1in crust

Kc2 = Km/ (F3+(1-F3)*DK); %Potassium 1in crust

Um2 = Um-F3*Uc2/(1-F3); %Uranium in mantle lithosphere
Thm2 = Thm-F3*Thc2/ (1-F3); %$Thorium in mantle lithosphere
Km2 = Km-F3*Kc2/ (1-F3); %Potassium in mantle lithosphere

HU238c2 Uc2*U238*H238U*exp (t*1log(2) /U238t) ;
HU235c2 = Uc2*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c2 = Thc2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c2 = Kc2*K40*H40K*exp (t*log(2) /K40t) ;

HU238¢c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235¢c3 = Uc3*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*log(2) /K40t) ;

HU238c4 = Uc4*U238*H238U*exp (t*log(2)/U238t);
HU235c4 Uc4*U235*H235U*exp (t*log (2) /U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U*exp (t*log(2) /U238¢t) ;
HU235m4 = Um4*U235%H235U*exp (t*log (2) /U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*log (2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log (2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 = Um3*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log (2) /U238¢t);
HU235m2 = Um2*U235%H235U*exp (t*log (2) /U235t) ;
HTh232m2 = Thm2*Th232*H232Th*exp (t*log (2) /Th232t) ;
HK40m2 = Km2*K40*H40K*exp (t*log (2) /K40t) ;
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HU238m = Um*U238*H238U*exp (t*log(2)/U238t) ;

HU235m = Um*U235*H235U*%exp (t*log (2) /U235¢t) ;

HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;

HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotc2 = (HU238c2+HU235c2+HTh232c2+HK40c2) *rhoc; %volumetric heat
production crust (W/m3)

Atotc3 = (HU238c3+HU235c3+HTh232¢c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotm4d = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; $%$volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm2 = (HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; S%$volumetric heat production

mantle (W/m3)

%$Calculate the layer thicknesses

lay3c = 20*(F3/100); %km

vol3c (4/3) *pi* (rad”3-(rad-lay3c) *3); %km”3 volume of crustal layer
mass3c = vol3c*(100073) *rhoc; %kg mass crustal layer

lay2c = (rad-lay3c)-((rad-lay3c)"3-vol2c/((4/3)*pi))~(1/3); %km

laylc = (rad-lay3c-lay2c)-((rad-lay3c-lay2c)~3-vollc/ ((4/3)*pi))"(1/3);
Skm

laylm = (rad-lay3c-lay2c-laylc)-((rad-lay3c-lay2c-laylc) "3-

vollm/ ((4/3)*pi)) "~ (1/3); %km

lay2m = (rad-lay3c-lay2c-laylc-laylm)-((rad-lay3c-lay2c-laylc-laylm) "3~
vol2m/ ((4/3)*pi) )~ (1/3); %km

mass3m = mass3c/ (F3/100) -mass3c; %$kg mass lithosphere layer

vol3m = mass3m/ ((100073)*rhoml); %km”3 volume lithosphere layer
lay3m = (rad-lay3c-lay2c-laylc-laylm-lay2m)-((rad-lay3c-lay2c-laylc-
laylm-lay2m) *3-vol3m/ ((4/3) *pi)) "~ (1/3); %km

3Calculate base (depth) of each layer
cth2 = lay3c+lay2c+laylc; Stotal thickness of crust in km
cmth?2 = cth2+laylmtlay2m+lay3m;

A2c = Atotc4d*laylc/cth2+Atotc3*lay2c/cth2+Atotc2*lay3c/cth2;
A2m = Atotmé*laylm/ (cmth2-cth2)+Atotm3*lay2m/ (cmth2-
cth2)+Atotm2*lay3m/ (cmth2-cth2) ;

Am = Atotm;

%% Calculate areotherm 2Ga

z = zeros(d,33);

z1l = zeros(d,2);

%$Fill in the initial row of the array so that the loops can build the
rest
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= 0; %Initial Pressure (GPa)

= 0; %$Initial Depth (km)

Tad2+273;
(-4.877*z(1,1)724+4120.2*z(1,1)+1088)+273.15; %$solidus
002/1000; %This is the surface heat flow (W/m"2)

= TO;

~

~

~
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~
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Il
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~

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
z(1i,2)=z(1i-1,2)+step; %km
if z(i,2)<cth2
z(i,1)=(rhoc*g*z(i,2)*1000)/10"9;
else
z(i,1)=(rhoc*g*cth2*1000)/10"9+ (rhoml*g* ((z (i,2) -
cth2)*1000))/1079;
end

%$These are the adiabat and solidus
z(i,3)=slope*z(i,2)+z(1,3);
z(1,4)=(-4.877*z(1,1)72+4120.2*z(1,1)+1088)+273.15; %solidus

%$This is the g value
if z(i,2)<cth2
g=z(1i-1,5)-A2c*(z(1i,2)-z(i-1,2))*1000;
elseif z(i,2)>cth2 && z(i,2)<cmth2
g=z (i-1,5)-A2m* (z (1i,2)-z(i-1,2))*1000;
else
g=z(1i-1,5)-Am* (z(1i,2)-z(1i-1,2))*1000;
end
z(i,5)=q; %Store the g value in the array

3$Step 1: Calculate initial guess k values
if z(i,2)<cth2
k=kc;
else
k=klth;
end
z(i,6)=k; %Put this k value into the array

3Step 2: Calculate the temperature at this z value
$T (z)=T0+qT*deltaz/k-A*deltaz”"2/2*k
if z(i,2)<cth2
T=z (i-1,7)+z(1i,5)*((z(1i,2)-2z(i-1,2))*1000)/z(i,6)-A2c*((z(1,2)~-
z(i-1,2))*1000) "2/ (2*z(1i,6));
elseif z(i,2)>cth2 && z(i,2)<cmth2
T=z(i-1,7)+z(1,5)*((z(i,2)-2(1i-1,2))*1000)/z(i,6)-A2m* ((z(1i,2)~-
z(i-1,2))*1000) "2/ (2*z(1,6));
else
T=z(i-1,7)+z(1i,5)*((z(1i,2)-2z(i-1,2))*1000)/z(i,6)-Am* ((z(i,2)-
z(i-1,2))*1000) "2/ (2*z(1,6));
end
z(i,7)=T;

%Steps 5 and 6 must be iterated 10 times; use a for loop
for j=8:2:33
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%$Step 5: Calculate k using most recent temperature calculation
if z(i,2)<cth2
k=kc* (1+0.0015*z (1,2))/(1+0.0001* (z(i,3-1)-273));
elseif z(i,2)>cth2
if z(1i,3-1)<500
k=1/(0.07414+40.000502*z (i,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*z (i,3-1))+0.0023*(z(1i,3-1)-500);
sor
k2=1.26* (1+z(i,2)/1000)+0.0023*(z (i,3-1)-500) ;
if kl1>k2
k=k1l;
else
k=k2;
end
end
end
z(i,3)=k; %Save the applicable k in the array

z(1,j+1)=T0; S%Sset T on first row

%$Step 6: Calculate the temperature using the most recent k
if z(i,2)<cth2
T=z (i-1,3+1)+z(i,5)*(z(1i,2)-2z(i-1,2))*1000/z(1i,73) -
A2c* ((z(i,2)-2z(1i-1,2))*1000)"2/(2*z(i,3))
elseif z(i,2)>cth2 && z(i,2)<cmth2
T=z (i-1,3+1)+z(i,5)*(z(1i,2)-2z(i-1,2))*1000/2z(1i,73) -
A2m* ((z (i,2)-2z(1i-1,2))*1000)"2/(2*z(i,3))
else
T=z(i-1,3+1)+z(i,5)*(z(i,2)-2z(i-1,2))*1000/z(1i,73) -
Am* ((z(i,2)-2z(1i-1,2))*1000)"2/(2*z(1i,3)):
end
z(i,J+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop

z1(i,1)=z(i,1)*10000;

z1(1,2)=z(1,33);

z1(i,2)=z(1i,33);

A2(i,1)=z(i,33)-2z(1i,3);

B2(i,1)=z(i, 1);

C2(i,1)=z(i,2);

PFp2 = find(A2>0,1, 'first');

PFm2 = find (A2<0,1, 'last');

PF2 = (B2 (PFp2)+B2(PFm2))/2; %calulate pressure

dF2 = (C2(PFp2)+C2(PFm2))/2; %calculate crusth+lithosphere thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,3)=cth2;
w(2,3)=002;
w(3,

3)=Tad2;
syms PO
egqnl = slope2*P0+ (Tad2+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
P02 = min(vpasolve (egqnl, P0));
P02 = double (P02); S%pressure where solidus and adiabat intersect

w(4,3)=P02;
w(5,3)=PF2;
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w(6,3)=dF2;

dTdPsolidus2 = 2* (-4.877*PF2)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF2 = dTdFa*PF2+dTdFb;

w(7,3)=dTdPsolidus?2;

w(8,3)=dTdF2;

% Use PO and PF to calculate F (percentage of melt produced)
F2 = ((dTdPsolidus2-slope2)/ ((deltaHF/C_P)+dTdF2))* (P0O2-PF2)*100;
w(9,3)=F2;

% Calculate the composition of the melt and error

S1i022 = (S1i02A*PF2+S102B) *F272+ (S1i02C*PF2+S102D) *F2+ (S102E*PF2+S1i02F) ;
Ti022 = TiO2A*F2"Ti02B;
Al2032 =

(A1203A*PF2+A1203B) *F272+ (A1203C*PF2+A1203D) *F2+ (A1203E*PF2+A1203F) ;
Cr2032 =
(Cr203A*PF2+Cr203B) *F2"2+ (Cr203C*PF2+Cr203D) *F2+ (Cr203E*PF2+Cr203F) ;

FeO2 = (FeOA*PF2+FeOB) *F2"2+ (FeOC*PF2+FeOD) *F2+ (FeOE*PF2+FeOF) ;
MnO2 = (MnOA*PF2+MnOB) *F2°2+ (MNOC*PF2+MnOD) *F2+ (MNOE*PF2+MnOF') ;
MgO2 = (MgOA*PF2+MgOB) *F2"2+ (MgOC*PF2+MgOD) *F2+ (MgOE* PF2+MgOF) ;
Ca02 = CaOA*F2"3+Ca0OB*F272+CaOC*F2+CalD;
Na202 = (Na20A*PF2+Na20B) *F272+ (Na20C*PF2+Na20D) *F2+ (Na20E*PF2+Na20F) ;
K202 = K20A*F2"K20B;
P2052 = P205A*F27P205B;
w(l0,3)=S1022;
w(ll,3)=Ti022;
w(l2,3)=A12032;
w(l3,3)=Cr2032;
w(l4d,3)=Fe02;
w(l5,3)=Mn0O2;
w(l6,3)=Mg02;
w(l7,3)=Ca02;
w(1l8,3)=Na202;
w(l9, 3)=K202;
w(20,3)=P2052;

% Calculate the residual using batch melting-will become mantle lithos

Si02res2 = (mantleSi02-((F2/100)*Si022))/(1-(F2/100))
TiO2res2 = (mantleTi02-((F2/100)*Ti022))/(1-(F2/100)):;
Al203res?2 = (mantleAl203-((F2/100)*A12032))/(1-(F2/100));
Cr203res2 = (mantleCr203-((F2/100)*Cr2032))/ (1 (FZ/lOO));
FeOres2 = (mantleFeO-((F2/100)*Fe02))/ (1-(F2/100)
MnOres2 = (mantleMnO—((F2/100)*MnO2))/(1 (F2/100)
MgOres2 = (mantleMgO- ((F2/100)*Mg02))/(1-(F2/100)
CaOres2 = (mantleCaO- ((F2/100)*Ca02))/(1-(F2/100)
Na20res?2 = (mantleNa20-((F2/100) *NaZOZ )/ (1 (FZ/lOO
K20res2 = (mantleKZO—((F2/100)*K202))/(1—(F2/100
P205res2 = (mantleP205-((F2/100)*P2052))/ (1 F2/100
w(21,3)=Si02res2;
w(22,3)=TiO2res2;
w(23,3)=A1203res2;
w(24,3)=Cr203res?2;
w(25,3)=FeOres2;
w (26, 3)=MnOres2;
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w(27,3)=MgOres2;
w(28,3)=CalOres2;
w (29, 3)=Na20res2;
w (30, 3)=K20res2;
w(31,3)=P205res2;
End of 2 Ga calculations

o
°

%% 1 Ga

t = 11079, %time in years, 0 is present

Q01 = 6.25*(t/1079)+25; %surface heat flow (mW/m"2), 25 is present
Tadl = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Ucl = Um/ (F2+ (1-F2)*DU); %Uranium in crust

Thcl = Thm/ (F2+ (1-F2)*DTh); %Thorium in crust

Kcl = Km/ (F2+ (1-F2) *DK); %Potassium in crust

Uml = Um-F2*Ucl/ (1-F2); %Uranium in mantle lithosphere
Thml = Thm-F2*Thcl/ (1-F2); %$Thorium in mantle lithosphere
Kml = Km-F2*Kcl/ (1-F2); %Potassium in mantle lithosphere

HU238cl = Ucl*U238*H238U*exp(t*log(2)/U238t);
HU235cl Ucl*U235*H235U*exp (t*log(2) /U235t) ;
HTh232cl = Thcl*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40cl = Kcl*K40*H40K*exp (t*log(2) /K40t) ;

HU238c2 = Uc2*U238*H238U*exp (t*log(2)/U238t) ;
HU235c2 = Uc2*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c2 = Thc2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c2 = Kc2*K40*H40K*exp (t*log(2) /K40t) ;

HU238c3 Uc3*U238*H238U*exp (t*log (2) /U238t) ;
HU235¢c3 = Uc3*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*log(2) /K40t) ;

HU238c4 Ucd*U238*H238U*exp (t*log (2) /U238t) ;
HU235c4 = Uc4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U*exp (t*log(2) /U238t);
HU235m4 = Um4*U235*%H235U*exp (t*log (2) /U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*log (2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log (2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 Um3*U235*H235U*%exp (t*log(2) /U235t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log (2) /U238¢t);
HU235m2 = Um2*U235%H235U*exp (t*log (2) /U235¢t) ;
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HTh232m2 = Thm2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m2 = Km2*K40*H40K*exp (t*log(2)/K40t) ;

HU238ml = Uml*U238*H238U*exp (t*log(2)/U238t);
HU235ml Uml*U235*H235U*exp (t*log (2) /U235t) ;
HTh232ml = Thml*Th232*H232Th*exp (t*1log(2)/Th232t) ;
HK40ml = Kml*K40*H40K*exp (t*log(2) /K40t) ;

HU238m Um*U238*H238U*exp (t*log(2) /U238t) ;
HU235m = Um*U235*H235U*exp (t*log(2) /U235t) ;
HTh232m = Thm*Th232*H232Th*exp (t*1log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2)/K40t) ;

Atotcl = (HU238cl+HU235cl1+HTh232c1+HK40cl) *rhoc; %volumetric heat
production crust (W/m3)

Atotc2 = (HU238c2+HU235c2+HTh232c2+HK40c2) *rhoc; %volumetric heat
production crust (W/m3)

Atotc3 = (HU238c3+HU235¢c3+HTh232¢c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd4 = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotmd = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %$volumetric heat
production mantle litho (W/m3)

Atotm2 = (HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotml = (HU238ml+HU235ml1+HTh232ml1+HK40ml) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; %volumetric heat production

mantle (W/m3)

%Calculate the layer thicknesses

lay4c = 20* (F2/100); %km

voldc = (4/3)*pi* (rad”~3-(rad-laydc)”3); %km"3 volume of crustal layer
massd4c = vol4c*(100073) *rhoc; %kg mass crustal layer

lay3c = (rad-laydc)-((rad-laydc)"3-vol3c/ ((4/3)*pi))~(1/3); Skm

lay2c = (rad-lay4dc-lay3c)-((rad-laydc-lay3c)~3-vol2c/ ((4/3)*pi))"~(1/3);
Tkm

laylc = (rad-lay4c-lay3c-lay2c)-((rad-lay4c-lay3c-lay2c) "3-

volle/ ((4/3)*pi)) "~ (1/3); %km

laylm = (rad-lay4c-lay3c-lay2c-laylc)-((rad-layd4c-lay3c-lay2c-laylc) "3~
vollm/ ((4/3)*pi) )~ (1/3); %km

lay2m = (rad-lay4c-lay3c-lay2c-laylc-laylm)-((rad-layd4c-lay3c-lay2c-
laylc-laylm) *3-vol2m/ ((4/3)*pi))~(1/3); %km

lay3m = (rad-lay4c-lay3c-lay2c-laylc-laylm-lay2m) - ((rad-lay4c-lay3c-
lay2c-laylc-laylm-lay2m) *3-vol3m/ ((4/3) *pi) )~ (1/3); %km

mass4dm = massdc/ (F2/100) -mass3c; %kg mass lithosphere layer
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voldm = massdm/ ((100073)*rhoml); %km”3 volume lithosphere layer
lay4m = (rad-layd4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m)-((rad-laydc-
lay3c-lay2c-laylc-laylm-lay2m-lay3m) *3-voldm/ ((4/3) *pi) )~ (1/3); S%km

%Calculate base (depth) of each layer
cthl = lay4dc+lay3c+lay2ctlaylc; Stotal thickness of crust in km
cmthl = cthl+laylm+lay2m+lay3m+laydm;

Alc =
Atotcd*laylc/cthl+Atotc3*lay2c/cthl+Atotc2*lay3c/cthl+Atotcl*laydc/cthl
Alm = Atotmd4*laylm/ (cmthl-cthl)+Atotm3*lay2m/ (cmthl-
cthl)+Atotm2*lay3m/ (cmthl-cthl)+Atotml*laydm/ (cmthl-cthl) ;

Am = Atotm;

%% Calculate areotherm 1 Ga

= zeros(d,33);

1 = zeros(d,2);

$Fill in the initial row of the array so that the loops can build the

= 0; %Initial Pressure (GPa)

= 0; %Initial Depth (km)

Tadl+273;
(-4.877*b(1,1)"2+120.2*b(1,1)+1088)+273.15; %$solidus
Q01/1000; %This 1is the surface heat flow (W/m"2)

= TO;

—_— — — — — ~—

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
b(i,2)=b(i-1,2)+step; %km
if b(i,2)<cthl
b(i,1)=(rhoc*g*b(i,2)*1000)/10"9;
else
b(i,1)=(rhoc*g*cthl1*1000)/10"9+ (rhoml*g* ((b(i,2) -
cthl)*1000))/10"9;
end

%$These are the adiabat and solidus
b(i,3)=slope*b(i,2)+b(1,3);
b(i,4)=(-4.877*b(i,1)"2+120.2*b(1i,1)+1088)+273.15; %$solidus

%$This is the g value
if b(i,2)<cthl
g=b(i-1,5)-Alc*(b(i,2)-b(i-1,2))*1000;
elseif b(i,2)>cthl && b(i,2)<cmthl
g=b (i-1,5)-Alm* (b (i,2)-b(i-1,2))*1000;
else
g=b(i-1,5)-Am* (b(i,2)-b(i-1,2))*1000;
end
b(i,5)=qgq; %$Store the g value in the array

%Step 1: Calculate initial guess k values

if b(i,2)<cthl
k=kc;

62



else
k=klth;
end
b(i, 6)=k; SPut this k value into the array

%Step 2: Calculate the temperature at this b wvalue
$T (z)=T0+gqT*deltaz/k-A*deltaz”"2/2*k
if b(i,2)<cthl
T=b(i-1,7)+b(i,5)*((b(i,2)-b(i-1,2))*1000)/b(i,6)-Alc*((b(i,2)-
b(i-1,2))*1000) "2/ (2*b(i,6));
elseif b(i,2)>cthl && b(i,2)<cmthl
T=b (i-1,7)+b(i,5)* ((b(i,2)-b(i-1,2))*1000)/b(i,6)-Alm* ((b(i,2)-
b(i-1,2))*1000) "2/ (2*b(i,6));
else
T=b(i-1,7)+b(i,5)*((b(i,2)-b(i-1,2))*1000)/b(i,6)-Am* ((b(i,2)-
b(i-1,2))*1000)"2/(2*b(1i,6));
end
b(i,7)=

%Steps 5 and 6 must be iterated 10 times; use a for loop
for §j=8:2:33
%$Step 5: Calculate k using most recent temperature calculation
if b(i,2)<cthl
k=kc* (1+0.0015*b(1i,2))/(1+0.0001* (b(i,3-1)-273));
elseif b (i, 2)>cthl
if b(i,3-1)<500
k=1/(0.0741+0.000502*b (i,3-1))
else %Take the larger of these wvalues
k1=1/(0.0741+0.000502*b(i,3-1))+0.0023* (b(i,3j-1)-500);
sor
k2=1.26* (1+b(i,2)/1000)+0.0023* (b(i,j-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
end
b(i,j)=k; %Save the applicable k in the array

b(l,j+1)=T0; %set T on first row

%$Step 6: Calculate the temperature using the most recent k
if b(i,2)<cthl
T=b (i-1,j+1)+b(i,5)*(b(i,2)-b(i-1,2))*1000/b(i,3) -
Alc* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(i,3));
elseif b(i,2)>cthl && b(i,2)<cmthl
T=b (i-1,3j+1)+b(i,5)* (b (1, 2) b(i—1,2))*1000/b(i,j)—
Alm* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(i,73));
else
T=b (i-1,j+1)+b(i,5)*(b(i,2)-b(i-1,2))*1000/b(i,3)~-
Am* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(1i,73));
end
b(i,j+1)=T; %$Stores the values for T in the array
end %Ends the Step 5 and 6 loop
bl(i,1)=b(i,1)*10000;
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bl1(1,2)=b(1,33);

bl(i,2)=b(i,33);

Al(i,1)=b(i,33)-b(i,3);

Bl(i,1)=b(i,1);

Cl(i,1)=b(i,2);

PFpl = find(A1>0,1, 'first');

PFml = find(Al1<0,1, 'last');

PF1 = (B1(PFpl)+B1(PFml))/2; %calulate pressure

dFl = (Cl(PFpl)+Cl(PFml))/2; %calculate crusth+lithosphere thickness

end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,4)=cthl;

w(2,4)=001;

w(3,4)=Tadl;

syms PO

eqnl = slope2*P0+ (Tadl+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
P01l = min (vpasolve (eqnl,P0));

P01 = double(P01l); %pressure where solidus and adiabat intersect

w(4,4)=P01;
w(5,4)=PF1;
w(6,4)=dF1l;

dTdPsolidusl = 2*(-4.877*PF1)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF1l = dTdFa*PF1+dTdFb;

w(7,4)=dTdPsolidusl;

w(8,4)=dTdF1;

% Use PO and PF to calculate F (percentage of melt produced)
F1 = ((dTdPsolidusl-slope2)/ ((deltaHF/C_P)+dTdF1l))* (PO1-PF1)*100;
w(9,4)=F1;

% Calculate the composition of the melt and error

Si021 = (Si02A*PF1+SiO2B) *F172+(S102C*PF1+S102D) *F1+ (S102E*PF1+Si02F) ;
Ti021 = TiO2A*F17Ti02B;
Al2031 =

(A1203A*PF1+A1203B) *F172+ (A1203C*PF1+A1203D) *F1+ (A1203E*PF1+A1203F) ;
Cr2031 =
(Cr203A*PF1+Cr203B) *F172+ (Cr203C*PF1+Cr203D) *F1+ (Cr203E*PF1+Cr203F) ;

FeOl = (FeOA*PF1+FeOB) *F1"2+ (FeOC*PF1+FeOD) *F1+ (FeOE*PF1+FeOF) ;

MnOl = (MnOA*PF1+MnOB) *F172+ (MNnOC*PF1+MnOD) *F1+ (MNnOE*PF1+MnOF) ;

MgOl = (MgOA*PF1+MgOB) *F172+ (MgOC*PF1+MgOD) *F1+ (MgOE*PF1+MgOF) ;

Ca0Ol = CaOA*F1"3+CaOB*F172+CaOC*F1+CalD;

Na201l = (Na20A*PF1+Na20B) *F1"2+ (Na20C*PF1+Na20D) *F1+ (Na20E*PF1+Na20F) ;
K201 = K20A*F1"K20B;

P2051 P205A*F17P205B;

w(ll,4)=T1021;

)

( )
w(l2,4)=A12031;
w(l3,4)=Cr2031;
w(l4,4)=FeOl;
w(l5,4)=MnO1l;
w(l6,4)=MgOl;
w(l7,4)=Ca0l;
w(1l8,4)=Na201l;
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w(l9,4)=K201;
w(20,4)=P2051;

% Calculate the residual using batch melting-will become mantle lithos

Si02resl = (mantleSi02-((F1/100)*sSi021))/(1-(F1/100))
TiO2resl = (mantleTiO02-((F1/100)*Ti021))/(1-(F1/100))
Al203resl = (mantleAl203-((F1/100)*A12031))/( —(Fl/lOO))
Cr203resl = (mantleCr203-((F1/100)*Cr2031))/(1 Fl/lOO))
FeOresl = (mantleFeO-((F1/100)*Fe0l))/ (1 (Fl/lOO
MnOresl = (mantleMnO—((Fl/lOO)*MnOl))/(l (F1/100)
MgOresl = (mantleMgO- ((F1/100)*Mg0Ol))/(1-(F1/100)
CaOresl = (mantleCaO- (Fl/lOO)*CaOl))/(1—(F1/100
Na20resl = (mantleNaZO—((Fl/lOO)*NaZOl y/ (1 Fl/lOO
K20resl = (mantleKZO—((Fl/lOO)*KZOl))/(1—(F1/100
P205resl = (mantleP205-((F1/100)*P2051))/ (1 Fl/lOO
w(21,4)=Si02resl;
w(22,4)=TiO2resl;
w(23,4)=A1203resl;
w(24,4)=Cr203resl;
w(25,4)=FeOresl;
w(26,4)=MnOresl;
w(27,4)=MgOresl;
w(28,4)=CaOresl;
w(29,4)=Na20resl;
w (30, 4)=K20resl;
w(31,4)=P205resl;
$End of 1 Ga calculations

%% Present day

t = 01079, %time in years, 0 is present

Q00 = 6.25*(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tad0 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
UcO0 = Um/ (F1+(1-F1)*DU); %Uranium in crust

ThcO0 = Thm/ (F1+(1-F1)*DTh); %$Thorium 1n crust

KcO0 = Km/ (F1+(1-F1)*DK); %Potassium in crust

Um0 = Um-F1*Uc0/ (1-F1); %Uranium in mantle lithosphere
Thm0 = Thm-F1*Thc0/ (1-F1); %Thorium in mantle lithosphere
Km0 = Km-F1*Kc0/ (1-F1); %Potassium in mantle lithosphere

HU238c0 Uc0*U238*H238U*exp (t*log(2)/U238t) ;
HU235c0 = Uc0*U235*H235U*exp (t*log(2)/U235t);
HTh232c0 = Thc0*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c0 = KcO0*K40*H40K*exp (t*1log(2) /K40t)

HU238cl Ucl*U238*H238U*exp (t*log(2)/U238t) ;
HU235cl = Ucl*U235*H235U*exp (t*log(2)/U235t);
HTh232cl = Thcl*Th232*H232Th*exp (t*1log(2) /Th232t);
HK40cl = Kcl*K40*H40K*exp (t*log(2) /K40t)

HU238c2 = Uc2*U238*H238U*exp (t*log(2)/U238t) ;
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HU235c2 = Uc2*U235*H235U%exp (t*log(2) /U235¢t) ;
HTh232c2 = Thc2*Th232*H232Th*exp (t*1log(2) /Th232t)
HK40c2 = Kc2*K40*H40K*exp (t*log(2) /K40t) ;

HU238c3 Uc3*U238*H238U*exp (t*log (2) /U238t) ;
HU235¢c3 = Uc3*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c3 = Thce3*Th232*H232Th*exp (t*1log(2)/Th232t)
HK40c3 = Kc3*K40*H40K*exp (t*1log(2) /K40t) ;

HU238c4 = Uc4*U238*H238U*exp (t*log(2)/U238t) ;
HU235c4 = Uc4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t)
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U*exp (t*log(2)/U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t)
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t);
HU235m3 Um3*U235*H235U*%exp (t*log(2) /U235t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*log(2) /Th232t)
HK40m3 = Km3*K40*H40K*exp (t*log(2)/K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log(2)/U238t) ;
HU235m2 = Um2*U235*H235U*exp (t*log(2)/U235t);
HTh232m2 = Thm2*Th232*H232Th*exp (t*1og(2) /Th232t)
HK40m2 = Km2*K40*H40K*exp (t*log(2) /K40t) ;

HU238ml Uml*U238*H238U*exp (t*log (2)/U238t) ;
HU235ml1 = Uml*U235*H235U*exp (t*log(2)/U235t) ;
HTh232ml = Thml*Th232*H232Th*exp (t*1log(2)/Th232t)
HK40ml = Kml*K40*H40K*exp (t*log(2) /K40t) ;

HU238m0 Um0*U238*H238U*exp (t*log (2) /U238t) ;
HU235m0 = UmO*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m0 = Thm0*Th232*H232Th*exp (t*1og(2) /Th232t)
HK40m0 = KmO*K40*H40K*exp (t*log(2) /K40t) ;

HU238m = Um*U238*H238U*exp (t*log(2)/U238t) ;
HU235m = Um*U235*H235U*exp (t*log(2) /U235t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t);
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

AtotcO0 = (HU238c0+HU235c0+HTh232c0+HK40c0) *rhoc;
production crust (W/m3)
Atotcl = (HU238cl+HU235cl1+HTh232c1+HK40cl) *rhoc;
production crust (W/m3)
Atotc?2 = (HU238c2+HU235c2+HTh232c2+HK40c2) *rhoc;
production crust (W/m3)
Atotc3 = (HU238c3+HU235¢c3+HTh232c3+HK40c3) *rhoc;
production crust (W/m3)
Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc;

production crust (W/m3)
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Atotmd = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; $%volumetric heat
production mantle litho (W/m3)

Atotm?2 = (HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotml = (HU238ml+HU235ml1+HTh232ml1+HK40ml) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm0 = (HU238mO0+HU235m0+HTh232m1+HK40m0) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; S$volumetric heat production

mantle (W/m3)

%Calculate the layer thicknesses

laybc 20* (F1/100); %km

vol5c (4/3) *pi* (rad”3-(rad-laybc) *3); %$km”3 volume of crustal layer
mass5c = vol5c*(100073) *rhoc; %kg mass crustal layer

lay4c = (rad-lay5c)-((rad-laybc)"3-voldc/ ((4/3)*pi))~(1/3); %km

lay3c = (rad-lay5c-laydc)-((rad-lay5c-laydc) ~3-vol3c/ ((4/3)*pi))"~(1/3);
Tkm

lay2c = (rad-laybc-lay4c-lay3c)-((rad-laybc-layd4c-lay3c) "3-

vol2c/ ((4/3) *pi))~(1/3); %km

laylc = (rad-laybc-lay4c-lay3c-lay2c)-((rad-lay5c-layd4c-lay3c-lay2c) "3~
vollc/ ((4/3)*pi))~(1/3); %km

laylm = (rad-laybc-lay4c-lay3c-lay2c-laylc)-((rad-lay5c-lay4c-lay3c-
lay2c-laylc) *3-vollm/ ((4/3) *pi)) "~ (1/3); %$km

lay2m = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm)-((rad-laybc-lay4c-
lay3c-lay2c-laylc-laylm) *3-vol2m/ ((4/3)*pi)) ~(1/3); %km

lay3m = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm-lay2m)-((rad-layb5c-
layd4c-lay3c-lay2c-laylc-laylm-lay2m) *3-vol3m/ ((4/3) *pi) )~ (1/3); %km

lay4m = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m) - ((rad-
lay5c-laydc-lay3c-lay2c-laylc-laylm-lay2m-lay3m) ~"3-
voldm/ ((4/3)*pi)) " (1/3); %km

massbm = massbc/ (F4/100) -mass5c; %$kg mass lithosphere layer

vol5m = mass5m/ ((100073) *rhoml); %$km"3 volume lithosphere layer
layb5m = (rad-layb5c-layd4c-lay3c-lay2c-laylc-laylm-layZ2m-lay3m-lay4m) -
((rad-laybc-lay4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m-lay4m) *3-
volbm/ ((4/3) *pi) )~ (1/3); %km

3Calculate base (depth) of each layer
cth0 = lay5Sc+laydc+lay3ctlay2ctlaylc; %total thickness of crust in km
cmthO = cthO+laylm+lay2mtlay3m+tlay4m+laybm;
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AQc =
Atotcd*laylc/cthO+Atotc3*lay2c/cthO0+Atotc2*lay3c/cthO0+Atotcl*laydc/cthl
+AtotcO0*lay5c/cthO;

AQ0m = Atotm4*laylm/ (cmthO-cthO)+Atotm3*lay2m/ (cmthO-

cth0) +Atotm2*lay3m/ (cmthO-cth0) +Atotml*lay4m/ (cmth0-

cth0) +AtotmO0*lay5m/ (cmthO-cthO) ;

Am = Atotm;

%% Calculate areotherm 0 Ga

c = zeros(d, 33);

cl = zeros(d,?2);

%$Fill in the initial row of the array so that the loops can build the

= 0; %Initial Pressure (GPa)

= 0; %$Initial Depth (km)

= Tad0+273;

= (-4.877*c(1,1)"24120.2*c(1,1)+1088)+273.15; %solidus
= Q00/1000; %This 1is the surface heat flow (W/m"2)

= TO;

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
c(i,2)=c(i-1,2)+step; Skm
if c(i,2)<cthO
c(i,1)=(rhoc*g*c(i,2)*1000)/10"9;
else
c(i,1)=(rhoc*g*cth0*1000) /10"9+ (rhoml*g* ((c(i,2) -
cth0)*1000))/10"9;
end

%$These are the adiabat and solidus
c(i,3)=slope*c(i,2)+c(1,3);
c(i,4)=(-4.877*c(i,1)"2+120.2*c(i,1)+1088)+273.15; %solidus

%$This is the g value
if c (i, 2)<cthO
g=c(i-1,5)-A0c*(c(i,2)-c(i-1,2))*1000;
elseif c(i,2)>cth0 && c (i, 2)<cmthO
g=c(i-1,5)-A0c*(c(i,2)-c(i-1,2))*1000;
else
g=c(i-1,5)-Am* (c(i,2)-c(i-1,2))*1000;
end
c(i,5)=qgq; %Store the g value in the array

%Step 1: Calculate initial guess k values
if ¢ (i, 2)<cthO
k=kc;
else
k=klth;
end
c(i,6)=k; %Put this k value into the array

%Step 2: Calculate the temperature at this z value
$T (z)=T0+qT*deltaz/k-A*deltaz”"2/2*k
if ¢ (i, 2)<cthO
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T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-A0c*((c(i,2)-
c(i-1,2))*1000) "2/ (2*c(1,6));
elseif c(i,2)>cth0 && c (i, 2)<cmthO
T=c (i-1,7)+c(1i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-A0m* ((c(i,2)-
c(i-1,2))*1000) "2/ (2*c(1,6));
else
T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-Am* ((c(i,2)-
c(i-1,2))*1000)"2/(2*c(i,6));
end
c(i,7)=T;

%Steps 5 and 6 must be iterated 10 times; use a for loop
for §j=8:2:33
%$Step 5: Calculate k using most recent temperature calculation
if c (i, 2)<cthO
k=kc* (1+0.0015*c(1i,2))/(1+0.0001* (c(i,3-1)-273));
elseif c(i,2)>cthO
if c(i,3-1)<500
k=1/(0.0741+0.000502*c (i,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*c (i,3-1))+0.0023* (c(i,3-1)-500);
sor
k2=1.26* (1+c(i,2)/1000)+0.0023* (c(i,j-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
end
c(i,j)=k; %Save the applicable k in the array

c(l,3+1)=T0; %set T on first row

%$Step 6: Calculate the temperature using the most recent k
if c(i,2)<ctho
T=c(i-1,Jj+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,3)-
AO0c* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(1i,3));
elseif c(i,2)>cth0 && c(i,2)<cmthO
T=c(i-1,j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,])~
AOm* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(1i,3));
else
T=c(i-1,j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,3)-
Am* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(i,3));
end
c(i,j+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop

(3
cl(l,2)=c(1,33);
cl(i,2)=c(i,33);
AO(i,1)=c(i,33)-c(i,3);
BO(i,1)=c(i,1);
CO(i,1)=c(i,2);

PFpO0 = find(A0>0,1, "first'");
PFmO = find (A0<O0,1, 'last');

PFO = (BO(PFp0)+BO0 (PFm0))/2; %calulate pressure
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dF0 = (CO(PFp0)+CO (PFm0))/2; %calculate crust+lithosphere thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,5)=cthO;

w(2,5)=000;
w(3,5)=Tad0;
syms PO
egnl = slope2*P0+ (Tad0+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
P00 = min(vpasolve (egnl, P0));
P00 = double (P00); Spressure where solidus and adiabat intersect

w(4,5)=P00;
w(5,5)=PFO0;
w(6,5)=dF0;

dTdPsolidus0 = 2* (-4.877*PF0)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF0 = dTdFa*PF0+dTdFb;

w(7,5)=dTdPsolidusO;

w(8,5)=dTdFO0;

% Use PO and PF to calculate F (percentage of melt produced)
FO = ((dTdPsolidusO-slope2)/ ((deltaHF/C_P)+dTdF0))* (POO-PF0)*100;
w(9,5)=FO0;

[

% Calculate the composition of the melt and error

Si020 = (S1i02A*PF0+Si02B) *F0"2+ (S102C*PF0+S102D) *F0+ (S102E*PF0+S1i02F) ;
Ti020 = TiO2A*F0"Ti02B;
Al2030 =

(A1203A*PF0+A1203B) *F0"2+ (A1203C*PF0+A1203D) *FO0+ (A1203E*PF0+A1203F) ;
Cr2030 =
(Cr203A*PF0+Cr203B) *F0" 2+ (Cr203C*PF0+Cr203D) *FO0+ (Cr203E*PF0+Cr203F) ;

FeO0 = (FeOA*PFO0+FeOB) *F0"2+ (FeOC*PF0+FeOD) *FO0+ (FeOE*PF0+FeOF) ;
MnO0 = (MnOA*PF0+MnOB) *F0"2+ (MNOC*PF0+MnOD) *F0+ (MNOE*PF0+MnOF') ;
MgO0 = (MgOA*PF0+MgOB) *F0”2+ (MgOC*PF0+MgOD) *F0+ (MgOE*PF0+MgOF) ;
CaO0 = CaOA*F0"3+CaOB*F0"2+CaOC*F0+CalD;
Na200 = (Na20A*PF0+Na20B) *F0"2+ (Na20C*PF0+Na20D) *FO+ (Na20E*PF0+Na20F) ;
K200 = K20A*F0"K20B;
P2050 = P205A*F0"P205B;
w(10,5)=S1i020;
w(ll,5)=Ti020;
w(l2,5)=A12030;
w(l3,5)=Cr2030;
w(l4,5)=Fe00;
w(15,5)=Mn00;
w(l6,5)=Mg00;
w(l7,5)=Ca00;
w(l8,5)=Na200;
w(19,5)=K200;
w(20,5)=P2050;

% Calculate the residual using batch melting-will become mantle lithos

Si02resO = (mantleSi02-((F0/100)*Si020))/ (1-(F0/100)
TiO2res0 = (mantleTi02-((F0/100)*Ti020))/(1- (FO/lOO))
Al203res0 = (mantleAl203-((F0/100) *A12030 )/ (1-(F0/100)) ;
Cr203res0 = (mantleCr203-((F0/100)*Cr2030))/(1-(F0/100));
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FeOresO = (mantleFeO-((F0/100)*Fe00))/(1-(F0/100));
MnOres0 = (mantleMnO-((F0/100)*Mn0O0))/(1-(F0/100));
MgOres0 = (mantleMgO-((F0/100)*Mg00))/ (1- (FO/lOO)),
CaOres0 = (mantleCaO- ((F0/100)*Ca00))/(1-(F0/100)

Na20res(0 = (mantleNaZO—((FO/lOO *Na200)) /(1 FO/lOO
K20resQ = (mantleKZO—((FO/lOO)*KZOO))/(1—(FO/1OO

P205res0 = (mantleP205- ((F0/100)*P2050)) /(1 FO/lOO

w(21,5)=S1i02res0;

w(22,5)=Ti02res0;
w(23,5)=A1203res0;
w(24,5)=Cr203res0;
w(25,5)=FeOres0;
w(26,5)=MnOresO;
w(27,5)=MgOresQ;
w(28,5)=CalOres0;
w(29,5)=Na20res0;
w(30,5)=K20res0;
w(31,5)=P205res0;
%End of present day calculations

%% Now plot the results.

%$The areotherms and adiabats are plotted against depth on the left
axis,while the solidus is plotted against pressure on the right axis
vtl = 1/255%[232,119,34];

strl = "#001932'; %'#000032"';
colorl = sscanf(strl(2:end), "%$2x%2x%2x"',[1 3]1)/255;
str2 = '#00366C'; %'#000096"';

color?2 = sscanf(str2(2:end), '%$2x%2x%2x",[1 31)/255;
str3 = '"#0068D0"'; $'#0OOOFA';
color3 = sscanf(str3(2:end), '%2x%2x%2x"',[1 3])/255;

strd = '"#359AFF'; S'#5FS5FFF';
colord4d = sscanf(str4(2:end), '%$2x%2x%2x",[1 31)/255;
strb5 = "#99CCFF';

color5 = sscanf(str5(2:end), '%$2x%2x%2x",[1 31)/255;

yyaxis left
plot(x(:,33),x(:,2),'-","'color',colorl, 'LineWidth',2, 'DisplayName', '4
Ga') %areotherm

hold on

plot (y(:,33),vy(:,2),'-.","'color',color2, 'LineWidth',2, "'DisplayName', '3
Ga')

hold on

plot (z(:,33),z(:,2),"'--"','color',color3, 'LinewWidth',2, 'DisplayName', '2
Ga')

hold on

plot (b (:,33),b(:,2),"':",'color',colord4, 'LineWidth',2, 'DisplayName"', "1
Ga')

hold on

plot (c(:,33),c(:,2),"'-",'color',color5, 'Linewidth',2, 'DisplayName', '0
Ga')

hold on

plot (x(:,3),x(:,2),"'-

','color',colorl, 'LineWidth',1.5, 'DisplayName', 'adiabat') %adiabat

hold on
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plot (y(:,3),y(:,2),"'-
.'",'color',color2, 'LineWidth', 1.5, 'DisplayName', 'adiabat")
hold on

plot (z(:,3),2z(:,2),"'—-

','color',color3, 'LineWidth',1.5, 'DisplayName', "adiabat')
hold on

plot
(b(:,3),b(:,2),":",'color',color4d4, 'Linewidth',1.5, 'DisplayName', "adiaba
t')

hold on

plot (c(:,3),c(:,2),"'-

','color',colorb5, 'LineWidth',1.5, 'DisplayName', "adiabat')
legend('location', "southwest');

ylabel ('Depth (km) ")
ylim ([0 x(3000,2)])
set (gca, 'YDir', 'reverse', 'YMinorTick', 'on', 'Ycolor', 'k")

title('Areotherms Average Melt')

xlabel ('Temperature (K) ")

set (gca, 'XAxisLocation', 'top', 'linestyleorder', '~
', '"XMinorTick', 'on', 'Xcolor', 'k")

x1im ([200 2000])

yyaxis right
plot(x(:,4),x(:,1), 'color',vtl, 'LineWidth', 2, 'DisplayName', 'solidus"')
%$solidus

ylim ([0 x(3000,1)1)

ylabel ('Pressure (GPa)')

set(gca, 'YDir', 'reverse', 'YMinorTick', 'on', 'Ycolor', 'k")

set(gca, 'TickDir', "both')
%% Save the results

save Areotherm4GaAvemelt.txt x -ascii
save Areotherm3GaAvemelt.txt y -ascii
save Areotherm2GaAvemelt.txt z -ascii
save AreothermlGaAvemelt.txt b -ascii
save AreothermOGaAvemelt.txt ¢ -ascii

save ptOAvemelt.txt cl -ascii
save ptlAvemelt.txt bl -ascii
save pt2Avemelt.txt zl -ascii
save pt3Avemelt.txt yl -ascii
save pt4Avemelt.txt xl1 -ascii
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B.2 Melt-Layer Model

o\

Project: Areotherm MeltLayer.m

Author: Fiona McGroarty

Date Written: 19 October 2019

Last Updated: 19 May 2021

Purpose: This program will calculate the HPE concentration in the
depleted mantle lithosphere and then use those wvalues to calculate the
parameters for an areotherm through time and plot the result. It will
calculate the composition of melt produced at a particular time and the
composition of the residual, with error. It will then repeat the process
using the previous calculation as the starting value for the next timestep
and the previous melt as the most recent layer in the crust.

% Addiitonal files needed: MeltModel.xlsx

o 0o oe

o\

clear
clc

%% Load the initial values from the Excel file meltmodel.xlsx

% Load values needed later to calculate F (dT/dPsolidus, dT/dPadiabat,
deltaHF, C P. dT/dF). PO and Pf will be calculated in a later step
prior to calculating F

[

% 1. Parameter read in
param = importdata ('OxideCoeff.txt');

% 2. Variable read in
Si02A = param(
Si02B = param(
S102C = param(
Si02D = param(
Si02E = param(
Si02F = param/(

TiO2A = param(2,1);
Ti02B = param(2,2);
Ti02C = param(2,3);
TiO2D = param(2,4);
TiO2E = param(2,5);
TiO2F = param(2,6);
Al203A = param(3,1);
Al203B = param(3,2);
Al1203C = param(3,3);
Al1203D = param(3,4);
Al203E = param(3,5);
Al203F = param(3,6);
Cr203A = param(4,1);
Cr203B = param(4,2);
Cr203C = param(4,3);
Cr203D = param(4,4);
Cr203E = param(4,5);
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Cr203F = param(4,6);

FeOA = param(
FeOB = param (
FeOC = param(
FeOD = param(
FeOE = param(
FeOF = param(

MnOA = param/(
MnOB = param
MnOC = param (
MnOD = param/(
MnOE = param/(
MnOF = param/(

MgOA = param(7,1);
MgOB = param(7,2);
MgOC = param(7,3);
MgOD = param(7,4);
MgOE = param(7,5);
MgOF = param(7,6);
CaOA = param(8,1);
CaOB = param(8,2);
CaOC = param(8,3);
CaOD = param(8,4);
CaOE = param(8,5);
CaOF = param(8,6);
Na20A = param(9,1);
Na20B = param(9,2);
Na20C = param(9,3);
Na20D = param(9,4);
Na20E = param(9,5);
Na20F = param(9,6);

’

K20A = param(10,1)
K20B = param(10,2)
K20C = param(10,3);
K20D = param(10,4);
( )
( )

’

’

K20E = param(10,5
K20F = param (10,6

’

’

P205A = param(1l1l,1)
P205B = param(1l1l,2)
P205C = param(1l1,3);
P205D = param(11,4);
( )
( )

’

’

P205E = param(1l1,5
P205F = param(1l1l,6

’

%% Mars parameters

rhoc = 2900; %$kg/m"3 crustal density

rhoml = 3400; %kg/m”3 mantle lithosphere density
rhom = 3700; %kg/m”3 mantle density
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TO = 220; %Temperature at the surface in K

g = 3.71; %m/s"2 gravitational acceleration on Mars
slope = 0.18; %adiabat slope (deg/km)
slope2 = (slope/1000)/ (g*rhoml)*1E9; %adiabat slope

deltaHF = 640000; %J/kg (Kiefer, 2003)

C P = 1200; %J/K*kg (Kiefer, 2003)

rad = 3390; %km radius planet

d = 5000; %The number of rows of the array to hold the values
step = 0.1; %step for depth km

dTdFa = -0.639; S%calculated from experimental data
dTdFb = 5.2926; %calculated from experimental data

%$Input the oxides in the undepleted mantle (Dreibus and Wanke 1985)
mantleSi02 = 44.4;
mantleTiO2 = 0.14;

mantleAl203 = 3.02;
mantleFeO = 17.9;
mantleCr203 = 0.76;
mantleMnO = 0.47;
mantleMgO = 30.2;
mantleCaO = 2.45;

mantleNa20 = 0.50;
mantleK20 = 0.04;
mantleP205 = 0.16;

%$Initial thermal conductivity guess
kc = 2.5; %crust thermal condutivity (W/mK)
klth = 4.0; %$mantle lithosphere thermal conductivity (W/mK)

[

% Heat Production Constants
U238 = 0.992834; %fraction of U238 in the solar system

U235 = 0.00711; %fraction of U235
U238t = 4.469E9; %half-life in yr
U235t = 0.704E9; %half-life in yr
H238U = 9.464E-5; %rate of heat release 238U (W/kqg)
H235U = 5.687E-4; %rate of heat release 2350 (W/kqg)

Th232 = 0.9998; S$fraction of Th232
Th232t = 14.00E9; %half-life in yr
H232Th = 2.638E-5; %rate of heat release 232Th (W/kg)

K40 = 1.193E-4; %fraction of K40
K40t 1.268E9; %half-life in yr
H40K 2.97E-5; %rate of heat release 40K (W/kg)

%Bulk peridotite/melt partition coefficients

DK = 0.003; %Davis et al. 2011 EPSL, garnet peridodite
DU = 1.le-4; %Beatie 1993 EPSL, spinel peridodite

DTh = 1.7e-4; %Beatie 1993 EPSL, spinel peridodite

$HPE concentrations

Uc = 180/1E9; %Uranium in crust (Taylor and McLennon, 2009)
Thc = 700/1E9; %Thorium in crust (Taylor and McLennon, 2009)
Kc = 3740/1E6; %Potassium in crust (Taylor and McLennon, 2009)
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Um = 16/1E9; %Uranium in mantle Dreibus and Wanke
Thm = 56/1E9; %Thorium in mantle Dreibus and Wanke
Km = 315/1E6; %Potassium in mantle Dreibus and Wanke

o

% Areotherm 4 Ga

Input the initial parameters TO BE CHANGED WITH TIME

t = 4*%1079; %time in years, 0 is present
Q04 = 6.25*(t/1079)+25; %surface heat flow (mW/m”2), 25 is present
Tad4 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

o

%Calculate the heat produced in the crust and mantle lithosphere
Forig = 0.1; %initial guess for melt fraction for first crust
Uc4 = Um/ (Forig+ (1-Forig) *DU); %$Uranium in crust

Thc4 = Thm/ (Forig+ (1-Forig) *DTh); %Thorium in crust

Kc4 = Km/ (Forig+ (1-Forig) *DK); %Potassium in crust

Um4 = (Um-Forig*Uc4)/ (1-Forig); %Solve for mantle lithosphere
concentration

Thm4 = (Thm-Forig*Thc4)/ (1-Forig); %Solve for mantle lithosphere
concentration

Km4 = (Km-Forig*Kc4)/(1-Forig); %$Solve for mantle lithosphere
concentration

HU238c4 = Uc4*U238*H238U*exp (t*log(2)/U238t) ;

HU235c4 = Uc4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U*exp (t*log(2)/U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m = Um*U238*H238U*exp (t*1log(2)/U238t);
HU235m = Um*U235*H235U*exp (t*log(2) /U235t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotm4 = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %$volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; S$volumetric heat production
mantle (W/m3)

Alc = Atotc4;

Alm = Atotm4;

Am = Atotm;

%Calculate the layer thicknesses

laylc = 20; %initial crustal thickness from Taylor 2009

vollc = (4/3)*pi* (rad”3-(rad-laylc)”3); %km"3 volume of crustal layer
masslc = vollc*(100073)*rhoc; %kg mass crustal layer
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masslm = masslc/Forig-masslc; %$kg mass lithosphere layer

vollm = masslm/ ((100073)*rhoml); %km”3 volume lithosphere layer
laylm = (rad-laylc)-((rad-laylc)"3-vollm/ ((4/3)*pi))"~(1/3); %km
thicknes of lithosphere layer

cthd4 = laylc; S%total thickness of crust in km
cmth4 = cth4+laylm;

%% Calculate areotherm at 4 Ga

x = zeros(d,33);

x1l = zeros(d,2);

%$Fill in the initial row of the array so that the loops can build the
rest

x(1,1) = 0; %Initial Pressure (GPa)

x(1,2) = 0; %Initial Depth (km)

x(1,3) = Tad4+273;

x(1,4) = (-4.877*x(1,1)"2+120.2*x(1,1)+1088)+273.15; %solidus
x(1,5) = Q04/1000; %This is the surface heat flow (W/m"2)
x(1,7) = TO;

o)

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
x(i,2)=x(1i-1,2)+step; %km
if x(i,2)<cth4
x(i,1)=(rhoc*g*x(i,2)*1000)/10"9;
else
x(1,1)=(rhoc*g*cth4*1000) /10794 (rhoml*g* ((x(i,2) -
cth4)*1000))/1079;
end

%$These are the adiabat and solidus
x(i,3)=slope*x(i,2)+x(1,3);
x(1,4)=(-4.877*x(1,1)"2+120.2*x(1,1)+1088)+273.15; %$solidus

%$This is the g value
if x(i,2)<laylc
g=x(1i-1,5)-Alc*(x(i,2)-x(i-1,2))*1000;
elseif x(i,2)>laylc && x(i,2)<cmth4
g=x(i-1,5)-Alm*(x(i,2)-x(i-1,2))*1000;
else
g=x(1i-1,5)-Am* (x(1i,2)-x(1i-1,2))*1000;
end
x(1i,5)=qgq; %$Store the g value in the array

%Step 1: Calculate initial guess k values
if x(i,2)<laylc
k=kc;
else
k=klth;
end
x(i,6)=k; %Put this k value into the array

%Step 2: Calculate the temperature at this z value
$T (z)=T0+gqT*deltaz/k-A*deltaz”"2/2*k
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if x(i,2)<laylc
T=x(1-1,7)+x(1,5)* ((x(i,2)-x(i-1,2))*1000)/x(1i,6)-Alc*((x(i,2)-
x(1-1,2))*1000) "2/ (2*x(1,6));
elseif x(i,2)>laylc && x(i,2)<cmthi4
T=x(1-1,7)+x(1,5)* ((x(1i,2)-x(i-1,2))*1000)/x(1i,6)-Alm* ((x(i,2)-
x(1i-1,2))*1000) "2/ (2*x(1,6));
else
T=x(1i-1,7)+x(1,5)* ((x(i,2)-x(i-1,2))*1000)/x(i,6)-Am* ((x(i,2)-
x(1-1,2))*1000) "2/ (2*x(1,6));
end
x(i,7)=

’

%$Steps 5 and 6 must be iterated 10 times; use a for loop
for j=8:2:33
%$Step 5: Calculate k using most recent temperature calculation
if x(i,2)<laylc
k=kc* (1+0.0015*x(1,2))/(1+0.0001* (x(i,3-1)-273));
elseif x(i,2)>laylc
if x(i,3-1)<500
k=1/(0.0741+0.000502*x(1,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*x(i,3-1))+0.0023* (x(1i,3-1)-500);
sor
k2=1.26* (1+x(1i,2)/1000)+0.0023* (x(1i,3j-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
end
x(i,J)=k; %Save the applicable k in the array

x(1,J+1)=T0; S%set T on first row

%Step 6: Calculate the temperature using the most recent k
if x(i,2)<laylc
T=x(1-1,3+1)+x(1i,5)* (x ( x(i-1,2))*1000/x(i,7) -
Alc* ((x(1,2)-x(1-1,2))*1000) "2/ (2 ( j))
elseif x(i,2)>laylc && x(1i )<cmth4
T=x(i-1,3j+1)+x(i,5) *(x ( x(1-1,2))*1000/x(i,3) -
Alm* ((x(1,2)-x(i-1,2))*1000)"2/ (2 ,j))
else
T=x(i-1,3+1)+x(i,5) *(x(1,2)-x(i-1,2))*1000/x(1,7) -
Am* ((x(1i,2)-x(1-1,2))*1000)"2/(2*x(1i,3))
end
x(i,J+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop

x1(i,1)=x(i,1)*10000;
x1(1,2) x(l 33);
x1(i,2)=x(i,33);

A4 (i,1)=x(1i,33)-x(1i,3)
B4(i,1)=x(i,1);
Cd(i,1l)=x(i,2);

PFp4 = find(A4>0,1, "first'");
PFm4 = find (A4<0,1,'last');
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PF4 (B4 (PFp4)+B4 (PFm4) ) /2; %calulate pressure

dF4 = (C4 (PFp4)+C4 (PFm4))/2; %calculate lithosphere+crust thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w=zeros (31,5);

w(l,1)=cth4;
w(2,1)=004;
w(3,1)=Tad4;
syms PO
egqnl = slope2*P0+ (Tad4+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;

P04 = min(vpasolve(egnl,P0)); Spressure of adiabat and solidus
intersection

P04 = double (P04);

w(4,1)=P04;

w(5,1)=PF4;

w(6,1)=dF4;

dTdPsolidus4 = 2*(-4.877*PF4)+120.2; %solidus slope
dTd¥F4 = dTdFa*PF4+dTdFb;

w(7,1)=dTdPsolidus4;

w(8,1)=dTdF4;

% Use PO and PF to calculate F (percentage of melt produced)
F4 = ((dTdPsolidus4-slope2)/ ((deltaHF/C_P)+dTdF4))* (P04-PF4)*100;
w(9,1)=F4;

% Calculate the composition of the melt and error

Si024 = (Si02A*PF4+SiO2B) *F472+ (S102C*PF4+5102D) *F4+ (S102E*PF4+Si02F) ;
Ti024 = TiO2A*F4"Ti02B;
Al2034 =

(A1203A*PF4+A1203B) *F4"2+ (A1203C*PF4+A1203D) *F4+ (A1203E*PF4+A1203F) ;
Cr2034 =
(Cr203A*PF4+Cr203B) *F4"2+ (Cr203C*PF4+Cr203D) *F4+ (Cr203E*PF4+Cr203F) ;

FeO4 = (FeOA*PF4+FeOB) *F4"2+ (FeOC*PF4+FeOD) *F4+ (FeOE*PF4+FeOF) ;
MnO4 = (MnOA*PF4+MnOB) *F4"2+ (MNnOC*PF4+MnOD) *F4+ (MNnOE*PF4+MnOF') ;
MgO4 = (MgOA*PF4+MgOB) *F4”2+ (MgOC*PF4+MgOD) *F4+ (MgOE*PF4+MgOF) ;
Ca04 = CaOA*F4"3+CaOB*F4"2+Ca0OC*F4+CalD;
Na204 = (Na20A*PF4+Na20B) *F4"2+ (Na20C*PF4+Na20D) *F4+ (Na20E*PF4+Na20F) ;
K204 = K20A*F4~K20B;
P2054 = P205A*F47P205B;
w(l0,1)=S51024;
w(ll,1l)=Ti024;
w(l2,1)=A12034;
w(l3,1)=Cr2034;
w(l4d,1)=FeO4;
w(l5,1)=Mn0O4;
w(l6,1)=Mg0O4;
w(l7,1)=Ca04;
w(l8,1)=Na204;
w(l9,1)=K204;
w(20,1)=P2054;

[

% Calculate the residual using batch melting- will become mantle lithos
Si02resd4 = (mantleSiO2-((F4/100)*Si024))/(1-(F4/100));
TiO2res4 = (mantleTiO2-((F4/100)*Ti024))/(1-(F4/100));
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Al203resd = (mantleA1203—((F4/100)*A12034))/(1—(F4/100))
Cr203res4 = (mantleCr203-((F4/100)*Cr2034))/(1 F4/100))
FeOres4 = (mantleFeO-((F4/100)*Fe04))/ (1 (F4/1OO
MnOres4 = (mantleMnO-((F4/100)*Mn0O4))/(1-(F4/100)
MgOres4 = (mantleMgO- ((F4/100)*Mg04))/(1-(F4/100)
CaOres4d = (mantleCaO—((F4/100)*CaO4))/(1—(F4/1OO
Na20res4 = (mantleNa20-((F4/100)*Na204))/ (1 F4/100
K20res4d = (mantleKZO—((F4/100)*K204))/(1—(F4/100
P205res4 = (mantleP205-((F4/100)*P2054))/ (1 F4/100
w(21l,1)=Si0O2res4;
w(22,1)=TiO2res4;
w(23,1)=A1203res4;
w(24,1)=Cr203res4;
w(25,1)=FeOres4;
w(26,1)=MnOresi4;
w(27,1)=MgOres4;
w(28,1)=CaOres4;
w(29,1)=Na20resd;
w(30,1)=K20res4;
w(31,1)=P205res4;
$End of 4 Ga (will become one distinct layer)

%% 3 Ga
% Input the initial parameters TO BE CHANGED WITH TIME
t = 3*¥1079; %time in years, 0 is present

Q03 = 6.25*(t/1079)+25; %$surface heat flow (mW/m”2), 25 is present
Tad3 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Uc3 = Um/ (F4+ (1-F4)*DU); %Uranium in crust

Thc3 = Thm/ (F4+ (1-F4) *DTh); %Thorium in crust

Kc3 = Km/ (F4+ (1-F4) *DK); %Potassium 1in crust

Um3 = Um-F4*Uc3/(1-F4); %Uranium 1in crust
Thm3 = Thm-F4*Thc3/(1-F4); %Thorium in crust
Km3 = Km-F4*Kc3/(1-F4); %$Potassium 1in crust

HU238c3 = Uc3*U238*H238U*exp (t*log(2)/U238t);
HU235c3 Uc3*U235*H235U*%exp (t*log(2) /U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*1log (2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*1log(2) /K40t)

HU238c4 = Uc4*U238*H238U*exp (t*log (2) /U238¢t);
HU235c4 = Uc4*U235%H235U*exp (t*log (2) /U235¢t) ;
HTh232c4 = Thcd*Th232*%H232Th*exp (t*log (2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log (2) /K40t)

HU238m4 Um4*U238*H238U*exp (t*log (2) /U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t)

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
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HU235m3 = Um3*U235*H235U*exp (t*log(2) /U235¢t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*log (2) /Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m Um*U238*H238U*exp (t*1log (2) /U238t) ;
HU235m = Um*U235*H235U*exp (t*1log(2) /U235¢t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotc3 = (HU238c3+HU235c3+HTh232c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotmd4d = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; $%$volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; Svolumetric heat production

mantle (W/m3)
A2c = Atotc3;
Alc Atotc4;
Alm = Atotm4;
A2m = Atotm3;
Am = Atotm;

%Calculate the layer thicknesses

lay2c = 20*(F4/100); %km

vol2c = (4/3)*pi* (rad”3-(rad-lay2c)”3); %km"3 volume of crustal layer
mass2c = vol2c* (100073) *rhoc; %kg mass crustal layer

laylc = (rad-lay2c)-((rad-lay2c)”3-vollc/ ((4/3)*pi))”~(1/3); %km new
thickness crustal layer

laylm = (rad-lay2c-laylc)-((rad-lay2c-laylc)"3-vollm/ ((4/3)*pi))"~(1/3);
%$km new thickness lithosphere layer

mass2m = mass2c/ (F4/100) -mass2c; %$kg mass lithosphere layer
vol2m mass2m/ ((100073) *rhoml); %km”3 volume lithosphere layer
lay2m = (rad-lay2c-laylc-laylm)-((rad-lay2c-laylc-laylm)"3-
vol2m/ ((4/3) *pi) )~ (1/3); %km

3Calculate base (depth) of each layer

cth3 = lay2c+laylc; %total thickness of crust in km
cmth3a = cth3+laylm;

cmth3 = cmth3at+lay2m;

%% Calculate areotherm 3 Ga

y = zeros(d,33);
yl = zeros(d,2);

%Fill in the initial row of the array so that the loops can build the
rest

y(1,1) = 0; %Initial Pressure (GPa)
y(1,2) = 0; %Initial Depth (km)
v(1,3) = Tad3+273;
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v(1l,4) = (-4.877*y(1,1)"2+120.2*y(1,1)+1088)+273.15; %solidus
yv(1,5) = Q03/1000; %This is the surface heat flow (W/m"2)
Y(1,7) = TO;
% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
y(i,2)=y(i-1,2)+step; Skm
if y(i,2)<cth3
y(i,1)=(rhoc*g*y(i,2)*1000)/10"9;
else
v (i,1)=(rhoc*g*cth3*1000) /10"9+ (rhoml*g* ((y(i,2) -
cth3)*1000))/1079;
end

$These are the adiabat and solidus
y(i,3)=slope*y(i,2)+y(1,3);
v(i,4)=(-4.877*y(1i,1)"2+120.2*y(i,1)+1088)+273.15; %solidus

%$This is the g value
if y(i,2)<lay2c

g=y (i-1,5)-A2c* (y(i,2)-y(i-1,2))*1000;
elseif y(i,2)>lay2c && y(i,2)<cth3

g=y (i-1,5) -Alc* (y(i,2)-y(i-1,2))*1000;
elseif y(i,2)>cth3 && y(i,2)<cmth3a

qZY(l_ll5) -Alm* (Y(ll2) _Y(l_ll2) ) *1000;
elseif y(i,2)>cmth3a && y(i,2)<cmth3

g=y (i-1,5) -A2m* (y (i,2) -y (i-1,2)) *1000;
else

g=y(i-1,5)-Am* (y(i,2)-y(i-1,2))*1000;
end
y(i,5)=q; %Store the g value in the array

%Step 1: Calculate initial guess k values
if y(i,2)<cth3
k=kc;
else
k=klth;
end
y(i, 6)=k; %$Put this k value into the array

%Step 2: Calculate the temperature at this z value
$T (z)=T0+qT*deltaz/k-A*deltaz”"2/2*k
if y(i,2)<lay2c
T=y(i-1,7)+y(1,5) *((y(i,2)-y(i-1,2))*1000)/y(i,6)-A2c* ((y(i,2)-
y(i-1,2))*1000) "2/ (2*y(i,6));
elseif y(i,2)>lay2c && y(i,2)<cth3
T=y (i-1,7)+y (i, 5) * ((y(i,2) -y (i-1,2))*1000) /y (i, 6) -Alc* ((y(i,2)-
y(1i-1,2))*1000)"2/(2*y(i,6));
elseif y(i,2)>cth3 && y(i,2)<cmth3a
T=y (i-1,7)+y (1, 5) * ((y(i,2) -y (i-1,2))*1000) /y (i, 6) -Alm* ((y(i,2)-
y(i-1,2))*1000) "2/ (2*y (i, 6)) ;
elseif y(i,2)>cmth3a && y(i,2)<cmth3
T=y(i-1,7)+y(1,5) *((y(i,2)-y(i-1,2))*1000)/y(i,6)-A2m* ((y(i,2)-
y(1i-1,2))*1000)"2/(2*y(i,6));
else
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T=y(i-1,7)+y(i,5)* ((y(i,2)-y(i-1,2))*1000)/y(i,6)-Am* ((y(i,2)-
y(i-1,2))*1000) "2/ (2*y(i,6));
end
Y(i,7)=T;

%Steps 5 and 6 must be iterated 10 times; use a for loop
for j=8:2:33
%$Step 5: Calculate k using most recent temperature calculation
if y(i,2)<lay2c
k=kc* (1+0.0015*y (1,2))/(1+0.0015* (y(i,3-1)-273));
elseif y(i,2)>lay2c && y(i,2)<cth3
k=kc* (1+0.0015*y (1i,2))/(1+0.0001* (y(i,3-1)-273));
elseif y (i, 2)>cth3
if y(i,3-1)<500
k=1/(0.07414+0.000502*y (i,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*y (i,3-1))+0.0023* (y(i,3-1)-500);
sor
k2=1.26* (1+y(i,2)/1000)+0.0023* (y(i,3j-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
end
y(i,j)=k; %Save the applicable k in the array

y(1l,3+1)=T0; %set T on first row

%Step 6: Calculate the temperature using the most recent k
if y(i,2)<lay2c
T=y (i-1,3+1)+y(i,5)*
A2c* ((y(i,2)-y(i-1,2))*1000) "2/
elseif y(i,2)>lay2c && y(i,2)<cth3
T=y (i-1,3+1)+y(i,5)*(y(i,2)-y(i-1,2))*1000/y(i,73) -
Alc* ((y(i,2)-y(i-1,2))*1000)"2/(2*y(i,3));
elseif y(i,2)>cth3 && y(i,2)<cmth3a
T=y (i-1,3+1)+y (i, 5) * (y(1i,2) -y (i-1,2))*1000/y (i,3)-
Alm* ((y(i,2)-y(i-1,2))*1000) "2/ (2*y(i,3));
elseif y (i, 2)>cmth3a && y(i,2)<cmth3
T=y (i-1,3+1)+y(i,5) * (y(i,2)-y(i-1,2))*1000/y(i,73)-
A2m* ((y (i,2)-y(i-1,2))*1000)"2/ (2*y (i, 3));
else
T=y (i-1,3+1)+y(i,5) * (y(i,2)-y(i-1,2))*1000/y(i,3)-
Am* ((y(i,2)-y(i-1,2))*1000) 2/ (2*y(i,3));
end
y(i,3+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop

y(i,2)-y(i-1,2))*1000/y(i,3)-
2%y (i,3))

—_~ e~~~

(
v1(1,2)=y(1,33);
yl(i,2)=y(1i,33);
A3(i,1)=y(i,33)-y(i,3);
B3(i,1)=y(i,1);
C3(i,1)=y(i,2);
PFp3 = find(A3>0,1, 'first');
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PFm3 = find (A3<0,1, "last');
PF3 = (B3 (PFp3)+B3(PFm3))/2; %calulate pressure
dF3 = (C3(PFp3)+C3(PFm3))/2; %calculate crust+lithosphere thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,2)=cth3;

w(2,2)=003;
w(3,2)=Tad3;
syms PO
egqnl = slope2*P0+ (Tad3+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;

P03 = min(vpasolve(egnl,P0)); S%Spressure of solidus-adiabat intersection
P03 = double(P03);

w(4,2)=P03;

w(5,2)=PF3;

w(6,2)=dF3;

dTdPsolidus3 = 2* (-4.877*PF3)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF3 = dTdFa*PF3+dTdFb;

w(7,2)=dTdPsolidus3;

w(8,2)=dTdF3;

% Use PO and PF to calculate F (percentage of melt produced)
F3 = ((dTdPsolidus3-slope2)/ ((deltaHF/C_P)+dTdF3))* (PO3-PF3)*100;
w(9,2)=F3;

% Calculate the composition of the melt and error

Si023 = (Si02A*PF3+Si02B) *F372+ (S102C*PF3+5102D) *F3+ (S102E*PF3+Si02F) ;
Ti023 = TiO02A*F3"Ti02B;
Al2033 =

(A1203A*PF3+A1203B) *F372+ (A1203C*PF3+A1203D) *F3+ (A1203E*PF3+A1203F) ;
Cr2033 =
(Cr203A*PF3+Cr203B) *F372+4+ (Cr203C*PF3+Cr203D) *F3+ (Cr203E*PF3+Cr203F) ;

FeO3 = (FeOA*PF3+FeOB) *F3"2+ (FeOC*PF3+FeOD) *F3+ (FeOE*PF3+FeOF) ;
MnO3 = (MnOA*PF3+MnOB) *F372+ (MNOC*PF3+MnOD) *F3+ (MNOE*PF3+MnOF) ;
MgO3 = (MgOA*PF3+MgOB) *F372+ (MgOC*PF3+MgOD) *F3+ (MgOE*PF3+MgOF) ;
Ca03 = CaOA*F37"3+CaOB*F372+Ca0OC*F3+CalD;
Na203 = (Na20A*PF3+Na20B) *F3"2+ (Na20C*PEF3+Na20D) *F3+ (Na20E*PF3+Na20F) ;
K203 = K20A*F37"K20B;
P2053 = P205A*F3"P205B;
w(l0,2)=51023;
w(ll,2)=Ti023;
w(l2,2)=A12033;
w(l3,2)=Cr2033;
w(l4,2)=Fe03;
w(l5,2)=Mn03;
w(l6,2)=Mg03;
w(l7,2)=Ca03;
w(l8,2)=Na203;
w(l9,2)=K203;
w(20,2)=P2053;

[

% Calculate the residual using batch melting- will become mantle lithos
Si02res3 = (mantleSiO2- ((F3/100)*Si023))/(1-(F3/100));
TiO2res3 = (mantleTiO02-((F3/100)*Ti023))/(1-(F3/100));
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Al203res3 = (mantleA1203—((F3/100)*A12033))/(1—(F3/100))
Cr203res3 = (mantleCr203-((F3/100)*Cr2033))/(1 F3/100))
FeOres3 = (mantleFeO- ((F3/100)*Fe03))/ (1 (F3/100
MnOres3 = (mantleMnO- ((F3/100)*Mn0O3))/(1-(F3/100)
MgOres3 = (mantleMgO- ((F3/100)*Mg03))/(1-(F3/100)
CaOres3 = (mantleCaO—((F3/100)*CaO3))/(1—(F3/1OO
Na20res3 = (mantleNa20-((F3/100)*Na203))/ (1 F3/100
K20res3 = (mantleKZO—((F3/100)*K203))/(l—(FB/lOO
P205res3 = (mantleP205-( (F3/100)*P2053))/ (1 F3/100

w(21,2)=Si02res3;

w(22,2)=TiO2res3;
w(23,2)=RA1203res3;
w(24,2)=Cr203res3;
w(25,2)=FeOres3;
w(26,2)=MnOres3;
w(27,2)=MgOres3;
w(28,2)=CaOres3;
w(29,2)=Na20res3;
w (30, 2)=K20res3;
w(31,2)=P205res3;
$End of 3 Ga (becomes next distinct layer)
%% 2 Ga
t = 2*%1079; %time in years, 0 is present

Q02 = 6.25*(t/1079)+25; %$surface heat flow (mW/m”~2), 25 is present
Tad2 = 13454+9.43* (£/1079)+4.3*(£t/1079)"2; %mantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Uc2 = Um/ (F3+(1-F3)*DU); %Uranium in crust

Thc2 = Thm/ (F3+(1-F3)*DTh); %Thorium in crust

Kc2 = Km/ (F3+(1-F3) *DK); %Potassium in crust

Um2 = Um-F3*Uc2/(1-F3); %Uranium in mantle lithosphere
Thm2 = Thm-F3*Thc2/ (1-F3); %$Thorium in mantle lithosphere
Km2 = Km-F3*Kc2/(1-F3); %Potassium in mantle lithosphere

HU238c2 = Uc2*U238*H238U*exp (t*log(2)/U238t) ;
HU235c2 = Uc2*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c2 = Thc2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c2 = Kc2*K40*H40K*exp (t*log(2) /K40t)

HU238c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235c3 Uc3*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*1og(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*1log(2) /K40t)

HU238c4 Uc4*U238*H238U*exp (t*log(2)/U238t) ;
HU235c4 Uc4d*U235*H235U*exp (t*log (2) /U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t)

HU238m4 Um4*U238*H238U*exp (t*log(2) /U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2) /U235¢t) ;
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HTh232m4 = Thm4*Th232*H232Th*exp (t*log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 Um3*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log(2)/U238t) ;
HU235m2 = Um2*U235*H235U*exp (t*log(2) /U235¢t) ;
HTh232m2 = Thm2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m2 = Km2*K40*H40K*exp (t*log(2)/K40t) ;

HU238m = Um*U238*H238U*exp (t*log(2)/U238t) ;
HU235m = Um*U235*H235U*%exp (t*log (2) /U235¢t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotc2 = (HU238c2+HU235c2+HTh232c2+HK40c2) *rhoc; %volumetric heat
production crust (W/m3)

Atotc3 = (HU238c3+HU235c3+HTh232c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotmd = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; $%$volumetric heat
production mantle litho (W/m3)

Atotm2 = (HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; %volumetric heat production

mantle (W/m3)
A3c = Atotc2;
A2c = Atotc3;
Alc = Atotc4;
Alm = Atotm4;
A2m = Atotm3;
A3m = Atotm2;
Am = Atotm;

%Calculate the layer thicknesses

lay3c = 20*(F3/100); %km

vol3c = (4/3)*pi* (rad”3-(rad-lay3c)”3); %km"3 volume of crustal layer
mass3c = vol3c*(100073) *rhoc; %kg mass crustal layer

lay2c = (rad-lay3c)-((rad-lay3c)"3-vol2c/ ((4/3)*pi))~(1/3); %km

laylc = (rad-lay3c-lay2c)-((rad-lay3c-lay2c)~3-vollc/ ((4/3)*pi))"~(1/3);
$km

laylm = (rad-lay3c-lay2c-laylc)-((rad-lay3c-lay2c-laylc) "3-

vollm/ ((4/3)*pi))~(1/3); %km

lay2m = (rad-lay3c-lay2c-laylc-laylm)-((rad-lay3c-lay2c-laylc-laylm) "3~
vol2m/ ((4/3)*pi) )"~ (1/3); Skm
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mass3m = mass3c/ (F3/100) -mass3c; %$kg mass lithosphere layer

vol3m = mass3m/ ((100073)*rhoml); %km”3 volume lithosphere layer
lay3m = (rad-lay3c-lay2c-laylc-laylm-lay2m)-((rad-lay3c-lay2c-laylc-
laylm-lay2m) *3-vol3m/ ((4/3) *pi) )~ (1/3); %km

%Calculate base (depth) of each layer

cth2a = lay3c+lay2c;

cth2 = lay3c+lay2c+laylc; %total thickness of crust in km
cmth2a = cth2+laylm;

cmth2b = cmth2a+lay2m;

cmth2 = cmth2b+lay3m;

%% Calculate areotherm 2Ga

z = zeros(d,33);

zl = zeros(d,2);

%$Fill in the initial row of the array so that the loops can build the

= 0; %Initial Pressure (GPa)

0; %$Initial Depth (km)

Tad2+273;

= (-4.877*z(1,1)"24120.2*z(1,1)+1088)+273.15; %solidus
Q02/1000; %This is the surface heat flow (W/m"2)

= TO;

—_— — — — — —

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
z(1i,2)=z(1i-1,2)+step; %km
if z(i,2)<cth2
z(i,1)=(rhoc*g*z(i,2)*1000)/10"9;
else
z(i,1)=(rhoc*g*cth2*1000) /1079+ (rhoml*g* ((z (i, 2) -
cth2)*1000))/10"9;
end

%$These are the adiabat and solidus
z(i,3)=slope*z(i,2)+z(1,3);
z(1,4)=(-4.877*z(1,1)"2+4120.2*z(1,1)+1088)+273.15; %solidus

%$This is the g value
if z(i,2)<lay3c

g=z(1-1,5)-A3c*(z(1i,2)-z(i-1,2))*1000;
elseif z(i,2)<lay3c && z(i,2)<cth2a

g=z (1-1,5)-A2c*(z(1,2)-z(i-1,2))*1000;
elseif z(i,2)>cth2a && z(i,2)<cth2

g=z(1i-1,5)-Alc*(z(i,2)-z(i-1,2))*1000;
elseif z(i,2)>cth2 && z (i, 2)<cmth2a

g=z (1-1,5)-Alm* (z(1i,2)-z(i-1,2))*1000;
elseif z(i,2)>cmth2a && z(i,2)<cmth2b

g=z (1-1,5) -A2m* (z (1,2)-z(i-1,2))*1000;
elseif z(i,2)>cmth2b && z (i, 2)<cmth2

g=z(1-1,5)-A3m* (z(1i,2)-z(i-1,2))*1000;
else

g=z (1-1,5)-Am* (z (1,2)-z(i-1,2))*1000;
end
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z(1,5)=qg; %Store the g value in the array

%$Step 1: Calculate initial guess k values
if z(1i,2)<cth2
k=kc;
else
k=klth;
end
z(1i,6)=k; %Put this k value into the array

%$Step 2: Calculate the temperature at this z value
$T (z)=T0+gT*deltaz/k-A*deltaz"2/2*k
if z(i,2)<lay3c
T=z(1i-1,7)+z(1i,5)*((z(i,2)-2z(i-1,2))*1000)/z(i,6)-A3c*((z(i,2)-
z(i-1,2))*1000)"2/(2*z(1,6));
elseif z(i,2)>lay3c && z(i,2)<cth2a
T=z(1i-1,7)+z(1,5)*((z(i,2)-2z(i-1,2))*1000)/z(1i,6)-A2c*((z(1i,2)-
z(i-1,2))*1000)"2/(2*z(1,6));
elseif z(i,2)>cth2a && z(i,2)<cth2
T=z(1i-1,7)+z(1i,5)*((z(i,2)-2z(i-1,2))*1000)/z(i,6)-Alc*((z(i,2)-
z(1i-1,2))*1000)"2/(2*z(1,6));
elseif z(i,2)>cth2 && z(i,2)<cmth2a
T=z(1i-1,7)+z(1i,5)*((z(i,2)-2z(i-1,2))*1000)/z(i,6)-Alm*((z(i,2)-
z(i-1,2))*1000)"2/(2*z(1,6));
elseif z(i,2)>cmth2a && z (i,
T=z(i-1,7)+z(i,5)*((z (i,
z(i-1,2))*1000)"2/(2*z(1,6));
elseif z(i,2)>cmth2b && z (i, 2)<cmth2
T=z(1i-1,7)+z(1i,5)*((z(i,2)-2z(i-1,2))*1000)/z(i,6)-A3m* ((z(i,2)-
z(i-1,2))*1000)"2/(2*z(1,6));
else
T=z(1i-1,7)+z(1,5)*((z(i,2)-2z(i-1,2))*1000)/z(1i,6)-Am* ((z(i,2)-
z(i-1,2))*1000)"2/(2*z(1,6));
end
z(1i,7)=T;

) <cmth2b

2
2)-z(i-1,2))*1000)/z(i,6)-A2m* ((z(1i,2) -

%Steps 5 and 6 must be iterated 10 times; use a for loop
for 3=8:2:33
%$Step 5: Calculate k using most recent temperature calculation
if z(i,2)<cth2a
k=kc* (1+0.0015*z(1,2))/(1+0.0015* (z(1i,3-1)-273));
elseif z(i,2)>cth2a && z(i,2)<cth2
k=kc* (1+0.0015*z (1,2))/(1+0.0001* (z(i,3-1)-273));
elseif z(i,2)>cth2
if z(i,3j-1)<500
k=1/(0.07414+0.000502*z (1,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*z (1i,3-1))+0.0023* (z(i,3-1)-500) ;
sor
k2=1.26* (1+z(i,2)/1000)+0.0023*(z(i,3-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
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end
z(i,3)=k; %Save the applicable k in the array

z(1,3j+1)=T0; S%set T on first row

%Step 6: Calculate the temperature using the most recent k
if z(i,2)<lay3c
T=z (i-1,j+1)+z(i,5)*
A3c*((z(i,2)-z(i-1,2))*1000) "2/
elseif z(i,2)>lay3c && z
T=z (i-1,3+1)+z(i,5)*
A2c*((z(1,2)-z(i-1,2))*1000)"2/
elseif z(i,2)>cth2a && z )<cth2
T=z(1i-1,3j+1)+z(1i,5)* ( 2)-z(1-1,2))*1000/z(i,3) -
Alc* ((z(i,2)=-2z(1i-1,2))*1000) "2/ ( (i,3))
elseif z(i,2)>cth2 && z(1,2)<cmth2a
T=z (i-1,j+1)+z(i,5)* ( (i 2) z(i-1,2))*1000/z(i,7) -
Alm* ((z(i,2)=-2z(i-1,2))*1000) "2/ ( i,3))
elseif z(i,2)>cmth2a && Z(l 2)<cmth2b
T=z (i-1,3+1)+z(i,5)*(z(1i,2)-2z(i-1,2))*1000/z(1i,73) -
A2m* ((z(1,2)-2z(1i-1,2))*1000)"2/(2*z(1,73)):
elseif z(i,2)>cmth2b && z(i,2)<cmth2
T=z(i-1,3j+1)+z(1i,5)* ( (i 2) z(1i-1,2))*1000/z(1i,7) -
A3m* ((z(i,2)-2z(i-1,2))*1000) "2/ ( i,3));
else
T=z (i-1,3+1)+z(i,5)*(z(1i,2)-2z(i-1,2))*1000/2z(1i,73) -
Am* ((z(1,2)-z(1-1,2))*1000) 2/ (2*z(1,3));
end
z(1i,3J+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop

(z < 2)-z(i-1,2))*1000/z (i,3) -
(2%2(1i,9));

(i )<cth2a

(z < 2)-z(i-1,2))*1000/z (i,3) -
(2%2(1,9));

(i

<

z1(i,1)=z(i,1)*10000;
z1(1,2)= z(l 33)

21(1,2) z (i,33)

A2(i,1)=z (i, 33 z(i,3);
B2(i,1)=z (1

C2(i,1)=z(1 )

PFp2 = fi nd(A2>O 1,'first");
PFm2 = find (A2<0,1, 'last');

PF2 = (B2 (PFp2)+B2(PFm2))/2; %calulate pressure
dF2 = (C2(PFp2)+C2 (PFm2))/2; %calculate crusth+lithosphere thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
(1,3)=cth2;
w(2,3)=002;
w(3 3)=Tad2;

syms PO

egqnl = slope2*P0+ (Tad2+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
P02 = min(vpasolve (eqnl,P0));

P02 = double (P02); S%Spressure where solidus and adiabat intersect
w(4,3)=P02;

w(5,3)=PF2;

w(6,3)=dF2;

dTdPsolidus2 = 2*(-4.877*PF2)+120.2; %slope of solidus Duncan et al.
(2018)
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dTdF2 = dTdFa*PF2+dTdFb;
w(7,3)=dTdPsolidus2;
w(8,3)=dTdF2;

% Use PO and PF to calculate F
((dTdPsolidus2-slope2)/ ((deltaHF/C_P)+dTdF2))*

F2

w(9,3)=F2

% Calculate the composition of the melt and error

51022 =
Ti022
A12032

(A1203A*PF2+A1203B) *F272+ (A1203C*PF2+A1203D) *F2+ (A1203E*PF2+A1203F) ;

Cr2032

(Cr203A*PF2+Cr203B) *F272+4+ (Cr203C*PF2+Cr203D) *F2+ (Cr203E*PF2+Cr203F) ;

(S102A*PF2+S1i02B) *F272+ (S102C*PF2+5102D) *F2+ (S102E*PF2+Si02F) ;

Ti02A*F2"Ti02B;

(percentage of melt produced)
(PO2-PF2) *100;

Fe02 = (FeOA*PF2+FeOB) *F2"2+ (FeOC*PF2+FeOD) *F2+ (FeOE*PF2+FeOF) ;
MnO2 = (MnOA*PF2+MnOB) *F272+ (MNOC*PF2+MnOD) *F2+ (MNOE*PF2+MnOF) ;
MgO2 = (MgOA*PF2+MgOB) *F2"2+ (MgOC*PF2+MgOD) *F2+ (MgOE* PF2+MgOF) ;
Ca02 = CaOA*F2"3+CaOB*F272+Ca0OC*F2+CalD;
Naz202 = (Na20A*PF2+Na20B) *F2"2+ (Na20C*PF2+Na20D) *F2+ (Na20E*PF2+Na20F) ;
K202 = K20A*F2"K20B;
P2052 = P205A*F2"P205B;
w(l0,3)=S1022;
w(ll,3)=Ti022;
w(l2,3)=A12032;
w(l3,3)=Cr2032;
w(l4d,3)=Fe02;
w(l5,3)=Mn02;
w(l6,3)=Mg02;
w(l7,3)=Ca02;
w(1l8,3)=Naz202;
w(l9,3)=K202;
w(20,3)=P2052;

[

% Calculate the residual using batch melting-will become mantle lithos

Si02res2 = (mantleSi02-((F2/100)*Si022))/(1-(F2/100))
TiO2res2 = (mantleTiO02- ((F2/100)*Ti022))/(1-(F2/100))
Al203res?2 = (mantleAl203-((F2/100)*A12032))/(1-(F2/100))
Cr203res2 = (mantleCr203-((F2/100)*Cr2032))/(1-(F2/100));
FeOres2 = (mantleFeO-((F2/100)*Fe02))/ (1 (FZ/lOO))
MnOres2 = (mantleMnO-((F2/100)*Mn0O2))/ (1-(F2/100)
MgOres2 = (mantleMgO- ((F2/100)*Mg02))/(1-(F2/100)
CaOres2 = (mantleCaO-((F2/100)*Ca02))/(1-(F2/100)
Na20res2 = (mantleNaZO—((F2/100)*Na202))/( (FZ/lOO));
K20res2 = (mantleK20-((F2/100)*K202))/(1-(F2/100)
P205res2 = (mantleP205-((F2/100) *P2052 Y/ (1 F2/100
w(21,3)=Si02res2;
w(22,3)=TiO2res2;
w(23,3)=A1203res2;
w(24,3)=Cr203res2;
w(25,3)=FeOres2;
w(26,3)=MnOres?2;
w(27,3)=MgOres2;
w(28,3)=CalOres2;
w(29,3)=Na20res2;
w(30,3)=K20res?2;
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w(31,3)=P205res2;
$End of 2 Ga calculations

%% 1 Ga

t = 1*%1079; %time in years, 0 is present

Q01 = 6.25*(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tadl = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Ucl = Um/ (F2+(1-F2)*DU); %Uranium in crust

Thcl = Thm/ (F2+ (1-F2)*DTh); $Thorium in crust

Kcl = Km/ (F2+ (1-F2)*DK); %Potassium 1in crust

Uml = Um-F2*Ucl/ (1-F2); %Uranium in mantle lithosphere
Thml = Thm-F2*Thcl/ (1-F2); %$Thorium in mantle lithosphere
Kml = Km-F2*Kcl/ (1-F2); %Potassium in mantle lithosphere

HU238cl = Ucl*U238*H238U*exp (t*log(2)/U238t);
HU235cl Ucl*U235*H235U*exp (t*log (2) /U235t) ;
HTh232cl = Thcl*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40cl = Kcl*K40*H40K*exp (t*log(2) /K40t) ;

HU238c2 = Uc2*U238*H238U*exp (t*log(2)/U238t) ;
HU235c2 Uc2*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232c2 = Thc2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c2 = Kc2*K40*H40K*exp (t*log(2) /K40t) ;

HU238c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235c3 Uc3*U235*H235U*exp (t*log (2) /U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*1og(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*log(2) /K40t) ;

HU238c4 = Uc4*U238*H238U*exp (t*log(2)/U238t) ;
HU235c4 = Uc4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 Um4*U238*H238U*exp (t*log (2) /U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 = Um3*U235*H235U*exp (t*log(2)/U235t);
HTh232m3 = Thm3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log(2)/U238t);
HU235m2 Um2*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232m2 = Thm2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m2 = Km2*K40*H40K*exp (t*log(2) /K40t) ;
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HU238ml
HU235ml
HTh232ml
HK40ml =

HU238m =
HU235m
HTh232m
HK40m =

Atotcl =
producti
Atotc2 =
producti
Atotc3 =
producti
Atotc4d =
producti
Atotm4d =
producti
Atotm3 =
producti
Atotm2 =
producti
Atotml =
producti
Atotm =

Uml*U238*H238U*exp (t*log(2) /U238t) ;

= Uml*U235*H235U*%exp (t*log(2) /U235¢t) ;

= Thml*Th232*H232Th*exp (t*log(2) /Th232t) ;
Kml*K40*H40K*exp (t*1log(2) /K40t) ;

Um*U238*H238U*exp (t*1log (2) /U238t) ;
Um*U235*H235U*exp (t*1log (2) /U235t) ;
= Thm*Th232*H232Th*exp (t*log(2) /Th232t) ;
Km*K40*H40K*exp (t*1log (2) /K40t) ;

(HU238c1+HU235¢c1+HTh232c1+HK40cl) *rhoc; %volumetric heat
on crust (W/m3)

(HU238c2+HU235¢c2+HTh232c2+HK40c2) *rhoc; %volumetric heat
on crust (W/m3)

(HU238c3+HU235¢c3+HTh232¢c3+HK40c3) *rhoc; Svolumetric heat
on crust (W/m3)

(HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
on crust (W/m3)

(HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
on mantle litho (W/m3)

(HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %volumetric heat
on mantle litho (W/m3)

(HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; %volumetric heat
on mantle litho (W/m3)

(HU238m1+HU235m1+HTh232ml1+HK40ml) *rhoml; %volumetric heat
on mantle litho (W/m3)

(HU238m+HU235m+HTh232m+HK40m) *rhom; %volumetric heat production

mantle (W/m3)

Adc = At
A3c = At
A2c = At
Alc = At
Alm = At
A2m = At
A3m = At
Adm = At
Am = Ato

%$Calcula
laydc =
voldc =
massédc =

lay3c

lay2c =
Skm

laylc =
vollc/ ((

laylm =
vollm/ ( (

otcl;
otc2;
otc3;
otc4d;
otm4;
otm3;
otm2;
otml;
tm;

te the layer thicknesses

20*(F2/100); %km

(4/3) *pi* (rad”3- (rad-lay4c) *3); %km”3 volume of crustal layer
vol4c* (100073) *rhoc; %kg mass crustal layer

(rad-lay4c) - ((rad-laydc) "3-vol3c/ ((4/3) *pi)) ~(1/3); Skm
(rad-lay4c-lay3c) - ((rad-lay4c-lay3c) "3-vol2c/ ((4/3)*pi) )~ (1/3);
(rad-lay4c-lay3c-lay2c) - ((rad-lay4c-lay3c-lay2c) ~3-

4/3)*pi))~(1/3); Skm

(rad-lay4c-lay3c-lay2c-laylc)-((rad-lay4c-lay3c-lay2c-laylc) "3-
4/3)*pi))~(1/3); %km
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lay2m = (rad-lay4c-lay3c-lay2c-laylc-laylm)-((rad-layd4c-lay3c-lay2c-
laylc-laylm) ~3-vol2m/ ((4/3) *pi))~(1/3); Skm

lay3m = (rad-lay4c-lay3c-lay2c-laylc-laylm-lay2m) - ((rad-lay4c-lay3c-
lay2c-laylc-laylm-lay2m) *3-vol3m/ ((4/3) *pi) )~ (1/3); %km

mass4m = massdc/ (F2/100)-mass3c; %kg mass lithosphere layer

vol4dm massdm/ ((100073) *rhoml); %$km"3 volume lithosphere layer
lay4m = (rad-lay4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m)-((rad-lay4c-
lay3c-lay2c-laylc-laylm-lay2m-lay3m) “3-voldm/ ((4/3) *pi) )~ (1/3); %km

%Calculate base (depth) of each layer
cthla = lay4c+lay3c;

cthlb = laydc+lay3c+lay2c;

cthl = laydc+lay3c+lay2ctlaylc; %total thickness of crust in km
cmthla = cthl+laylm;

cmthlb = cmthla+lay2m;

cmthlc = cmthlb+lay3m;

cmthl = cmthlc+laydm;

%% Calculate areotherm 1 Ga

b = zeros(d,33);

bl = zeros(d,2);

%$Fill in the initial row of the array so that the loops can build the

rest
b(l = 0; %Initial Pressure (GPa)

= 0; %$Initial Depth (km)

Tadl+273;

= (-4.877*b(1,1)"2+120.2*b(1,1)+1088)+273.15; %solidus

= Q01/1000; %This is the surface heat flow (W/m"2)

= TO;

~

~

e
~
qmbw[\)
II
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(
(
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(

o oo oo
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% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
b(i,2)=b(i-1,2)+step; %km
if b (i, 2)<cthl
b(i,1)=(rhoc*g*b(i,2)*1000)/10"9;
else
b(i,1)=(rhoc*g*cthl1*1000)/10"9+ (rhoml*g* ((b(i,2)-
cthl)*1000))/1079;
end

%$These are the adiabat and solidus
b(i,3)=slope*b(i,2)+b(1,3);
b(i,4)=(-4.877*b(i,1)"24+4120.2*b(i,1)+1088)+273.15; %solidus

%$This is the g value
if b(i,2)<laydc
g=b (i-1,5)-Adc*(b(i,2)-b(i-1,2))*1000;
elseif b(i,2)<laydc && b(i,2)<cthla
g=b (1i-1,5) -A3c* (b (i,2)-b(i-1,2))*1000;
elseif b (i, 2)<cthla && b(i,2)<cthlb
g=b(i-1,5)-A2c* (b (i,2)-b(i-1,2))*1000;
elseif b(i,2)>cthlb && b(i,2)<cthl
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g=b (i-1,5)-Alc*(b(i,2)-b(i-1,2))*1000;
elseif b(i,2)>cthl && b(i,2)<cmthla

g=b (i-1,5)-Alm* (b (i,2)-b(i-1,2))*1000;
elseif b(i,2)>cmthla && b (i, 2)<cmthlb

g=b (i-1,5)-A2m* (b (i,2)-b(i-1,2))*1000;
elseif b (i, 2)>cmthlb && b(i,2)<cmthlc

g=b (i-1,5)-A3m* (b (i,2)-b(i-1,2))*1000;
elseif b(i,2)>cmthlc && b (i, 2)<cmthl

g=b (i-1,5)-Adm* (b (i,2)-b(i-1,2))*1000;
else

g=b (i-1,5)-Am* (b (i,2)-b(i-1,2))*1000;
end
b(i,5)=qgq; %$Store the g value in the array

%Step 1: Calculate initial guess k values
if b(i,2)<cthl
k=kc;
else
k=klth;
end
b(i, 6)=k; SPut this k value into the array

%Step 2: Calculate the temperature at this b value
$T (z)=T0+gT*deltaz/k-A*deltaz"2/2*k
if b(i,2)<lay4c

T=b (i-1,7)+b(1i,5)*((b(i,2)-b(i-1,2))*1000) /b (i, 6)

b(i-1,2))*1000)"2/(2*b(i,6));
elseif b(i,2)>layd4c && b(i,2)<cthla

T=b (i-1,7)+b(1i,5)*((b(i,2)-b(i-1,2))*1000) /b (i, 6)

b(i-1,2))*1000) "2/ (2*b(1i,6)) ;
elseif b(i,2)>cthla && b(i,2)<cthlb

T=b(i-1,7)+b(i,5)*((b(i,2)-b(i-1,2))*1000) /b (i, 6)

b(i-1,2))*1000) "2/ (2*b(i,6));
elseif b(i,2)>cthlb && b(i,2)<cthl

T=b (i-1,7)+b(i,5)*((b(i,2)-b(i-1,2))*1000) /b (i, 6)

b(i-1,2))*1000) "2/ (2*b(1,6));
elseif b(i,2)>cthl && b(i,2)<cmthla

-Ad4c* ((b(i,2)-

-A3c* ((b(i,2)-

-A2c*((b(i,2)-

-Alc*((b(i,2)-

T=b (i-1, 7) +b (1, 5)*((b(i,2)—b(i—1,2))*1000)/b(i,6)—A1m*((b(i,2)—
) i

b(i-1,2))*1000)"2/(2*b (i, 6)
elseif b(i,2)>cmth1a && b (i, 2)<cmthlb
T=b(i-1,7)+b(i,5)* ((b(i
b(i—l,2))*lOOO)A2/(2*b( 6));
elseif b (i, 2)>cmthlb && b(i,2)<cmthlc
T=b (i-1,7)+b (i,5)* ((b (i
b(i-1,2))*1000)"2/(2*b(1i,6));
elseif b(i,2)>cmthlc && b (i, <cmthl
T=b(i-1,7)+b(i,5)* ((b(i
b(i-1,2))*1000)"2/(2*b(1i,6));
else

T=b (i-1,7)+b(i,5)*((b(i,2)-b(i-1,2))*1000) /b (i, 6)

b(i-1,2))*1000)"2/(2*b(i,6));
end
b(i,7)=T;

i, ) b(i-1,2))*1000)/b(i,6)

,2)-b(i-1,2))*1000) /b (i, 6)

i, b(i-1,2))*1000) /b (i, 6)

-A2m* ((b(i,2) -

-A3m* ((b(i,2)-

-Adm* ((b(i,2) -

-Am* ((b (i, 2)-

%Steps 5 and 6 must be iterated 10 times; use a for loop

for 3j=8:2:33

94



%$Step 5: Calculate k using most recent temperature calculation
if b(i,2)<cthlb
k=kc* (1+0.0015*b (1,2))/(1+0.0015* (b(i,3-1)-273));
elseif b(i,2)>cthlb && b(i,2)<cthl
k=kc* (1+0.0015*b(1,2))/(1+0.0001* (b(i,3-1)-273));
elseif b (i, 2)>cthl
if b(i,3-1)<500
k=1/(0.0741+0.000502*b(1,3-1));
else %Take the larger of these wvalues
k1=1/(0.0741+0.000502*b(1i,3-1))+0.0023* (b(i,3j-1)-500);
%or
k2=1.26* (1+b(i,2)/1000)+0.0023* (b(i,3j-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
end
b(i,j)=k; %$Save the applicable k in the array

b(l,j+1)=T0; %set T on first row

%Step 6: Calculate the temperature using the most recent k
if b(i,2)<layédc
T=b (i-1,3+1)+b(1i,5) * (b 2)-b(i-1,2))*1000/b(i,7) -

(1
* ( $3)) 7

Adc* ((b(i,2)-b(i-1,2))*1000)"2/(2*b
elseif b(i,2)>laydc && b (i )<cthla
T=b (i-1,3+1)+b(i,5) * (b ( -b(i-1,2))*1000/b(1i,]) -
A3c* ((b(i,2)-b(i-1,2))*1000) “2/(2*b 3))
elseif b(i,2)>cthla && b(i )<cthlb
T=b (i-1,j+1)+b(i,5) * (b ( ) -b(i-1,2))*1000/b(i,]) -
A2c¢* ((b(1,2)-b(i-1,2))*1000) “2/(2*b 3))
elseif b(i,2)>cthlb && b( <cth1
T=b (i-1,3+1)+b(i,5) * (b ( -b(i-1,2))*1000/b(i,]J) -
Alc* ((b(1,2)-b(i-1,2))*1000)" 2/(2*b( i,3));

elseif b(i,2)>cthl && b(i,2)<cmthla
T=b(i-1,3+1)+b(i,5) * (b (i, 2) -b(i-1,2))*1000/b(i,]J) -
Alm* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(i,3));
elseif b (i, 2)>cmthla && b (i, 2)<cmth1b
T=b (i-1,3+1)+b(i,5)*(b(i,2)-b(i-1,2))*1000/b(1i,7) -
A2m* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(1i,73)):
elseif b (i, 2)>cmthlb && b(i,2)<cmthlc
T=b(i-1,3+1)+b(i,5) * (b (i, 2) -b(i-1,2))*1000/b(i,]J) -
A3m* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(i,3));

elseif b(i,2)>cmthlc && b (i )<cmthl
T=b (i-1,3j+1)+b(i,5)* (b(i 2) b(i—1,2))*1000/b(i,j)—
Adm* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(i,3));
else

T=b (i-1,j+1)+b(i,5)*(b(i,2)-b(i-1,2))*1000/b(i,3) -
Am* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(i,3)):
end
b(i,j+1)=T; %$Stores the values for T in the array
end %$Ends the Step 5 and 6 loop
bl(i,1)=b(i,1)*10000;
bl1(1,2)=b(1,33);
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bl(i,2)=b(i,33);

Al(i,1)=b(i,33)-b(i,3);

Bl1(i,1)=b(i,1);

Cl(i,1)=b(i,2);

PFpl = find(A1>0,1, 'first');

PFml = find(A1<0,1, 'last');

PFl = (Bl (PFpl)+Bl1(PFml))/2; %calulate pressure

dFl = (Cl(PFpl)+Cl(PFml))/2; %calculate crusth+lithosphere thickness

end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,4)=cthl;

w(2,4)=001;
w(3,4)=Tadl;
syms PO
eqnl = slope2*P0+ (Tadl+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
POl = min(vpasolve (eqnl, P0));
P01 = double(P01l); %pressure where solidus and adiabat intersect

w(4,4)=P01;
w(5,4)=PF1;
w(6,4)=dF1l;

dTdPsolidusl = 2*(-4.877*PF1)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF1l = dTdFa*PF1+dTdFb;

w(7,4)=dTdPsolidusl;

w(8,4)=dTdF1;

% Use PO and PF to calculate F (percentage of melt produced)
F1 = ((dTdPsolidusl-slope2)/ ((deltaHF/C_P)+dTdF1l))* (PO1-PF1)*100;
w(9,4)=F1;

[

% Calculate the composition of the melt and error

Si021 = (Si02A*PF1+SiO2B) *F172+(S102C*PF1+S102D) *F1+ (S102E*PF1+Si02F) ;
Ti021 = TiO2A*F1"Ti02B;
Al2031 =

(A1203A*PF1+A1203B) *F1"72+ (A1203C*PF1+A1203D) *F1+ (A1203E*PF1+A1203F) ;
Cr2031 =
(Cr203A*PF1+Cr203B) *F172+4+ (Cr203C*PF1+Cr203D) *F1+ (Cr203E*PF1+Cr203F) ;

FeOl = (FeOA*PF1+FeOB)*F1"2+ (FeOC*PF1+FeOD) *F1+ (FeOE*PF1+FeOF) ;
MnOl = (MnOA*PF1+MnOB) *F172+ (MNnOC*PF1+MnOD) *F1+ (MNnOE*PF1+MnOF) ;
MgOl = (MgOA*PF1+MgOB) *F172+ (MgOC*PF1+MgOD) *F1+ (MgOE*PF1+MgOF) ;
Ca0Ol = CaOA*F1"3+CaOB*F172+CaOC*F1+CalD;
Na201l = (Na20A*PF1+Na20B) *F1"2+ (Na20C*PF1+Na20D) *F1l+ (Na20E*PF1+Na20F) ;
K201 = K20A*F17K20B;
P2051 = P205A*F17P205B;
w(l0,4)=5i021;
w(ll,4)=Ti021;
w(l2,4)=A12031;
w(l3,4)=Cr2031;
w(l4,4)=FeOl;
w(l5,4)=MnO1;
w(l6,4)=Mg0Ol;
w(l7,4)=Ca0l;
w(l8,4)=Na201;
w(l9,4)=K201;
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w(20,4)=P2051;

% Calculate the residual using batch melting-will become mantle lithos

Si02resl = (mantleSi02-((F1/100)*sSi021))/(1-(F1/100))
TiO2resl = (mantleTiO02-((F1/100)*Ti021))/(1-(F1/100))
Al203resl = (mantleAl203-((F1/100)*A12031))/( —(Fl/lOO))
Cr203resl = (mantleCr203-((F1/100)*Cr2031))/ (1 Fl/lOO))
FeOresl = (mantleFeO-((F1/100)*Fe0l))/ (1 (Fl/lOO
MnOresl = (mantleMnO-((F1/100)*Mn0O1l))/(1-(F1/100)
MgOresl = (mantleMgO- ((F1/100)*Mg0Ol))/(1-(F1/100)
CaOresl = (mantleCaO—((Fl/lOO)*CaOl))/(1—(F1/1OO
Na20resl = (mantleNa20-((F1/100)*Na201))/ (1 Fl/lOO
K20resl = (mantleKZO—((Fl/lOO)*KZOl))/(1—(F1/100
P205resl = (mantleP205-((F1/100)*P2051))/ (1 Fl/lOO
w(21l,4)=Si02resl;
w(22,4)=TiO2resl;
w(23,4)=A1203resl;
w(24,4)=Cr203resl;
w(25,4)=FeOresl;
w(26,4)=MnOresl;
w(27,4)=MgOresl;
w(28,4)=CaOresl;
w(29,4)=Na20resl;
w(30,4)=K20resl;
w(31,4)=P205resl;
$End of 1 Ga calculations

%% Present day

t = 0*¥10"9; %time in years, 0 is present

Q00 = 6.25*(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tad0 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
UcO0 = Um/ (F1+(1-F1)*DU); %Uranium in crust

ThcO0 = Thm/ (F1+(1-F1)*DTh); %$Thorium 1n crust

KcO0 = Km/ (F1l+(1-F1)*DK); %Potassium 1in crust

Um0 = Um-F1*Uc0/ (1-F1); %Uranium in mantle lithosphere
Thm0 = Thm-F1*Thc0/ (1-F1); %$Thorium in mantle lithosphere
Km0 = Km-F1*Kc0/ (1-F1); %Potassium in mantle lithosphere

HU238c0 = Uc0*U238*H238U*exp (t*log(2)/U238t) ;
HU235c0 Uc0*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232c0 = Thc0*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c0 = KcO0*K40*H40K*exp (t*1log(2) /K40t)

HU238cl Ucl*U238*H238U*exp (t*log(2)/U238t) ;
HU235cl Ucl*U235*H235U*exp (t*log (2) /U235t) ;
HTh232cl = Thcl*Th232*H232Th*exp (t*1log(2)/Th232t);
HK40cl = Kcl*K40*H40K*exp (t*log(2) /K40t)

HU238c2 Uc2*U238*H238U*exp (t*log (2) /U238t) ;
HU235c2 = Uc2*U235*H235U*exp (t*log(2)/U235t);
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HTh232c2 = Thc2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c2 = Kc2*K40*H40K*exp (t*1log(2) /K40t) ;

HU238¢c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235c3 Uc3*U235*H235U*%exp (t*log(2) /U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*log(2) /K40t) ;

HU238c4 Ucd*U238*H238U*exp (t*log (2)/U238t) ;
HU235c4 = Uc4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 Um4*U238*H238U*exp (t*log (2) /U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 = Um3*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log(2)/U238t);
HU235m2 Um2*U235*H235U*exp (t*log (2) /U235t) ;
HTh232m2 = Thm2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m2 = Km2*K40*H40K*exp (t*log(2) /K40t) ;

HU238ml = Uml*U238*H238U*exp (t*log(2)/U238t);
HU235ml = Uml*U235*H235U*exp (t*log(2)/U235¢t) ;
HTh232ml = Thml*Th232*H232Th*exp (t*log(2) /Th232t) ;
HK40ml = Kml*K40*H40K*exp (t*log(2)/K40t);

HU238m0 Um0*U238*H238U*exp (t*log(2) /U238t) ;
HU235m0 = UmO*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m0 = Thm0*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m0 = KmO*K40*H40K*exp (t*log(2) /K40t) ;

HU238m = Um*U238*H238U*exp (t*1log(2)/U238t);
HU235m = Um*U235*H235U*exp (t*log(2) /U235t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotc0O = (HU238c0+HU235c0+HTh232c0+HK40c0) *rhoc; %volumetric heat
production crust (W/m3)

Atotcl = (HU238cl+HU235cl+HTh232cl1+HK40cl) *rhoc; %volumetric heat
production crust (W/m3)

Atotc?2 = (HU238c2+HU235c2+HTh232c2+HK40c2) *rhoc; %volumetric heat
production crust (W/m3)

Atotc3 = (HU238c3+HU235¢c3+HTh232c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd4 = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotmd = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
production mantle litho (W/m3)
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Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm2 = (HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; $%$volumetric heat
production mantle litho (W/m3)

Atotml = (HU238ml+HU235ml1+HTh232ml1+HK40ml) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm0O = (HU238m0+HU235m0+HTh232m1+HK40m0) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; Svolumetric heat production

mantle (W/m3)
A5c = AtotcO;
Adc = Atotcl;
A3c = Atotc2;
A2c = Atotc3;
Alc = Atotc4;
Alm = Atotm4;
A2m = Atotm3;
A3m = Atotm2;
Adm = Atotml;
Abm = AtotmO;
Am = Atotm;

%$Calculate the layer thicknesses

layb5c = 20*(F1/100); %km

vol5c = (4/3)*pi* (rad”~3-(rad-lay5c)”3); %$km"3 volume of crustal layer
mass5c = vol5c*(100073) *rhoc; %kg mass crustal layer

lay4c = (rad-lay5c)-((rad-laybc)"3-voldc/ ((4/3)*pi))~(1/3); %km

lay3c = (rad-lay5c-laydc)-((rad-lay5c-laydc)"3-vol3c/ ((4/3)*pi))~(1/3);
Tkm

lay2c = (rad-laybc-lay4c-lay3c)-((rad-laybc-layd4c-lay3c) "3-

vol2c/ ((4/3) *pi))~(1/3); %km

laylc = (rad-laybc-lay4c-lay3c-lay2c)-((rad-layS5c-lay4c-lay3c-lay2c) "3-
vollc/ ((4/3)*pi))~(1/3); %km

laylm = (rad-laybc-lay4c-lay3c-lay2c-laylc)-((rad-lay5c-lay4c-lay3c-
lay2c-laylc) *3-vollm/ ((4/3) *pi)) "~ (1/3); %$km

lay2m = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm)-((rad-laybc-lay4c-
lay3c-lay2c-laylc-laylm)*3-vol2m/ ((4/3)*pi)) ~(1/3); %km

lay3m = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm-lay2m) - ((rad-lay5c-
layd4c-lay3c-lay2c-laylc-laylm-lay2m) *3-vol3m/ ((4/3) *pi) )~ (1/3); %km

lay4m = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m) - ((rad-
lay5c-laydc-lay3c-lay2c-laylc-laylm-lay2m-lay3m) "3-
voldm/ ((4/3) *pi)) "~ (1/3); %km

massbm = mass5c/ (F4/100) -mass5c; %kg mass lithosphere layer
vol5m = mass5m/ ((100073) *rhoml); %$km"3 volume lithosphere layer
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laybm = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m-lay4m) -
((rad-lay5c-laydc-lay3c-lay2c-laylc-laylm-lay2m-lay3m-lay4m) *3-
volbm/ ((4/3)*pi))~(1/3); %km

%Calculate base (depth) of each layer
cthOa = lay5c+layéc;

cthOb laybc+lay4c+lay3c;

cthOc = lay5c+laydc+lay3c+lay2c;

cth0 = lay5Sc+laydc+lay3ctlay2ctlaylc; %total thickness of crust in km
cmthOa = cthO+laylm;

cmthOb = cmthOa+lay2m;

cmthOc cmthOb+lay3m;

cmth0d cmthOc+laydm;

cmthO = cmthOd+layb5m;

%% Calculate areotherm 0 Ga

c = zeros(d,33);

cl = zeros(d,2);

%$Fill in the initial row of the array so that the loops can build the

c(l,1) = 0; %$Initial Pressure (GPa)

c(l,2) = 0; %Initial Depth (km)

c(l,3) = Tad0+273;

c(l,4) = (-4.877*c(1l,1)"2+120.2*c(1,1)+1088)+273.15; %solidus
c(1l,5) = Q00/1000; %This is the surface heat flow (W/m"2)
c(l,7) = TO;

o)

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
c(i,2)=c(i-1,2) +step; Skm
if c(i,2)<cthO
c(i,1)=(rhoc*g*c(i,2)*1000)/10"9;
else
c(i,1)=(rhoc*g*cth0*1000) /10"9+ (rhoml*g* ((c(i,2) -
cth0)*1000))/10"9;
end

%$These are the adiabat and solidus
c(i,3)=slope*c(i,2)+c(1,3);
c(i,4)=(-4.877*c(i,1)"2+120.2*c(i,1)+1088)+273.15; %$solidus

%$This is the g value
if c(i,2)<lay5c
g=c(i-1,5)-A5c*(c(i,2)-c(i-1,2))*1000;
elseif c(i,2)<lay5c && c(i,2)<cthOa
g=c(i-1,5)-Adc*(c(i,2)-c(i-1,2))*1000;
elseif c(i,2)<cthla && c(i,2)<cth0b
g=c(i-1,5)-A3c*(c(i,2)-c(i-1,2))*1000;
elseif c(i,2)<cthOb && c(i,2)<cthOc
g=c(i-1,5)-A2c*(c(i,2)-c(i-1,2))*1000;
elseif c(i,2)>cthOc && c(i,2)<cthO
g=c(i-1,5)-Alc*(c(i,2)-c(i-1,2))*1000;
elseif c(i,2)>cth0 && c (i, 2)<cmthOa
g=c(i-1,5)-Alm* (c(i,2)-c(i-1,2))*1000;
elseif c(i,2)>cmthOa && c (i, 2)<cmthOb
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g=c(i-1,5)-A2m* (c(i,2)-c(i-1,2))*1000;
elseif c(i,2)>cmthOb && c(i,2)<cmthOc

g=c(i-1,5)-A3m*(c(i,2)-c(i-1,2))*1000;
elseif c(i,2)>cmthOc && c (i, 2)<cmthOd

g=c(i-1,5)-Adm* (c(i,2)-c(i-1,2))*1000;
elseif c(i,2)>cmth0d && c (i, 2)<cmthO

g=c(i-1,5)-A5m* (c(i,2)-c(i-1,2))*1000;
else

g=c(i-1,5)-Am* (c(i,2)-c(i-1,2))*1000;
end
c(i,5)=qgq; %Store the g value in the array

%$Step 1: Calculate initial guess k values
if c (i, 2)<cthO
k=kc;
else
k=klth;
end
c(i, 6)=k; %Put this k value into the array

%$Step 2: Calculate the temperature at this z value
$T (z)=T0+gT*deltaz/k-A*deltaz”2/2*k
if c(i,2)<lay5c
T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-A5c*((c(i,2)-
c(i-1,2))*1000) "2/ (2*c(1,6));
elseif c(i,2)>lay5c && c(i,2)<cthOa
T=c (i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-RAdc*((c(i,2)-
c(i-1,2))*1000) "2/ (2*c(1,6));
elseif c(i,2)>cthlOa && c(i,2)<cth0b
T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-A3c*((c(i,2)-
c(1i-1,2))*1000) "2/ (2*c(1,6));
elseif c(i,2)>cthOb && c(i,2)<cthOc
T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-A2c*((c(i,2)-
c(i-1,2))*1000) "2/ (2*c(1,6));
elseif c(i,2)>cthOc && c(i,2)<cthO
T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-Alc*((c(i,2)-
c(i-1,2))*1000) "2/ (2*c(1,6));
elseif c(i,2)>cth0 && c (i, 2)<cmthOa
T:c(i—1,7)+c(i,5)*((c(i,2)—c(i—1,2))*1000)/c(i,6)—A1m*((c(i,2)—
c(i-1,2))*1000) "2/ ( (i,6));
elseif c(i,2)>cmth0a && c (i, )<cmthOb
T=c(i-1,7)+c(d *((c(i,2)-c(i-1,2))*1000)/c(i, 6)-A2m* ((c(i,2)-
c(i-1,2))*1000) "2/ (2*c 1,6)
elseif c(i,2)>cmthOb &&
T=c(i-1,7)+c (1 5)*((
c(i-1,2))*1000) "2/ (2*c (i, 6)
elseif c(i,2)>cmthOc &&
(

)I
c(i,2)<cmthOc
c(i
) 7
¢}
T=c(i-1,7)+ (1 5) (c
) ;
c
¢}
)7

,2)-c(i-1,2))*1000) /c (i, 6)-A3m* ((c(i,2)-

(i,2)<cmth0d

(1,2)-c(i-1,2))*1000) /c(i,6)-Adm* ((c(i,2)-

c(i-1,2))*1000) "2/ (2 6)

elseif c(i,2)>cmth0d &&
T=c(i-1,7)+ (1 5)* ((

c(i-1,2))*1000)"2/(2*c (i, 6)

else
T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-Am* ((c(i,2)-

c(i-1,2))*1000) "2/ (2*c(1,6));

end

(1,2)<cmthO
(i,2)-c(i-1,2))*1000) /c(i,6)-ASm* ((c(i,2)-

’
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c(i,7)=

%$Steps 5 and 6 must be iterated 10 times; use a for loop
for §j=8:2:33
%$Step 5: Calculate k using most recent temperature calculation
if c(i,2)<cthOc
k=kc* (1+0.0015*c(1,2))/(1+0.0015* (c(i,3-1)-273));
elseif c(i,2)>cthlOc && c(i,2)<cthO
k=kc* (1+0.0015*c(1,2))/(1+0.0001* (c(i,3-1)-273));
elseif c(i,2)>cthO
if c(i,3-1)<500
k=1/(0.0741+0.000502*c(1,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*c(1i,3-1))+0.0023* (c(i,3J-1)-500);
%or
k2=1.26%* (1+c( ) /1000)+0.0023* (c(1i,3-1)-500);
if k1>k2
k=k1l;
else
k=k2;
end
end
end
c(i,3)=k; %Save the applicable k in the array

c(l,3+1)=T0; %set T on first row

%Step 6: Calculate the temperature using the most recent k
if c(i,2)<lay5c
T=c (i-1,3+1)+c(i,5) * (c ( 2)-c(i-1,2))*1000/c(i,73) -
A5c* ((c(i,2)-c(i-1,2))*1000) "2/ (2 i,3))7
elseif c(i,2)>lay5c && c( <cth0a
T=c(i-1,3+1)+c(i,5) * (c ( c(i-1,2))*1000/c(i,73) -
Adc* ((c(i,2)-c(i-1,2))*1000) "2/ (2 ( j))
elseif c(i,2)>cthla && c(i )<cth0b
T=c(i-1,3+1)+c(i,5) * (c ( c(i-1,2))*1000/c(i,3) -
A3c* ((c(i,2)-c(i-1,2))*1000) "2/ (2 ,j))
elseif c(i,2)>cth0Ob && c (i <cthOc
T=c (i-1,3+1)+c(i,5) * (c ( 2)-c(i-1,2))*1000/c(i,3) -

A2c* ((c(i,2)-c(4i-1,2))*1000) "2/ (2 ( ;1))
elseif c(i,2)>cthOc && c( <cthO
T=c(i-1,j+1)+c(i,5) * (c ( c(i-1,2))*1000/c(i,73) -
Alc*((c(i,2)-c(i-1,2))*1000)"2/(2 ,j));

elseif c(i,2)>cth0 && c(i,2)<cmth0a
T=c (i-1,3j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,])~-
Alm* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(i,3));
elseif c(i,2)>cmthOa && c(i,2)<cmthOb
T=c (i-1,3j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,7])~-
A2m* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(1,73)):
elseif c(i,2)>cmthOb && c (i, 2)<cmthOc
T=c (i-1,3j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,7])~-
A3m* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(i,3));
elseif c(i,2)>cmthOc && c(i,2)<cmthO0d
T=c (i-1,3j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(1i,])~-
Adm* ((c(1,2)-c(i-1,2))*1000)"2/(2*c(1,73)):
elseif c(i,2)>cmth0d && c (i, 2)<cmthO
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T=c (i-1,3+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,73)~-
ASm* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(1i,3));
else
T=c (i-1,3j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(1i,])~-
Am* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(i,3));
end
c(i,j+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop
cl(i,1)=c(i,1)*10000;

(
cl(1,2)=c(1,33);
cl(i,2)=c(i,33);
AO(1,1)=c(1,33)-c(i,3);
BO(i,1)=c(i,1);
CO(i,1)=c(i,2);
PFp0 = find(A0>0,1, 'first');
PFm0 = find (A0<0,1, '"last');
PFO = (BO(PFp0)+BO(PFm0))/2; %calulate pressure
dF0 = (CO(PFp0)+CO (PFm0))/2; %calculate crusth+lithosphere thickness

end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,5)=cth0;

w(2,5)=000;

w (3

,5)=Tad0;
syms PO
eqnl = slope2*P0+ (Tad0+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
POO0 = min(vpasolve (eqnl, P0));
P00 = double (P00); %pressure where solidus and adiabat intersect

w(4,5)=P00;
w(5,5)=PFO0;
w(6,5)=dFO0;

dTdPsolidus0 = 2*(-4.877*PF0)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF0 = dTdFa*PF0+dTdFb;

w(7,5)=dTdPsolidusO;

w(8,5)=dTdF0;

% Use PO and PF to calculate F (percentage of melt produced)
FO = ((dTdPsolidus0O-slope2)/ ((deltaHF/C_P)+dTdF0))* (POO-PFO)*100;
w(9,5)=F0;

% Calculate the composition of the melt and error

S1i020 = (Si02A*PF0+SiO2B) *F072+ (S102C*PF0+S102D) *F0+ (S102E*PF0+Si02F) ;
Ti020 = Ti02A*F0"Ti02B;
A12030 =

(A1203A*PF0+A1203B) *F0"2+ (A1203C*PF0+A1203D) *FO0+ (A1203E*PF0+A1203F) ;
Cr2030 =
(Cr203A*PF0+Cr203B) *F0"2+ (Cr203C*PF0+Cr203D) *FO0+ (Cr203E*PF0+Cr203F) ;

FeO0 = (FeOA*PF0+FeOB)*F0"2+ (FeOC*PF0+FeOD) *F0+ (FeOE*PF0+FeOF) ;
MnO0 = (MnOA*PF0+MnOB) *F0"2+ (MnOC*PF0+MnOD) *F0+ (MnOE*PF0+MnOF) ;
MgO0 = (MgOA*PF0+MgOB) *F0"2+ (MgOC*PF0+MgOD) *F0+ (MgOE*PF0+MgOF) ;

Ca0O0 = CaOA*F0"3+CaOB*F0"2+CaOC*F0+CalD;

Na200 = (Na20A*PF0+Na20B) *F0"2+ (Na20C*PF0+Na20D) *F0+ (Na20E*PF0+Na20F) ;
K200 = K20A*F0"K20B;

P2050 = P205A*F0"P205B;
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(10,5)
(11,5)
(12,5)
(13,5)
(14,5)
(15,5)
(16,5)
(17,5)
(18,5)
(19,5)
(20,5)

£ 5 5 8 5 8 5 8 5 3 ¥

[

=51020;
=T1020;
A12030;
Cr2030;
FeOO;
MnOO;
MgO0 ;
Ca00;
Na200;
K200;
=p2050;

% Calculate the residual using batch melting-will become mantle lithos

Si02resO = (mantleSi02-((F0/100)*Si020))/(1-(F0/100))
TiO2res0 = (mantleTi02-((F0/100)*Ti020))/(1-(F0/100))
Al1203res0 = (mantleAl203- (FO/lOO)*Al2OBO))/(1—(FO/100))
Cr203res0 = (mantleCr203-((F0/100)*Cr2030))/(1-(F0/100))
FeOresO0 = (mantleFeO-((F0/100)*Fe00))/(1-(F0/100));
MnOres0 = (mantleMnO-((F0/100)*Mn00))/ (1- (FO/lOO))
MgOres0 = (mantleMgO- ((F0/100)*Mg0O0))/ (1-(F0/100)
CaOresO0 = (mantleCaO-((F0/100)*Ca00) /(1—(FO/100
Na20resQ = (mantleNaZO (FO/lOO)*Na2OO )/ (1 FO/lOO
K20res(0 = (mantleKZO—((FO/lOO)*KZOO))/(1—(FO/100))
P205res0 = (mantleP205-((F0/100)*P2050))/(1-(F0/100)) ;
w(21,5)=Si02res0;
w(22,5)=Ti0O2res0;
w(23,5)=A1203res0;
w(24,5)=Cr203resO;
w(25,5)=FeOresO;
w(26,5)=MnOresO;
w(27,5)=MgOres0;
w(28,5)=CaOresO;
w(29,5)=Na20res0;
w(30,5)=K20resO;
w(31,5)=P205res0;
%End of present day calculations

%% Now plot the results.

%$The areotherms and adiabats are plotted against depth on the left
axis, while the solidus is plotted against pressure on the right axis
vtl = 1/255%[232,119,34];

strl = '"#001932'; $'#000032"';

colorl = sscanf(strl(2:end), '$2x%2x%2x"',[1 31)/255;
str2 = '"#00366C"'; $'#000096"';

color?2 = sscanf (str2(2:end), "%$2x%2x%2x"',[1 3]1)/255;
str3 = '"#0068D0"'; $'#0OOOFA';

color3 = sscanf (str3(2:end), "%$2x%2x%2x"',[1 3]1)/255;
str4 = "#359AFF'; $'#5F5FFF';

colord = sscanf(strd (2:end), '%2x%2x%2x"',[1 3])/255;
str5 = "#99CCFF';

color5 = sscanf (str5(2:end), "$2x%2x%2x"',[1 3]1)/255;
yyaxis left
plot(x(:,33),x(:,2),'-","'color',colorl, 'LineWidth',2, 'DisplayName', '4
Ga') %areotherm
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hold
plot
Ga')
hold
plot
Ga')
hold
plot
Ga')
hold
plot
Ga')
hold
plot
hold
plot
hold
plot
hold
plot
(b(:
t')
hold
plot

on
(y(:,33),y(:,2),'-.","'color',color2, '"LineWidth', 2, "'DisplayName', '3
on
(z(:,33),2z(:,2),"'--","color',color3, 'LineWidth',2, 'DisplayName', '2
on

(b(:,33),b(:,2),":","'color',colord4, 'LinewWidth',2, 'DisplayName"', "1

(c(:,33),c(:,2),"'"-","'color',color5, 'LineWidth',2, 'DisplayName"', '0

on
(x(:,3),x(:,2),"'-

,'color',colorl, 'LineWidth',1.5, 'DisplayName', 'adiabat') %adiabat

on
(y(:,3),y(:,2),"'-

,'color',color2, 'LineWidth',1.5, 'DisplayName', 'adiabat')

on
(z(:,3),2(:,2),"—~

,'color',color3, 'LineWidth',1.5, 'DisplayName', 'adiabat')

on

,3),b(:,2),"'":",'color',colord4, 'LineWidth',1.5, 'DisplayName"', 'adiaba

on
(c(:,3),c(:,2),"'-

,'color',colorb5, 'LineWidth',1.5, 'DisplayName', 'adiabat')

legend('location', "southwest');

ylabel ('Depth (km) ')
ylim ([0 x(3000,2)])
set(gca, 'YDir', 'reverse', 'YMinorTick', 'on', 'Ycolor', 'k')

title('Areotherms')

xlabel ('Temperature (K)'")

set (gca, 'XAxisLocation', 'top', 'linestyleorder', {'-
'}, "XMinorTick', 'on', 'Xcolor', 'k")

x1im ([200 2000])

yyaxis right
plot(x(:,4),x(:,1), 'color',vtl, 'LineWidth', 2, 'DisplayName', 'solidus"')
%solidus

ylim ([0 x(3000,1)1])

ylabel ('Pressure (GPa)')

set (gca, 'YDir', 'reverse', 'YMinorTick', 'on', 'Ycolor', 'k")

set(gca, 'TickDir', "both")

o9

5% Save the results

save
save
save
save
save
save
save

Areothermd4GaMelt.txt x —-ascii
Areotherm3GaMelt.txt y -ascii
Areotherm2GaMelt.txt z -ascii
AreothermlGaMelt.txt b -ascii
Areotherm0GaMelt.txt ¢ -ascii

ptOMelt.txt cl -ascii
ptlMelt.txt bl -ascii
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save pt2Melt.txt zl -ascii
save pt3Melt.txt yl -ascii
save ptdMelt.txt x1 -ascii
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B.3 Melt-Average Model

% Project: Areotherm MeltAverage.m

% Author: Fiona McGroarty

% Date Written: 19 October 2019

% Last Updated: 19 May 2021

% Purpose: This program will calculate the HPE concentration in the
depleted mantle lithosphere and then use those wvalues to calculate the
parameters for an areotherm through time and plot the result. It will
calculate the composition of melt produced at a particular time and the
composition of the residual, with error. It will then repeat the process
using the previous calculation as the starting value for the next timestep
and the previous melt as the most recent layer in the crust.

% Additional files needed: MeltModel.xlsx

%% Load the initial values from the Excel file meltmodel.xlsx

% Load values needed later to calculate F (dT/dPsolidus, dT/dPadiabat,
deltaHF, C P. dT/dF). PO and Pf will be calculated in a later step
prior to calculating F

o)

% 1. Parameter read in
param = importdata ('OxideCoeff.txt'");

% 2. Variable read in
Si02A = param(1l,1);

Si02B = param
S1i02C = param
Si02D = param
Si02E = param
Si02F = param

TiO2A = param(2,1);
TiO2B = param(2,2);
Ti02C = param(2,3);
Ti02D = param(2,4);
TiO2E = param(2,5);
TiO2F = param(2,6);
Al1203A = param(3,1);
Al203B = param(3,2);
Al1203C = param(3,3);
Al1203D = param(3,4);
Al203E = param(3,5);
Al1203F = param(3,6);
Cr203A = param(4,1);
Cr203B = param(4,2);
Cr203C = param(4,3);
Cr203D = param(4,4);
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Cr203E = param(4,5);
Cr203F = param(4,6);

FeOA = param(5,1
FeOB (5,2
FeOC = param(5,3
(5,4
(5,5
(5,06

Il
o}
)
=
)
3

FeOD = param
FeOE = param
FeOF = param

MnOA = param(6,1)
MnOB = param(6,2)
MnOC = param(6,3);
MnOD = param(6,4)
MnOE = param(6,5)
MnOF = param(6,6)

MgOA = param(7,1)
MgOB = param(7,2)
MgOC = param(7,3);
MgOD = param(7,4)
MgOE = param(7,5)
MgOF = param(7,6)

CaOA = param
CaOB = param
CaOC = param
CaOD = param
CaOE = param
CaOF = param

Na20A = param(9,1);
Na20B = param(9,2);
Na20C = param(9,3);
Na20D = param(9,4);
Na20E = param(9,5);
Na20F = param(9,6);

’

K20A = param(10,1)
K20B = param(10,2)
K20C = param(10,3);
K20D = param(10,4);
( )
( )

’

’

K20E = param(10,5
K20F = param (10,6

’

P205A = param(1l1,1
P205B = param(1l1,2

(
(
(
(
(
(

’

’

)
)
11,3)7
)
)
)

P205C = param
P205D = param(11,4);
P205E = param(1l1l,5);

’

P205F = param(l1l,6

%% Mars parameters
rhoc = 2900; %kg/m"3 crustal density
rhoml = 3400; %kg/m”3 mantle lithosphere density
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rhom = 3700; %$kg/m”3 mantle density

TO = 220; %Temperature at the surface in K

g = 3.72; %m/s"2 gravitational acceleration on Mars

slope = 0.18; %adiabat slope (deg/km)

slope?2 = (slope/1000)/ (g*rhoml)*1E9; %adiabat slope

deltaHF = 640000; %J/kg (Kiefer, 2003)

C P = 1200; %J/K*kg (Kiefer, 2003)

rad = 3390; %km radius planet

d = 5000; %The number of rows of the array to hold the values
step = 0.1; %$step for depth km

dTdFa -0.639; %calculated from experimental data
dTdFb = 5.2926; S%calculated from experimental data

%$Input the oxides in the undepleted mantle (Dreibus and Wanke 1985)
mantleSi02 = 44.4;
mantleTiO2 = 0.14;

mantleAl203 = 3.02;
mantleFeO = 17.9;
mantleCr203 = 0.76;
mantleMnO = 0.47;
mantleMgO = 30.2;
mantleCaO = 2.45;

mantleNa20 = 0.50;
mantleK20 = 0.04;
mantleP205 = 0.16;

%$Initial thermal conductivity guess
kc = 2.5; %crust thermal condutivity (W/mK)
klth = 4.0; %$mantle lithosphere thermal conductivity (W/mK)

[

% Heat Production Constants
U238 = 0.992834; %fraction of U238 in the solar system
U235 = 0.00711; %fraction of U235

U238t = 4.469E9; %half-life in yr
U235t = 0.704E9; %half-life in yr
H238U = 9.464E-5; %rate of heat release 238U (W/kqg)
H235U = 5.687E-4; %rate of heat release 2350 (W/kqg)

Th232 = 0.9998; %fraction of Th232
Th232t = 14.00E9; %half-life in yr
H232Th = 2.638E-5; %$rate of heat release 232Th (W/kg)

K40 = 1.193E-4; %fraction of K40
K40t = 1.268E9; %half-life in yr
H40K = 2.97E-5; %rate of heat release 40K (W/kg)

%Bulk peridotite/melt partition coefficients

DK = 0.003; %Davis et al. 2011 EPSL, garnet peridodite
DU = 1.le-4; %Beatie 1993 EPSL, spinel peridodite

DTh = 1.7e-4; %Beatie 1993 EPSL, spinel peridodite

$HPE concentrations
Uc = 180/1E9; %Uranium in crust (Taylor and McLennon, 2009)
Thc = 700/1E9; %Thorium in crust (Taylor and McLennon, 2009)
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Kc = 3740/1E6; %Potassium in crust (Taylor and McLennon, 2009)

Um = 16/1E9; %Uranium in mantle Dreibus and Wanke
Thm = 56/1E9; %Thorium in mantle Dreibus and Wanke
Km = 315/1E6; %Potassium in mantle Dreibus and Wanke

o

% Areotherm 4 Ga

Input the initial parameters TO BE CHANGED WITH TIME

t = 4*%1079; %time in years, 0 is present

Q04 = 6.25*(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tad4 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

o\

%Calculate the heat produced in the crust and mantle lithosphere
Forig = 0.1; %initial guess for melt fraction for first crust
Ucd4 = Um/ (Forig+ (l-Forig) *DU); S%Uranium in crust

Thc4 = Thm/ (Forig+ (1-Forig) *DTh); %Thorium in crust

Kc4 = Km/ (Forig+ (1-Forig) *DK); %Potassium in crust

Um4 = (Um-Forig*Uc4)/ (1-Forig); %Solve for mantle lithosphere
concentration

Thm4 = (Thm-Forig*Thc4)/(1-Forig); $%Solve for mantle lithosphere
concentration

Km4 = (Km-Forig*Kc4)/(1-Forig); %Solve for mantle lithosphere
concentration

Umd = Um*0.5; %Uranium in mantle lithosphere

Thm4 = Thm*0.5; $Thorium in mantle lithosphere

m4d = Km*0.5; %Potassium in mantle lithosphere

o° oP

o
2N

HU238c4 Ucd*U238*H238U*exp (t*log (2) /U238t) ;
HU235c4 = Uc4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U%exp (t*log (2) /U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2)/K40t) ;

HU238m = Um*U238*H238U*exp (t*log(2)/U238t) ;
HU235m = Um*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotmd = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; %volumetric heat production
mantle (W/m3)

Adc = Atotc4;

Adm = Atotm4;

Am = Atotm;

%Calculate the layer thicknesses
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laylc 20;

vollc = (4/3)*pi* (rad”3-(rad-laylc)”"3); %$km”3 volume of crustal layer

masslc = vollc* (1000"

3) *rhoc; %kg mass crustal layer

masslm = masslc/Forig-masslc; %$kg mass lithosphere layer
vollm = masslm/ ((100073)*rhoml); %km”3 volume lithosphere layer

laylm = (rad-laylc)-

((rad-laylc)"3-vollm/ ((4/3) *pi) )~ (1/3); Skm

thicknes of lithosphere layer

cthd = laylc; %total
cmth4 = cthéd+laylm;

thickness of crust in km

%% Calculate areotherm at 4 Ga

x = zeros(d,33);
x1l = zeros(d,2);

$Fill in the initial
rest
x (1 = 0; %$Initial
= 0; %$Initial
Tad4+273;

~

~

—_— — — — — —

= TO;

~

B R
~
\]U‘In«bw[\)

x(
(
(
(
(

XX X X

= (-4.877*x(1,
= Q04/1000; %This is the surface heat flow (W/m"2)

row of the array so that the loops can build the

Pressure (GPa)
Depth (km)

1)72+4120.2*x(1,1)+1088)+273.15; %solidus

% Now that row 1 is filled out, it is time to fill in the remaining

columns
for i=2:d

x(i,2)=x(1i-1,2)+step; %km

if x(i,2)<cth4

x(i,1)=(rhoc*g*x(i,2)*1000)/10"9;

else

x(i,1)=(rhoc*g*cth4*1000) /10"9+ (rhoml*g* ((x(i,2) -

cth4)*1000))/10"9;
end

%$These are the adiabat and solidus
x(1i,3)=slope*x(i,2)+x(1,3);

x(1i,4)=(-4.877*x (i,

1)72+4120.2*x(1,1)+1088)+273.15; %solidus

%$This is the g value

if x(i,2)<cth4

g=x(1i-1,5)-Adc* (x(1i,2)-x(1i-1,2))*1000;
elseif x(i,2)>cthd && x(i,2)<cmth4
g=x(1i-1,5)-Adm* (x(1,2)-x(i-1,2))*1000;

else

g=x(i-1,5)-Am* (x(i,2)-x(i-1,2))*1000;

end

x(i,5)=qg; %Store the g value in the array

%Step 1: Calculate initial guess k values

if x(i,2)<cth4
k=kc;
else
k=klth;
end
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x(i,6)=k; %Put this k value into the array

%$Step 2: Calculate the temperature at this z value
$T (z)=T0+gT*deltaz/k-A*deltaz"2/2*k
if x(i,2)<cth4
T=x(1-1,7)+x(1,5)* ((x(i,2)-x(i-1,2))*1000) /x(1i,6)-Adc* ((x(1i,2)-
x(i-1,2))*1000) "2/ (2*x(1,6)) ;
elseif x(i,2)>cthd && x(i,2)<cmth4
T=x(1-1,7)+x(1,5)* ((x(i,2)-x(i-1,2))*1000) /x(1i,6)-Adm* ((x(1i,2)-
x(1-1,2))*1000)"2/(2*x(1,6));
else
T=x(1-1,7)+x(1,5)* ((x(i,2)-x(i-1,2))*1000) /x(1i,6)-Am* ((x(i,2)-
x(1i-1,2))*1000) "2/ (2*x(1,6));
end
x(i,7)=T;

%$Steps 5 and 6 must be iterated 10 times; use a for loop
for 3j=8:2:33
%Step 5: Calculate k using most recent temperature calculation
if x(i,2)<cth4
k=kc* (1+0.0015*x(1,2))/(1+0.0001* (x(i,3-1)-273));
elseif x(i,2)>cth4
if x(i,3-1)<500
k=1/(0.0741+0.000502*x(1,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*x(i,3-1))+0.0023* (x(1i,3-1)-500) ;
%or
k2=1.26* (1+x(1i,2)/1000)+0.0023*(x(i,3-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end

end
x(i,j)=k; %$Save the applicable k in the array

x(1,J+1)=T0; S%set T on first row

%Step 6: Calculate the temperature using the most recent k
if x(i,2)<cth4
T=x(i-1,3+1)+x(i,5) *(x(1,2)-x(i-1,2))*1000/x(1i,73) -
Adc* ((x(1,2)-x(1-1,2))*1000)"2/(2*x(1,73)):
elseif x(i,2)>cthd4 && x(i,2)<cmthi4
T=x(i-1,3+1)+x(i,5) *(x(i,2)-x(i-1,2))*1000/x(1i,73) -
Adm* ((x(1,2)-x(1-1,2))*1000)"2/(2*x(1,73)):
else
T=x(i-1,3+1)+x(i,5) *(x(1,2)-x(i-1,2))*1000/x(1i,7]) -
Am* ((x(i,2)-x(1i-1,2))*1000)"2/(2*x(1,3));
end
x(i,J+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop
x1(i,1)=x(1i,1)*10000;
1,33);
i,33);
j_, 33)_X(ll3);

x1(1,2)
%1 (i,2)
Ad(i,1)

4

o~ e~~~

X
X
X
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B4 (1i,1)=x(1,1);

C4(i,1l)=x(1,2);

PFp4 = find(A4>0,1, "first'");

PFm4 = find (A4<0,1, 'last');

PF4 = (B4 (PFp4)+B4(PFm4))/2; %calulate pressure

dF4 = (C4 (PFp4)+C4 (PFm4))/2; %calculate lithosphere+crust thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w=zeros (31,5);

w(l,1)=cth4;
w(2,1)=004;
w(3,1)=Tad4;
syms PO
eqnl = slope2*P0+ (Tad4+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;

P04 = min(vpasolve (eqnl,P0)); S%Spressure of adiabat and solidus
intersection

P04 = double (P04);

w(4,1)=P04;

w(5,1)=PF4;

w(6,1)=dF4;

dTdPsolidus4 = 2*(-4.877*PF4)+120.2; %solidus slope
dTdF4 = dTdFa*PF4+dTdFb;

w(7,1)=dTdPsolidus4;

w(8,1)=dTdF4;

% Use PO and PF to calculate F (percentage of melt produced)
F4 = ((dTdPsolidus4-slope2)/ ((deltaHF/C_P)+dTdF4))* (P04-PF4)*100;
w(9,1)=F4;

% Calculate the composition of the melt and error

S1024 = (SiO2A*PF4+Si02B) *F4"2+ (Si02C*PF4+3102D) *F4+ (S1i02E*PF4+S1i02F) ;
Ti024 = TiO2A*F4~Ti02B;
Al2034 =
(A1203A*PF4+A1203B) *F472+ (A1203C*PF4+A1203D) *F4+ (A1203E*PF4+A1203F) ;
Cr2034 =
(Cr203A*PF4+Cr203B) *F4"2+ (Cr203C*PF4+Cr203D) *F4+ (Cr203E*PF4+Cr203F) ;
FeO4 = (FeOA*PF4+FeOB) *F4"2+ (FeOC*PF4+FeOD) *F4+ (FeOE*PF4+FeOF) ;
MnO4 = (MnOA*PF4+4+MnOB) *F4°2+ (MNOC*PF4+MnOD) *F4+ (MNOE*PF4+MnOF') ;
MgO4 = (MgOA*PF4+MgOB) *F4”2+ (MgOC*PF4+MgOD) *F4+ (MgOE*PF4+MgOF) ;
Ca04 = CaOA*F4"3+Ca0OB*F4"2+Ca0OC*F4+CalD;
Na204 = (Na20A*PF4+Na20B) *F4"2+ (Na20C*PF4+Na20D) *F4+ (Na20E*PF4+Na20F) ;
K204 = K20A*F47K20B;
P2054 = P205A*F4"P205B;
w(l0,1)=S1024;
w(ll,1)=T1024;
w(l2,1)=A12034;
w(l3,1)=Cr2034;
w(l4,1)=Fe0O4;
w(l5,1)=Mn0O4;
w(l6,1)=Mg0O4;
w(l7,1)=Cal4;
w(l8,1)=Na204;
w(l9,1)=K204;
w(20,1)=P2054;
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% Calculate the residual using batch melting- will become mantle lithos

Si02res4 = (mantleSiO02-((F4/100)*sSi024))/(1-(F4/100))
TiO2res4 = (mantleTiO02-((F4/100)*Ti024))/(1-(F4/100))
Al1203resd = (mantleA1203—((F4/100)*A12034))/(1—(F4/100))
Cr203res4 = (mantleCr203-((F4/100)*Cr2034)) /(1 F4/100))
FeOres4 = (mantleFeO- ((F4/100)*Fe04))/ (1 (F4/1OO
MnOres4 = (mantleMnO-((F4/100)*Mn0O4))/(1-(F4/100)
MgOres4 = (mantleMgO- ((F4/100)*Mg0O4))/(1-(F4/100)
CaOres4d = (mantleCaO—((F4/100)*CaO4))/(1—(F4/1OO
Na20res4 = (mantleNa20-((F4/100)*Na204))/ (1 F4/100
K20res4d = (mantleKZO—((F4/100)*K204))/(1—(F4/100
P205res4 = (mantleP205-((F4/100)*P2054))/ (1 F4/1OO
w(21,1)=Si0O2res4;
w(22,1)=TiO2res4;
w(23,1)=A1203res4;
w(24,1)=Cr203res4d;
w(25,1)=FeOres4;
w(26,1)=MnOres4;
w(27,1)=MgOres4;
w(28,1)=CaOres4;
w(29,1)=Na20res4;
w(30,1)=K20res4;
w(31,1)=P205res4;
%End of 4 Ga (will become one distinct layer)

%% 3 Ga
% Input the initial parameters TO BE CHANGED WITH TIME
t = 3*¥10"9; %time in years, 0 is present

Q03 = 6.25*%(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tad3 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Uc3 = Um/ (F4+ (1-F4)*DU); %Uranium in crust

The3 = Thm/ (F4+(1-F4) *DTh); $Thorium 1n crust

Kc3 = Km/ (F4+ (1-F4) *DK); %Potassium 1in crust

Um3 = Um-F4*Uc3/(1-F4); %Uranium 1in crust
Thm3 = Thm-F4*Thc3/(1-F4); %Thorium in crust
Km3 = Km-F4*Kc3/(1-F4); %Potassium in crust

HU238c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235c3 Uc3*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*1og(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*1log(2) /K40t)

HU238c4 Uc4*U238*H238U*exp (t*log(2)/U238t) ;
HU235c4 Uc4d*U235*H235U*exp (t*log (2) /U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t)

HU238m4 Um4*U238*H238U*exp (t*log(2) /U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2) /U235¢t) ;
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HTh232m4 = Thm4*Th232*H232Th*exp (t*log(2) /Th232t) ;

HK40m4

HU238m3
HU235m3

= Km4*K40*H40K*exp (t*log (2) /K40t) ;

= Um3*U238*H238U*exp (t*log(2) /U238%t) ;
Um3*U235*H235U*%exp (t*log (2) /U235t) ;

HTh232m3 = Thm3*Th232*H232Th*exp (t*log (2) /Th232t) ;

HK40m3

HU238m
HU235m

HTh232m

HK40m =

Atotc3
product
Atotc4
product
Atotm4
product
Atotm3
product
Atotm =
mantle

%$Calcul
lay2c =
vol2c =
mass2c

laylc

laylm =
Skm

mass2m
vol2m =
lay2m =
vol2m/ (

%$Calcul
cth3 =
cmth3 =

A3c = A
A3m = A
Am = At
%% Calc
y = zer
vyl = ze

SFill i
rest
y(1,1)
y(1,2)
y(1,3)

= Km3*K40*H40K*exp (t*log(2) /K40t) ;

= Um*U238*H238U*exp (t*log(2)/U238t) ;

= Um*U235*H235U*exp (t*1log(2) /U235t) ;

= Thm*Th232*H232Th*exp (t*log(2) /Th232t) ;
Km*K40*H40K*exp (t*1log (2) /K40t) ;

= (HU238c3+HU235c3+HTh232c3+HK40c3) *rhoc; %volumetric heat
ion crust (W/m3)
= (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
ion crust (W/m3)
= (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %$volumetric heat
ion mantle litho (W/m3)
= (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %volumetric heat
ion mantle litho (W/m3)
(HU238m+HU235m+HTh232m+HK40m) *rhom; %volumetric heat production
(W/m3)

ate the layer thicknesses

20*(F4/100); %km

(4/3) *pi* (rad”3-(rad-lay2c) *3); %km"3 volume of crustal layer
= vol2c*(100073) *rhoc; %kg mass crustal layer

(rad-lay2c) - ((rad-lay2c) ~3-vollc/ ((4/3)*pi) )~ (1/3); Skm

(rad-lay2c-laylc) - ((rad-lay2c-laylc) *3-vollm/ ((4/3) *pi) )"~ (1/3);

= mass2c/ (F4/100) -mass2c; %$kg mass lithosphere layer
mass2m/ ((100073) *rhoml); %km"3 volume lithosphere layer
(rad-lay2c-laylc-laylm) - ((rad-lay2c-laylc-laylm) "3-
(4/3)*pi))~(1/3); %km

ate base (depth) of each layer
lay2c+tlaylc; %total thickness of crust in km
cth3+laylm+lay2m;

totcd* (laylc/cth3) +Atotc3* (lay2c/cth3);

totm4* (laylm/ (cmth3-cth3))+Atotm3* (lay2m/ (cmth3-cth3)) ;
otm;

ulate areotherm 3 Ga

os (d, 33);

ros(d,2);

n the initial row of the array so that the loops can build the

= 0; %$Initial Pressure (GPa)
0; %Initial Depth (km)
Tad3+273;
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v(1,4) = (-4.877*y(1,1)"2+120.2*y(1,1)+1088)+273.15; %solidus
y(1,5) = Q03/1000; %This is the surface heat flow (W/m"2)
y(1,7) = TO;

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
y(i,2)=y(i-1,2)+step; Skm
if y(i,2)<cth3
y(i,1)=(rhoc*g*y(i,2)*1000)/10"9;
else
v (i,1)=(rhoc*g*cth3*1000) /10"9+ (rhoml*g* ((y(i,2) -
cth3)*1000))/10"9;
end

$These are the adiabat and solidus
y(i,3)=slope*y(i,2)+y(1,3);
v(i,4)=(-4.877*y(1i,1)"2+120.2*y(i,1)+1088)+273.15; %solidus

%$This is the g value
if y(i,2)<cth3

g=y (1-1,5) -A3c*(y(i,2)-y(i-1,2))*1000;
elseif y(i,2)>cth3 && y(i,2)<cmth3

g=y (i-1,5) -A3m* (y (i,2) -y (i-1,2)) *1000;
else

qZY(l_ll5) -Am* (Y(ll2) _Y(l_ll2) ) *1000;
end
y(i,5)=qgq; %Store the g value in the array

%Step 1: Calculate initial guess k values
if y(i,2)<cth3
k=kc;
else
k=klth;
end
y(i,6)=k; %Put this k value into the array

%Step 2: Calculate the temperature at this z value
$T (z)=T0+gT*deltaz/k-A*deltaz”"2/2*k
if y(i,2)<cth3
T=y(i-1,7)+y(i,5) *((y(i,2)-y(i-1,2))*1000)/y(i,6)-A3c* ((y(i,2)-
y(i-1,2))*1000) 2/ (2*y (i,6));
elseif y (i, 2)>cth3 && y (i, 2)<cmth3
T=y(i-1,7)+y(i,5)*((y(i,2)-y(i-1,2))*1000)/y(i,6)-A3m* ((y(i,2)-
y(1i-1,2))*1000)"2/(2*y(i,6));
else
T=y (1-1,7)+y(1,5) * ((y(1,2)-y(i-1,2))*1000) /y (i,6)-Am* ((y(i,2)-
y(i-1,2))*1000)"2/(2*y(1,6));
end
y(l, 7)=T;

%Steps 5 and 6 must be iterated 10 times; use a for loop
for 3=8:2:33
%Step 5: Calculate k using most recent temperature calculation
if y(i,2)<cth3
k=kc* (1+0.0015*y (1i,2))/(1+0.0001* (y(i,3-1)-273));

116



i,2)>cth3
i,3-1)<500
k=1/(0.0741+0.000502*y(1,3-1));
else %Take the larger of these wvalues
k1=1/(0.0741+0.000502*y (i,3-1))+0.0023* (y(i,3J-1)-500);
%or
k2=1.26* (1+y(i,2)/1000)+0.0023* (y(i,3-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
end
y(i,j)=k; %Save the applicable k in the array

elseif y
if y

—_

y(1l,3+1)=T0; %set T on first row

%Step 6: Calculate the temperature using the most recent k
if y(i,2)<cth3
T=y(i-1,3+1)+y(i,5)*(y(i,2)-y(i-1,2))*1000/y(i,])-
A3c* ((y(i,2)-y(i-1,2))*1000)"2/(2*y(i,3));
elseif y(i,2)>cth3 && y(i,2)<cmth3
T=y (i-1,3+1)+y(i,5) * (v (i,2) -y (i-1,2))*1000/y(i,3) -
A3m* ((y(i,2)-y(i-1,2))*1000) 2/ (2*y (i,3));
else
T=y(i-1,3+1)+y(i,5)*(y(i,2)-y(1i-1,2))*1000/y(i,])-
Am* ((y (i,2)-y(i-1,2))*1000)"2/(2*y (i, 3));
end
y(i,3+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop

(
yl1(1,2)=y(1,33);
yl(i,2)=y(i,33);
A3(i,1)=y(i,33)-y(i,3);
B3(i,1)=y(i,1);
C3(i,1)=y(1i,2);
PFp3 = find (A3>0,1, 'first');

PFm3 = find(A3<0,1, 'last');

PF3 = (B3 (PFp3)+B3(PFm3))/2; %calulate pressure

dF3 = (C3(PFp3)+C3(PFm3))/2; %calculate crust+lithosphere thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,2)=cth3;

w(2,2)=003;

w(3,2)=Tad3;

syms PO

egqnl = slope2*P0+(Tad3+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;

P03 = min(vpasolve(egnl,P0)); Spressure of solidus-adiabat intersection

P03 = double (P03);
w(4,2)=P03;
w(5,2)=PF3;
w(6,2)=dF3;
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dTdPsolidus3 = 2*(-4.877*PF3)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF3 = dTdFa*PF3+dTdFb;

w(7,2)=dTdPsolidus3;

w(8,2)=dTdF3;

% Use PO and PF to calculate F (percentage of melt produced)
F3 = ((dTdPsolidus3-slope2)/ ((deltaHF/C_P)+dTdF3))* (PO3-PF3)*100;
w(9,2)=F3;

[

% Calculate the composition of the melt and error

S1i023 = (S102A*PF3+S1i02B) *F372+ (S1i02C*PF3+S102D) *F3+ (S102E*PF3+S1i02F) ;
Ti023 = TiO2A*F3"Ti02B;
Al2033 =

(A1203A*PF3+A1203B) *F372+ (A1203C*PF3+A1203D) *F3+ (A1203E*PF3+A1203F) ;
Cr2033 =
(Cr203A*PF3+Cr203B) *F372+ (Cr203C*PF3+Cr203D) *F3+ (Cr203E*PF3+Cr203F) ;

FeO3 = (FeOA*PF3+FeOB) *F3"2+ (FeOC*PF3+Fe0D) *F3+ (FeOE*PF3+FeOF) ;
MnO3 = (MnOA*PF3+MnOB) *F372+ (MnOC*PF3+MnOD) *F3+ (MnOE*PF3+MnOF) ;
MgO3 = (MgOA*PF3+MgOB) *F32+ (MgOC*PF3+MgOD) *F3+ (MgOE*PF3+MgOF) ;

Ca03 = CaOA*F3"3+Ca0OB*F3"2+CaOC*F3+CalD;
Na203 = (Na20A*PF3+Na20B) *F372+4+ (Na20C*PF3+Na20D) *F3+ (Na20E*PF3+Na20F) ;
K203 = K20A*F3"K20B;
P2053 = P205A*F37P205B;
w(l0,2)=S51023;
w(ll,2)=Ti023;
w(l2,2)=A12033;
w(l3,2)=Cr2033;
w(l4,2)=Fe03;
w(l5,2)=Mn03;
w(l6,2)=Mg03;
w(l7,2)=Ca03;
w(l8,2)=Naz203;
w(l9,2)=K203;
w(20,2)=P2053;

% Calculate the residual using batch melting- will become mantle lithos

Si02res3 = (mantleSi02-((F3/100)*Si023))/(1-(F3/100))

TiO2res3 = (mantleTiO2- ((F3/100)*Ti023))/(1-(F3/100));
Al203res3 = (mantleA1203—((F3/100)*A12033))/(1—(F3/100));
Cr203res3 = (mantleCr203-((F3/100)*Cr2033))/ (1 F3/100))
FeOres3 = (mantleFeO-((F3/100)*Fe03))/(1-(F3/100)

MnOres3 = (mantleMnO- ((F3/100)*Mn0O3))/(1-(F3/100)

MgOres3 = (mantleMgO—((F3/100)*Mg03))/(1 (F3/100))
CaOres3 = (mantleCaO- ((F3/100)*Ca03))/(1-(F3/100)
Na20res3 = (mantleNa20-((F3/100) *Na203 Y/ (1 F3/100
K20res3 = (mantleKZO—((F3/100)*K203))/(1—(F3/100

P205res3 = (mantleP205-((F3/100)*P2053))/ (1 F3/100

w(21,2)=Si02res3;
w(22,2)=Ti0O2res3;
w(23,2)=A1203res3;
w(24,2)=Cr203res3;
w(25,2)=FeOres3;
w ( ) =MnOres3;
w(27,2)=MgOres3;
w ( ) =CaOres3;
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(29, 2)=Na20res3;
(30, 2)=K20res3;
(31,2)=P205res3;
End of 3 Ga (becomes next distinct layer)

W
W
W

o3
o

o\°

% 2 Ga

t = 2*%1079; %time in years, 0 is present

Q02 = 6.25*(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tad2 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Uc2 = Um/ (F3+(1-F3)*DU); %Uranium in crust

Thc2 = Thm/ (F3+ (1-F3)*DTh); %Thorium in crust

Kc2 = Km/ (F3+(1-F3)*DK); %Potassium in crust

Um2 = Um-F3*Uc2/(1-F3); %Uranium in mantle lithosphere
Thm2 = Thm-F3*Thc2/(1-F3); %Thorium in mantle lithosphere
Km2 = Km-F3*Kc2/(1-F3); %Potassium in mantle lithosphere

HU238c2 Uc2*U238*H238U*exp (t*log (2) /U238t) ;
HU235c2 = Uc2*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c2 = Thc2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c2 = Kc2*K40*H40K*exp (t*log(2) /K40t) ;

HU238c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235¢c3 = Uc3*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*log(2) /K40t) ;

HU238c4 = Uc4*U238*H238U*exp (t*log(2)/U238t) ;
HU235c4 Uc4*U235*H235U*exp (t*log (2) /U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U*exp (t*log(2)/U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 Um3*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*1og(2) /Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log(2) /U238¢t);
HU235m2 = Um2*U235*%H235U*exp (t*log (2) /U235t) ;
HTh232m2 = Thm2*Th232*H232Th*exp (t*log (2) /Th232t) ;
HK40m2 = Km2*K40*H40K*exp (t*log (2) /K40t) ;

HU238m Um*U238*H238U*exp (t*log(2) /U238t) ;
HU235m = Um*U235*H235U*exp (t*log (2) /U235¢t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;
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Atotc2 = (HU238c2+HU235c2+HTh232c2+HK40c2) *rhoc; %volumetric heat
production crust (W/m3)

Atotc3 = (HU238c3+HU235¢c3+HTh232¢c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotmd = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm2 = (HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; $%$volumetric heat
production mantle litho (W/m3)
Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; S$volumetric heat production

mantle (W/m3)

%$Calculate the layer thicknesses

lay3c = 20*(F3/100); %km

vol3c = (4/3)*pi* (rad”~3-(rad-lay3c)”3); %$km"3 volume of crustal layer
mass3c = vol3c*(100073) *rhoc; %kg mass crustal layer

lay2c = (rad-lay3c)-((rad-lay3c)”3-vol2c/((4/3)*pi))~(1/3); %km

laylc = (rad-lay3c-lay2c)-((rad-lay3c-lay2c)~3-vollc/ ((4/3)*pi))"~(1/3);
Skm

laylm = (rad-lay3c-lay2c-laylc)-((rad-lay3c-lay2c-laylc) "3~

vollm/ ((4/3) *pi))"~(1/3); %Skm

lay2m = (rad-lay3c-lay2c-laylc-laylm)-((rad-lay3c-lay2c-laylc-laylm) "3~
vol2m/ ((4/3)*pi) )~ (1/3); %km

mass3m = mass3c/ (F3/100) -mass3c; %$kg mass lithosphere layer

vol3m = mass3m/ ((100073)*rhoml); %km”3 volume lithosphere layer
lay3m = (rad-lay3c-lay2c-laylc-laylm-lay2m)-((rad-lay3c-lay2c-laylc-
laylm-lay2m) "3-vol3m/ ((4/3) *pi) )" (1/3); %km

%Calculate base (depth) of each layer
cth2 = lay3c+lay2c+laylc; Stotal thickness of crust in km
cmth2 = cth2+laylmtlay2m+lay3m;

A2c = Atotc4d*laylc/cth2+Atotc3*lay2c/cth2+Atotc2*lay3c/cth2;
A2m = Atotm4*laylm/ (cmth2-cth2)+Atotm3*lay2m/ (cmth2-
cth2)+Atotm2*lay3m/ (cmth2-cth2) ;

Am = Atotm;

%% Calculate areotherm 2Ga

z = zeros(d,33);

z1l = zeros(d,2);

%Fill in the initial row of the array so that the loops can build the
rest
z(1,1) = 0; %$Initial Pressure (GPa)
z(1,2) = 0; %$Initial Depth (km)
z(1,3)
z(1,4)

4

Tad2+273;
(-4.877*z(1,1)"2+120.2*=z(1,1)+1088)+273.15; %solidus

120



= Q02/1000; %This is the surface heat flow (W/m"2)
z(1,7) = TO;

N

[
~

&
|

% Now that row 1 is filled out, it is time to fill in the remaining

columns
for i=2:d
z(1i,2)=z(1i-1,2)+step; %km
if z(i,2)<cth2
z(i,1)=(rhoc*g*z(i,2)*1000)/10"9;
else
z(i,1)=(rhoc*g*cth2*1000) /10794 (rhoml*g* ((z (i, 2) -
cth2)*1000))/1079;
end

%$These are the adiabat and solidus
z(i,3)=slope*z(i,2)+z(1,3);
z(1,4)=(-4.877*z(1,1)72+4120.2*z(1,1)+1088)+273.15; %solidus

%$This is the g value
if z(i,2)<cth2

g=z (1-1,5)-A2c*(z(1,2)-z(i-1,2))*1000;
elseif z(i,2)>cth2 && z(i,2)<cmth2

g=z (i-1,5)-A2m* (z (1i,2)-z(1i-1,2))*1000;
else

g=z(1i-1,5)-Am* (z(1i,2)-z(1i-1,2))*1000;

end
z(i,5)=q; %Store the g value in the array

%Step 1: Calculate initial guess k values
if z(i,2)<cth2

k=kc;
else

k=klth;

end
z(i,6)=k; %Put this k value into the array

%Step 2: Calculate the temperature at this z value
$T (z)=T0+gqT*deltaz/k-A*deltaz”"2/2*k
if z(i,2)<cth2
T=z(i-1,7)+2z(1i,5)*((z(1,2)-2(1i-1,2))*1000)/z(1i,6)-RA2c*((z(i,2)~-
z(1i-1,2))*1000)"2/(2*z(1,6));
elseif z(i,2)>cth2 && z(i,2)<cmth2
T=z (i-1,7)+z(1,5)* ((z(i,2)-z(i-1,2))*1000)/z (i, 6)-A2m* ((z (i,2)-
z(1i-1,2))*1000)"2/(2*z(1,6));
else
T=z(i-1,7)+z(1i,5)*((z(1i,2)-2z(i-1,2))*1000)/z(1i,6)-Am* ((z(1i,2)-
z(1i-1,2))*1000)"2/(2*z(1i,6));
end
z(1i,7)=T;

%Steps 5 and 6 must be iterated 10 times; use a for loop
for 3=8:2:33
%Step 5: Calculate k using most recent temperature calculation
if z(i,2)<cth2
k=kc* (1+0.0015*z(1,2))/(1+0.0001* (z(i,3-1)-273));
elseif z(i,2)>cth2
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A2c

if z(1i,3-1)<500
k=1/(0.07414+40.000502*z (i,3-1));
else %Take the larger of these wvalues
k1=1/(0.0741+0.000502*z (i,3-1))+0.0023*(z(1i,3-1)-500);
%or
k2=1.26%* (1+z( )/1000)+0.0023* (z (i,3j-1)-500) ;
if kl1>k2
k=k1;
else
k=k2;
end
end
end
z(i,j)=k; %$Save the applicable k in the array

z(1,j+1)=T0; Sset T on first row

%Step 6: Calculate the temperature using the most recent k
if z(i,2)<cth2
T=z (i-1,3+1)+z(i,5)*(z(1i,2)-2z(1i-1,2))*1000/z(i,7) -
*((z(1,2)-2z(1-1,2))*1000) 2/ (2*z(1,3));
elseif z(i,2)>cth2 && z(i,2)<cmth2
T=z (i-1,j+1) +z (i, 5)* ( (i 2) z(i-1,2))*1000/z (i,7) -

A2m* ((z(1,2)-2z(1i-1,2))*1000) "2/ ( i,3))7

Am*

end

S o

070

else
T=z (i-1,3+1)+z(i,5)*(z(1i,2)-2z(i-1,2))*1000/2z(1i,73) -
((z(1,2)-2z(i-1,2))*1000) "2/ (2*z(1i,3));
end
z(1i,3J+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop

z1(i,1)=z(i,1)*10000;
z1(1,2)= z(l 33)

21(1,2) =z (i,33)

A2(i,1)=z (1, 33 z(1i,3);
B2(i,1)=z (1

C2(i,1)=z(1 )

PFp2 = fi nd(A2>O 1,'first');
PFm2 = find (A2<0,1, 'last');

PF2 = (B2 (PFp2)+B2(PFm2))/2; %calulate pressure

dF2 = (C2(PFp2)+C2 (PFm2))/2; %calculate crusth+lithosphere thickness
%Ends the for loop that fills in the rest of the array

Calculate F, melt and residual compositions, and error

w(l, 3)—cth2

w(2 =Q02;

w (3 ) =Tad2;
syms PO
egqnl = slope2*P0+ (Tad2+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
P02 = min (vpasolve (eqnl,P0));
P02 = double (P02); S%Spressure where solidus and adiabat intersect
w(4,3)=P02;

w(5,3)=PF2;
w(6,3)=dF2;

dTdPsolidus2 = 2*(-4.877*PF2)+120.2; %slope of solidus Duncan et al.

(20

18)
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dTdF2 = dTdFa*PF2+dTdFb;
w(7,3)=dTdPsolidus2;
w(8,3)=dTdF2;

% Use PO and PF to calculate F
((dTdPsolidus2-slope2)/ ((deltaHF/C_P)+dTdF2))*

F2

w(9,3)=F2

% Calculate the composition of the melt and error

51022 =
Ti022
A12032

(A1203A*PF2+A1203B) *F272+ (A1203C*PF2+A1203D) *F2+ (A1203E*PF2+A1203F) ;

Cr2032

(Cr203A*PF2+Cr203B) *F272+4+ (Cr203C*PF2+Cr203D) *F2+ (Cr203E*PF2+Cr203F) ;

(S102A*PF2+S1i02B) *F272+ (S102C*PF2+5102D) *F2+ (S102E*PF2+Si02F) ;

Ti02A*F2"Ti02B;

(percentage of melt produced)
(PO2-PF2) *100;

FeO02 = (FeOA*PF2+FeOB) *F2"2+ (FeOC*PF2+FeOD) *F2+ (FeOE*PF2+FeOF) ;
MnO2 = (MnOA*PF2+MnOB) *F272+ (MNOC*PF2+MnOD) *F2+ (MNOE*PF2+MnOF) ;
MgO2 = (MgOA*PF2+MgOB) *F2"2+ (MgOC*PF2+MgOD) *F2+ (MgOE* PF2+MgOF) ;
Ca02 = CaOA*F2"3+CaOB*F272+Ca0OC*F2+CalD;
Naz202 = (Na20A*PF2+Na20B) *F2"2+ (Na20C*PF2+Na20D) *F2+ (Na20E*PF2+Na20F) ;
K202 = K20A*F2"K20B;
P2052 = P205A*F2"P205B;
w(l0,3)=S1022;
w(ll,3)=Ti022;
w(l2,3)=A12032;
w(l3,3)=Cr2032;
w(l4d,3)=Fe02;
w(l5,3)=Mn02;
w(l6,3)=Mg02;
w(l7,3)=Ca02;
w(1l8,3)=Naz202;
w(l9,3)=K202;
w(20,3)=P2052;

[

% Calculate the residual using batch melting-will become mantle lithos

Si02res2 = (mantleSi02-((F2/100)*Si022))/(1-(F2/100))
TiO2res2 = (mantleTiO02- ((F2/100)*Ti022))/(1-(F2/100))
Al203res?2 = (mantleAl203-((F2/100)*A12032))/(1-(F2/100))
Cr203res2 = (mantleCr203-((F2/100)*Cr2032))/(1-(F2/100));
FeOres2 = (mantleFeO-((F2/100)*Fe02))/ (1 (FZ/lOO))
MnOres2 = (mantleMnO-((F2/100)*Mn0O2))/ (1-(F2/100)
MgOres2 = (mantleMgO- ((F2/100)*Mg02))/(1-(F2/100)
CaOres2 = (mantleCaO-((F2/100)*Ca02))/(1-(F2/100)
Na20res2 = (mantleNaZO—((F2/100)*Na202))/( (FZ/lOO));
K20res2 = (mantleK20-((F2/100)*K202))/(1-(F2/100)
P205res2 = (mantleP205-((F2/100) *P2052 Y/ (1 F2/100
w(21,3)=Si02res2;
w(22,3)=TiO2res2;
w(23,3)=A1203res2;
w(24,3)=Cr203res2;
w(25,3)=FeOres2;
w(26,3)=MnOres?2;
w(27,3)=MgOres2;
w(28,3)=CalOres2;
w(29,3)=Na20res2;
w(30,3)=K20res?2;
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w(31,3)=P205res2;
$End of 2 Ga calculations

%% 1 Ga

t = 1*%1079; %time in years, 0 is present

Q01 = 6.25*(t/1079)+25; %$surface heat flow (mW/m"2), 25 is present
Tadl = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

%Calculate the heat produced in the crust and mantle lithosphere
Ucl = Um/ (F2+(1-F2)*DU); %Uranium in crust

Thcl = Thm/ (F2+ (1-F2)*DTh); $Thorium in crust

Kcl = Km/ (F2+ (1-F2)*DK); %Potassium in crust

Uml = Um-F2*Ucl/ (1-F2); %Uranium in mantle lithosphere
Thml = Thm-F2*Thcl/ (1-F2); %$Thorium in mantle lithosphere
Kml = Km-F2*Kcl/ (1-F2); %Potassium in mantle lithosphere

HU238cl = Ucl*U238*H238U*exp (t*log(2)/U238t);
HU235cl Ucl*U235*H235U*exp (t*log (2) /U235t) ;
HTh232cl = Thcl*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40cl = Kcl*K40*H40K*exp (t*log(2) /K40t) ;

HU238c2 = Uc2*U238*H238U*exp (t*log(2)/U238t) ;
HU235c2 Uc2*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232c2 = Thc2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c2 = Kc2*K40*H40K*exp (t*log(2) /K40t) ;

HU238c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235c3 Uc3*U235*H235U*exp (t*1log (2) /U235t) ;
HTh232c3 = Thc3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*log(2) /K40t) ;

HU238c4 = Uc4*U238*H238U*exp (t*log(2)/U238t) ;
HU235c4 = Uc4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 Um4*U238*H238U*exp (t*log (2) /U238t) ;
HU235m4 = Um4*U235*H235U*exp (t*log(2)/U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 = Um3*U235*H235U*exp (t*log(2)/U235t);
HTh232m3 = Thm3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log(2)/U238t);
HU235m2 Um2*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232m2 = Thm2*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m2 = Km2*K40*H40K*exp (t*log(2) /K40t) ;
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HU238ml Uml*U238*H238U*exp (t*log(2)/U238t) ;
HU235ml = Uml*U235*H235U*exp (t*log(2)/U235t);
HTh232ml = Thml*Th232*H232Th*exp (t*1log(2)/Th232t) ;
HK40ml = Kml*K40*H40K*exp (t*log(2) /K40t) ;

HU238m = Um*U238*H238U*exp (t*log(2)/U238t) ;
HU235m Um*U235*H235U*exp (t*1log (2) /U235t) ;
HTh232m = Thm*Th232*H232Th*exp (t*log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

Atotcl = (HU238cl+HU235cl1+HTh232cl1+HK40cl) *rhoc; %volumetric heat
production crust (W/m3)

Atotc2 = (HU238c2+HU235c2+HTh232c2+HK40c2) *rhoc; %volumetric heat
production crust (W/m3)

Atotc3 = (HU238c3+HU235c3+HTh232c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd4 = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotmd = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; $%volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; $%volumetric heat
production mantle litho (W/m3)

Atotm2 = (HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotml = (HU238ml+HU235ml1+HTh232ml1+HK40ml) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; %volumetric heat production

mantle (W/m3)

%Calculate the layer thicknesses

laydc = 20*(F2/100); %km

voldc = (4/3)*pi* (rad”~3-(rad-laydc)”3); %km"3 volume of crustal layer
mass4d4c = vol4dc*(100073) *rhoc; %kg mass crustal layer

lay3c = (rad-lay4c)-((rad-laydc)"3-vol3c/ ((4/3)*pi))~(1/3); Skm

lay2c = (rad-laydc-lay3c)-((rad-laydc-lay3c)~3-vol2c/ ((4/3)*pi))"~(1/3);
Tkm

laylc = (rad-lay4c-lay3c-lay2c)-((rad-lay4c-lay3c-lay2c) "3-

volle/ ((4/3)*pi))~(1/3); %km

laylm = (rad-lay4c-lay3c-lay2c-laylc)-((rad-layd4c-lay3c-lay2c-laylc) "3~
vollm/ ((4/3)*pi))~(1/3); %km

lay2m = (rad-lay4c-lay3c-lay2c-laylc-laylm)-((rad-layd4c-lay3c-lay2c-
laylc-laylm) *"3-vol2m/ ((4/3) *pi) )"~ (1/3); S%km

lay3m = (rad-lay4c-lay3c-lay2c-laylc-laylm-lay2m) - ((rad-lay4c-lay3c-
lay2c-laylc-laylm-lay2m) *3-vol3m/ ((4/3) *pi) )~ (1/3); %km

mass4dm = massdc/ (F2/100) -mass3c; %kg mass lithosphere layer

voldm = massdm/ ((100073) *rhoml); %$km"3 volume lithosphere layer
lay4m = (rad-lay4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m)-((rad-lay4c-
lay3c-lay2c-laylc-laylm-lay2m-lay3m) *3-voldm/ ((4/3) *pi) )~ (1/3); S%km
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%Calculate base (depth) of each layer
cthl = lay4dc+lay3c+lay2c+laylc; S$total thickness of crust in km
cmthl = cthl+laylm+lay2m+lay3m+laydm;

Alc =
Atotcd*laylc/cthl+Atotc3*lay2c/cthl+Atotc2*lay3c/cthl+Atotcl*laydc/cthl

Alm = Atotm4*laylm/ (cmthl-cthl)+Atotm3*lay2m/ (cmthl-
cthl)+Atotm2*lay3m/ (cmthl-cthl)+Atotml*laydm/ (cmthl-cthl) ;
Am = Atotm;

%% Calculate areotherm 1 Ga

b = zeros(d,33);

bl = zeros(d,2);

%$Fill in the initial row of the array so that the loops can build the

rest
b (1 = 0; %$Initial Pressure (GPa)

= 0; %$Initial Depth (km)

Tadl+273;

= (-4.877*b(1,1)"2+120.2*b(1,1)+1088)+273.15; %solidus

= Q01/1000; %This is the surface heat flow (W/m"2)

= TO;
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% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
b(i,2)=b(i-1,2)+step; %km
if b(i,2)<cthl
b(i,1)=(rhoc*g*b(i,2)*1000)/10"9;
else
b(i,1)=(rhoc*g*cthl1*1000)/10"9+ (rhoml*g* ((b(i,2)-
cthl)*1000))/1079;
end

%$These are the adiabat and solidus
b(i,3)=slope*b(i,2)+b(1,3);
b(i,4)=(-4.877*b(i,1)"2+120.2*b(1,1)+1088)+273.15; %solidus

%$This is the g value
if b(i,2)<cthl
g=b(i-1,5)-Alc*(b(i,2)-b(i-1,2))*1000;
elseif b(i,2)>cthl && b(i,2)<cmthl
g=b(i-1,5)-Alm*(b(i,2)-b(i-1,2))*1000;
else
g=b(i-1,5)-Am* (b(i,2)-b(i-1,2))*1000;
end
b(i,5)=qg; %Store the g value in the array

%Step 1: Calculate initial guess k values
if b(i,2)<cthl
k=kc;
else
k=klth;
end
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b(i,6)=k; %$Put this k value into the array

%Step 2: Calculate the temperature at this b value
$T (z)=T0+gT*deltaz/k-A*deltaz"2/2*k
if b (i, 2)<cthl
T=b(i-1,7)+b (1, 5)*((b(i,2)—b(i—1,2))*1000)/b(i,6)—Alc*((b(i,2)—
b(i-1,2))*1000)"2/(2*b(i,6));
elseif b(i,2)>cthl && b(i,2)<cmthl
T=b (i-1,7)+b(i,5)* ((b(i,2)-b(i-1,2))*1000) /b (i, 6)-Alm* ((b(i,2)-
b(i-1,2))*1000)"2/(2*b(i,6));
else
T=b (i-1,7)+b(i,5)* ((b(i,2)-b(i-1,2))*1000)/b(i,6)-Am* ((b(i,2)-
b(i-1,2))*1000)"2/(2*b(i,6));
end
b(i,7)=

%$Steps 5 and 6 must be iterated 10 times; use a for loop
for 3j=8:2:33
%Step 5: Calculate k using most recent temperature calculation
if b(i,2)<cthl
k=kc* (1+0.0015*b (1,2))/(1+0.0001* (b(i,3-1)-273));
elseif b (i, 2)>cthl
if b(i,3-1)<500
k=1/(0.0741+0.000502*b(1,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*b (i, 3-1))+0.0023* (b(i,3-1)-500);
sor
k2=1.26* (1+b(i,2)/1000)+0.0023* (b (i,3-1)-500);
if k1>k2
k=k1;
else
k=k2;
end
end
end
b(i,j)=k; %Save the applicable k in the array

b(l,j+1)=T0; %set T on first row

%Step 6: Calculate the temperature using the most recent k
if b(i,2)<cthl
T=b (i-1,3+1)+b(i,5)*(b(i,2)-b(i-1,2))*1000/b(1i,7) -
Alc* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(1i,73)):
elseif b(i,2)>cthl && b (i, 2)<cmthl
T=b (i-1,3j+1)+b(i,5)*(b(i,2)-b(i-1,2))*1000/b(i,7]) -
Alm* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(1i,73)):

else
T=b (i-1,Jj+1)+b(i,5)* (b(i 2) -b(i-1,2))*1000/b(i,]) -
Am* ((b(i,2)-b(i-1,2))*1000)"2/(2*b(i,]3));
end

b(i,j+1)=T; S$Stores the values for T in the array
end %Ends the Step 5 and 6 loop

bl(i,1)=b(i,1)*10000;
(1,2)=b(1,33);
1(1,2)=b(1,33);
(1,1)=b(i,33)-b(i,3);
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Bl(i,1)=b(i,1);

Cl(i,1)=b(i,2);

PFpl = find(A1>0,1, 'first');

PFml = find(A1l<0,1, '"last');

PFl = (Bl (PFpl)+Bl1(PFml))/2; %calulate pressure

dFl = (Cl(PFpl)+Cl(PFml))/2; %calculate crusth+lithosphere thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error

(1,4)=cthl;
w(2,4)=001;
w(3 4)=Tadl;
syms PO
egqnl = slope2*P0+(Tadl+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
P01 = min(vpasolve (egqnl,P0));
P01l = double(P0l); S%pressure where solidus and adiabat intersect

w(4,4)=P01;
w(5,4)=PF1;
w(6,4)=dF1l;

dTdPsolidusl = 2* (-4.877*PF1)+120.2; %slope of solidus Duncan et al.
(2018)

dTdF1l = dTdFa*PF1+dTdFb;

w(7,4)=dTdPsolidusl;

w(8,4)=dTdF1;

% Use PO and PF to calculate F (percentage of melt produced)
F1 = ((dTdPsolidusl-slope2)/ ((deltaHF/C_P)+dTdF1l))* (PO1-PF1)*100;
w(9,4)=F1;

% Calculate the composition of the melt and error

S1021 = (SiO2A*PF1+Si02B)*F1"2+ (Si02C*PF1+3S102D) *F1+ (Si02E*PF1+Si02F) ;
TiO21 = Ti02A*F1"Ti02B;
Al2031 =
(A1203A*PF1+A1203B) *F1"°2+ (A1203C*PF1+A1203D) *F1+ (AL203E*PF1+A1203F) ;
Cr2031 =
(Cr203A*PF1+Cr203B) *F172+ (Cr203C*PF1+Cr203D) *F1+ (Cr203E*PF1+Cr203F) ;
FeOl = (FeOA*PF1+FeOB) *F1"2+ (FeOC*PF1+FeOD) *F1+ (FeOE*PF1+FeOF) ;
MnOl = (MnOA*PF1+MnOB) *F1°2+ (MNOC*PF1+MnOD) *F1+ (MNOE*PF1+MnOF) ;
MgOl = (MgOA*PF1+MgOB) *F172+ (MgOC*PF1+MgOD) *F1+ (MgOE*PF1+MgOF¥F') ;
Ca0l = CaOA*F1"3+CaOB*F1"2+CaOC*F1+CalOD;
Na201 = (Na20A*PF1+Na20B) *F1"2+ (Na20C*PF1+Na20D) *F1+ (Na20E*PF1+Na20F) ;
K201 = K20A*F1"K20B;
P2051 = P205A*F1"P205B;
w(l0,4)=S51021;
w(ll,4)=T1021;
w(l2,4)=A12031;
w(l3,4)=Cr2031;
w(l4,4)=FeOl;
w(l5,4)=Mn0O1;
w(l6,4)=Mg0Ol;
w(l7,4)=Call;
w(l8,4)=Naz201;
w(l9,4)=K201;
w(20,4)=P2051;
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°

Calculate the residual using batch melting-will become mantle lithos

Si02resl = (mantleSi02-((F1/100)*sSi021))/(1-(F1/100))
TiO2resl = (mantleTiO02-((F1/100)*Ti021))/(1-(F1/100))
Al203resl = (mantleAl203-((F1/100)*A12031))/( —(Fl/lOO))
Cr203resl = (mantleCr203-((F1/100)*Cr2031))/(1 Fl/lOO))
FeOresl = (mantleFeO-((F1/100)*Fe0l))/ (1 (Fl/lOO
MnOresl = (mantleMnO—((Fl/lOO)*MnOl))/(l (F1/100)
MgOresl = (mantleMgO- ((F1/100)*Mg0Ol))/(1-(F1/100)
CaOresl = (mantleCaO- (Fl/lOO)*CaOl))/(1—(F1/100
Na20resl = (mantleNaZO—((Fl/lOO)*NaZOl y/ (1 Fl/lOO
K20resl = (mantleKZO—((Fl/lOO)*KZOl))/(1—(F1/100
P205resl = (mantleP205-((F1/100)*P2051))/ (1 Fl/lOO
w(21,4)=Si02resl;
w(22,4)=TiO2resl;
w(23,4)=RA1203resl;
w(24,4)=Cr203resl;
w(25,4)=FeOresl;
w(26,4)=MnOresl;
w(27,4)=MgOresl;
w(28,4)=CaOresl;
w(29,4)=Na20resl;
w(30,4)=K20resl;
w(31,4)=P205resl;
$End of 1 Ga calculations

%% Present day

t

= 0*1079; %time in years, 0 is present

Q00 = 6.25*(t/1079)+25; %$surface heat flow (mW/m”2), 25 is present
Tad0 = 13454+9.43*(£/1079)+4.3*(t/1079)"2; S%Smantle potential temp (C)
modern Filiberto 2017

°

%Calculate the heat produced in the crust and mantle lithosphere

UcO0 = Um/ (F1+(1-F1)*DU); %Uranium in crust
ThcO0 = Thm/ (F1+(1-F1)*DTh); %$Thorium 1n crust
KcO0 = Km/ (F1+(1-F1)*DK); %Potassium in crust

Um0 = Um-F1*Uc0/ (1-F1); %Uranium in mantle lithosphere
Thm0 = Thm-F1*Thc0/ (1-F1); %Thorium in mantle lithosphere
Km0 = Km-F1*Kc0/ (1-F1); %Potassium in mantle lithosphere

HU238c0 = Uc0*U238*H238U*exp (t*log(2)/U238t) ;

HU235c0

Uc0*U235*H235U*exp (t*log(2) /U235t) ;

HTh232c0 = Thc0*Th232*H232Th*exp (t*1log (2) /Th232t) ;
HK40c0 = KcO0*K40*H40K*exp (t*log(2) /K40t)

HU238cl = Ucl*U238*H238U*exp (t*log(2)/U238t);

HU235cl

Ucl*U235*H235U*%exp (t*log (2) /U235t) ;

HTh232cl = Thcl*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40cl = Kcl*K40*H40K*exp (t*log(2) /K40t)

HU238c2 = Uc2*U238*H238U*exp (t*log(2)/U238t) ;
HU235c2 = Uc2*U235*H235U*exp (t*log(2)/U235t);
HTh232c2 = Thc2*Th232*H232Th*exp (t*1og(2) /Th232t) ;
HK40c2 = Kc2*K40*H40K*exp (t*1log(2) /K40t)
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HU238c3 = Uc3*U238*H238U*exp (t*log(2)/U238t) ;
HU235¢c3 = Uc3*U235*H235U%exp (t*log (2) /U235¢t) ;
HTh232¢c3 = Thc3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c3 = Kc3*K40*H40K*exp (t*1log(2) /K40t) ;

HU238c4 = Uc4*U238*H238U*exp (t*log(2)/U238t) ;
HU235c4 Uc4*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232c4 = Thc4*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40c4 = Kc4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m4 = Um4*U238*H238U*exp (t*log(2)/U238t) ;
HU235md4 = Um4*U235*H235U*exp (t*log (2) /U235t) ;
HTh232m4 = Thm4*Th232*H232Th*exp (t*1log(2) /Th232t);
HK40m4 = Km4*K40*H40K*exp (t*log(2) /K40t) ;

HU238m3 = Um3*U238*H238U*exp (t*log(2)/U238t) ;
HU235m3 Um3*U235*H235U*exp (t*log (2) /U235t) ;
HTh232m3 = Thm3*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40m3 = Km3*K40*H40K*exp (t*log(2) /K40t) ;

HU238m2 = Um2*U238*H238U*exp (t*log (2) /U238¢t) ;
HU235m2 = Um2*U235*%H235U*exp (t*log (2) /U235t) ;
HTh232m2 = Thm2*Th232*H232Th*exp (t*log (2) /Th232t) ;
HK40m2 = Km2*K40*H40K*exp (t*log (2) /KA0t) ;

HU238ml = Uml*U238*H238U*exp (t*log(2)/U238t);
HU235ml1 = Uml*U235*H235U*exp (t*log(2)/U235t);
HTh232ml = Thml*Th232*H232Th*exp (t*1log(2) /Th232t) ;
HK40ml = Kml*K40*H40K*exp (t*log(2) /K40t) ;

HU238m0 = Um0*U238*H238U*exp (t*log(2)/U238t);
HU235m0 Um0*U235*H235U*%exp (t*log (2) /U235t) ;
HTh232m0 = Thm0*Th232*H232Th*exp (t*log (2) /Th232t) ;
HK40m0 = KmO0*K40*H40K*exp (t*log(2)/K40t) ;

HU238m = Um*U238*H238U*exp (t*log(2)/U238t) ;
HU235m = Um*U235*H235U*exp (t*1log(2)/U235¢t) ;
HTh232m = Thm*Th232*H232Th*exp (t*1log(2)/Th232t) ;
HK40m = Km*K40*H40K*exp (t*log(2) /K40t) ;

AtotcO0 = (HU238c0+HU235c0+HTh232c0+HK40c0) *rhoc; %volumetric heat
production crust (W/m3)

Atotcl = (HU238cl+HU235cl1+HTh232c1+HK40cl) *rhoc; %volumetric heat
production crust (W/m3)

Atotc2 = (HU238c2+HU235c2+HTh232c2+HK40c2) *rhoc; %volumetric heat
production crust (W/m3)

Atotc3 = (HU238c3+HU235¢c3+HTh232¢c3+HK40c3) *rhoc; %volumetric heat
production crust (W/m3)

Atotcd4 = (HU238c4+HU235c4+HTh232c4+HK40c4) *rhoc; %volumetric heat
production crust (W/m3)

Atotm4 = (HU238m4+HU235m4+HTh232m4+HK40m4) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm3 = (HU238m3+HU235m3+HTh232m3+HK40m3) *rhoml; %volumetric heat

production mantle litho (W/m3)
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Atotm?2 = (HU238m2+HU235m2+HTh232m2+HK40m2) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotml = (HU238ml+HU235ml1+HTh232ml1+HK40ml) *rhoml; $%$volumetric heat
production mantle litho (W/m3)

Atotm0O = (HU238m0+HU235m0+HTh232m1+HK40m0) *rhoml; %volumetric heat
production mantle litho (W/m3)

Atotm = (HU238m+HU235m+HTh232m+HK40m) *rhom; S$volumetric heat production
mantle (W/m3)

%Calculate the layer thicknesses

lay5c = 20*(F1/100); %km

volbc (4/3) *pi* (rad”3-(rad-laybc) *3); %$km”3 volume of crustal layer
mass5c = vol5c*(100073) *rhoc; %kg mass crustal layer

lay4c = (rad-lay5c)-((rad-laybc)"3-voldc/ ((4/3)*pi))~(1/3); %km

lay3c = (rad-lay5c-laydc)-((rad-lay5c-laydc)~3-vol3c/ ((4/3)*pi))"~(1/3);
Tkm

lay2c = (rad-laybc-lay4c-lay3c)-((rad-laybc-layd4c-lay3c) "3-

vol2c/ ((4/3)*pi))~(1/3); %km

laylc = (rad-laybc-lay4c-lay3c-lay2c)-((rad-lay5c-layd4c-lay3c-lay2c) "3~
vollc/ ((4/3)*pi))~(1/3); %km

laylm = (rad-laybc-lay4c-lay3c-lay2c-laylc)-((rad-lay5c-lay4c-lay3c-
lay2c-laylc) *3-vollm/ ((4/3)*pi) )~ (1/3); Skm

lay2m = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm)-((rad-laybc-lay4c-
lay3c-lay2c-laylc-laylm) "3-vol2m/ ((4/3) *pi) )~ (1/3); %km

lay3m = (rad-laybc-lay4c-lay3c-lay2c-laylc-laylm-lay2m)-((rad-layb5c-
lay4c-lay3c-lay2c-laylc-laylm-lay2m) *3-vol3m/ ((4/3) *pi) )"~ (1/3); %Skm

lay4m = (rad-layb5c-layd4c-lay3c-lay2c-laylc-laylm-layZ2m-lay3m) - ((rad-
lay5c-laydc-lay3c-lay2c-laylc-laylm-lay2m-lay3m) *"3-
voldm/ ((4/3)*pi)) " (1/3); %km

massbm = massbc/ (F4/100) -mass5c; %$kg mass lithosphere layer

vol5m = mass5m/ ((100073) *rhoml); %$km"3 volume lithosphere layer
layb5m = (rad-layb5c-lay4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m-laydm) -
((rad-laybc-layd4c-lay3c-lay2c-laylc-laylm-lay2m-lay3m-lay4m) *3-
volbm/ ((4/3)*pi))~(1/3); %km

3Calculate base (depth) of each layer
cth0 = lay5Sc+layé4c+lay3ctlay2ctlaylc; %total thickness of crust in km
cmthO = cthO+laylm+lay2mtlay3m+lay4m+laybm;

AQc =
Atotc4d*laylc/cthO+Atotc3*lay2c/cthO+Atotc2*lay3c/cthO+Atotcl*laydc/cth0
+AtotcO*lay5c/cthO;

AO0m = Atotm4*laylm/ (cmthO-cth0)+Atotm3*lay2m/ (cmth0-

cth0) +Atotm2*lay3m/ (cmthO-cth0) +Atotml*lay4m/ (cmth0O-

cth0) +AtotmO0*lay5m/ (cmthO-cthO) ;
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Am = Atotm;

%% Calculate areotherm 0 Ga
= zeros(d,33);

1 = zeros(d,2);

Q Q

%$Fill in the initial row of the array so that the loops can build the

) = 0; %$Initial Pressure (GPa)
) 0; %$Initial Depth (km)

) = Tad0+273;
)

)

)

(-4.877*c(1,1)"2+120.2*c(1,1)+1088)+273.15; %solidus
Q00/1000; %This is the surface heat flow (W/m"2)
= TO;

% Now that row 1 is filled out, it is time to fill in the remaining
columns
for i=2:d
c(i,2)=c(i-1,2)+step; Skm
if c(i,2)<cthO
c(i,1)=(rhoc*g*c(i,2)*1000)/10"9;
else
c(i,1)=(rhoc*g*cth0*1000)/10"9+ (rhoml*g* ((c(i,2) -
cth0)*1000))/10"9;
end

%$These are the adiabat and solidus
c(i,3)=slope*c(i,2)+c(1,3);
c(i,4)=(-4.877*c(1,1)"2+120.2*c(1i,1)+1088)+273.15; %$solidus

%$This is the g value
if c(i,2)<cthO
g=c(i-1,5)-A0c*(c(i,2)-c(i-1,2))*1000;
elseif c(i,2)>cth0 && c(i,2)<cmthO
g=c(i-1,5)-A0c*(c(i,2)-c(i-1,2))*1000;
else
g=c(i-1,5)-Am*(c(i,2)-c(i-1,2))*1000;
end
c(i,5)=qg; %Store the g value in the array

3$Step 1: Calculate initial guess k values
if c(i,2)<cthO
k=kc;
else
k=klth;
end
c(i,6)=k; %Put this k value into the array

%Step 2: Calculate the temperature at this z wvalue
$T (z)=T0+gqT*deltaz/k-A*deltaz”"2/2*k
if ¢ (i, 2)<cthO
T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)=-A0c* ((c(i,2)-
c(i-1,2))*1000)"2/(2*c(i,6));
elseif c(i,2)>cth0 && c(i,2)<cmthO
T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-A0m* ((c(i,2)-
c(i-1,2))*1000) "2/ (2*c(i,6));
else
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T=c(i-1,7)+c(i,5)*((c(i,2)-c(i-1,2))*1000)/c(i,6)-Am* ((c(i,2)-
c(i-1,2))*1000) "2/ (2*c(1,6));
end
c(i,7)=T;

%Steps 5 and 6 must be iterated 10 times; use a for loop
for 3j=8:2:33
%$Step 5: Calculate k using most recent temperature calculation
if c (i, 2)<cthO
k=kc* (1+0.0015*c(1,2))/(1+0.0001* (c(i,3-1)-273));
elseif c(i,2)>cthO
if c(i,3-1)<500
k=1/(0.07414+40.000502*c (i,3-1));
else %Take the larger of these values
k1=1/(0.0741+0.000502*c(1i,3-1))+0.0023* (c(i,3J-1)-500);
sor
k2=1.26* (1+c(i,2)/1000)+0.0023* (c(i,3-1)-500);
if k1>k2
k=k1l;
else
k=k2;
end
end
end
c(i,j)=k; %Save the applicable k in the array

c(l,3+1)=T0; %set T on first row

%$Step 6: Calculate the temperature using the most recent k
if c (i, 2)<cthO
T=c (i-1,3j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,])-
AO0c* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(i,3));
elseif c(i,2)>cth0 && c(i,2)<cmthO
T=c (i-1,3j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(1i,7)~-
AOm* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(1,73)):
else
T=c (i-1,3j+1)+c(i,5)*(c(i,2)-c(i-1,2))*1000/c(i,])-
Am* ((c(i,2)-c(i-1,2))*1000)"2/(2*c(i,3));
end
c(i,j+1)=T; %Stores the values for T in the array
end %Ends the Step 5 and 6 loop
cl(i,1l)=c(i,1)*10000;

(
cl(1l,2)=c(1,33);
cl(i,2)=c(i,33);
AO(i,1)=c(i,33)-c(i,3);
BO(i,1)=c(1,1);
CO(i,1)=c(i,2);
PFp0 = find(A0>0,1, 'first');
PFm0 = find (A0<0,1, "last');

PFO = (BO(PFp0)+BO(PFm0))/2; %calulate pressure
dF0 = (CO(PFp0)+CO(PFm0))/2; %calculate crusth+lithosphere thickness
end %Ends the for loop that fills in the rest of the array
%% Calculate F, melt and residual compositions, and error
w(l,5)=cthO;
w(2,5)=Q00;
w(3,5)=Tad0;
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syms PO

egnl = slope2*P0+ (Tad0+273) == (-4.877*P0"2+120.2*P0+1088)+273.15;
PO0 = min(vpasolve (egnl,P0));
P00 = double(P00); %pressure where solidus and adiabat intersect

w(4,5)=P00;
w(5,5)=PFO0;
w(6,5)=dF0;

dTdPsolidus0 = 2* (-4.877*PF0)+120.2; S%slope of solidus Duncan et al.
(2018)

dTdF0 = dTdFa*PFO+dTdFDb;

w(7,5)=dTdPsolidusO;

w(8,5)=dTdF0;

% Use PO and PF to calculate F (percentage of melt produced)
FO = ((dTdPsolidusO-slope2)/ ((deltaHF/C_P)+dTdF0))* (POO-PF0)*100;
w(9,5)=F0;

o)

% Calculate the composition of the melt and error

Si020 = (S1i02A*PF0+Si02B) *F0"2+ (S1i02C*PF0+S102D) *F0+ (S102E*PF0+S1i02F) ;
Ti020 = TiO2A*F0"Ti02B;
Al12030 =

(A1203A*PF0+A1203B) *F0"2+ (A1203C*PF0+A1203D) *FO0+ (A1203E*PF0+A1203F) ;
Cr2030 =
(Cr203A*PF0+Cr203B) *F0"2+ (Cr203C*PF0+Cr203D) *FO0+ (Cr203E*PF0+Cr203F) ;

FeO0 = (FeOA*PFO0+FeOB) *F0"2+ (FeOC*PF0+FeOD) *FO0+ (FeOE*PF0+FeOF) ;
MnO0 = (MnOA*PF0+MnOB) *F0*2+ (MNOC*PF0+MnOD) *F0+ (MNOE*PF0+MnOF) ;
MgO0 = (MgOA*PF0+MgOB) *F0"2+ (MgOC*PF0+MgOD) *F0+ (MgOE*PF0+MgOF) ;
Ca00 = CaOA*F0"3+CaOB*F0"2+CaOC*F0+CalD;
Naz200 = (Na20A*PF0+Na20B) *F0"2+ (Na20C*PF0+Na20D) *F0+ (Na20E*PF0+Na20F) ;
K200 = K20A*F0"K20B;
P2050 = P205A*F0"P205B;
w(l0,5)=S51020;
w(ll,5)=Ti020;
w(l2,5)=A12030;
w(l3,5)=Cr2030;
w(l4,5)=Fe00;
w(l5,5)=Mn00;
w(l6,5)=Mg00;
w(l7,5)=Ca00;
w(1l8,5)=Na200;
w(l9,5)=K200;
w(20,5)=P2050;

[

% Calculate the residual using batch melting-will become mantle lithos

Si02resO = (mantleSi02-((F0/100)*Si020))/(1-(F0/100))
TiO2resO0 = (mantleTi02-((F0/100)*Ti020))/(1-(F0/100))
Al1203res0 = (mantleAl203-((F0/100)*A12030))/(1-(F0/100))
Cr203res0 = (mantleCr203-((F0/100)*Cr2030)) /(1 (FO/100))
FeOresO = (mantleFeO- ((F0/100)*Fe00))/(1-(F0/100)
MnOres0 = (mantleMnO-((F0/100)*Mn0O0))/(1-(F0/100)
MgOres0 = (mantleMgO- ((F0/100)*Mg00))/ (1-(F0/100)
CaOres0 = (mantleCaO- ((F0/100) *Ca00) /(1—(FO/100))
Na20res0 = (mantleNaZO—((FO/lOO)*NaZOO )/ (1-(F0/100)) ;
K20res0 = (mantleK20-((F0/100)*K200))/(1-(F0/100)) ;
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P205res0 = (mantleP205-((F0/100)*P2050))/(1-(F0/100));
w(21,5)=S1i02res0;

w(22,5)=Ti02res0;
w(23,5)=A1203res0;
w(24,5)=Cr203res0;
w(25,5)=FeOres0;
w(26,5)=MnOres0;
w(27,5)=MgOres0;
w(28,5)=CaOresO;
w(29,5)=Na20res0;
w(30,5)=K20res0;
w(31,5)=P205res0;
%End of present day calculations

%% Now plot the results.

%$The areotherms and adiabats are plotted against depth on the left
axis, while the solidus is plotted against pressure on the right axis
vtl = 1/255%[232,119,34];

strl = '#001932'; %'#000032";
colorl = sscanf(strl(2:end), "%$2x%2x%2x"',[1 3]1)/255;
str2 = "#00366C'; %'#000096"';

color?2 = sscanf(str2(2:end), '%$2x%2x%2x"',[1 31)/255;
str3 = '"#0068D0'; $'#0OOOFA';
color3 = sscanf(str3(2:end), '%$2x%2x%2x"',[1 31)/255;

strd = "#359AFF'; %'#5F5FFF';
color4d = sscanf (str4(2:end), "'%$2x%2x%2x"',[1 3]1)/255;
str5 = "#99CCFF';

color5 = sscanf(str5(2:end), '%$2x%2x%2x",[1 31)/255;

yyaxis left
plot(x(:,33),x(:,2),'-",'color',colorl, 'LineWidth',2, 'DisplayName', '4
Ga') %areotherm

hold on

plot (y(:,33),v(:,2),'-.","'color',color2, 'LinewWidth',2, 'DisplayName', '3
Ga')

hold on

plot (z(:,33),z(:,2),"'--"','color',color3, 'LineWidth',2, 'DisplayName', "2
Ga')

hold on

plot (b(:,33),b(:,2),"':",'color',colord4, 'LinewWidth',2, 'DisplayName"', "1
Ga')

hold on

plot (c(:,33),c(:,2),"'-",'color',color5, 'Linewidth',2, 'DisplayName', '0
Ga')

hold on

plot (x(:,3),x(:,2),"'-

','color',colorl, 'LineWidth',1.5, 'DisplayName', 'adiabat') %adiabat
hold on

plot (y(:,3),y(:,2),"'-

.','color',color2, 'LineWidth',1.5, 'DisplayName', 'adiabat"')

hold on

plot (z(:,3),z(:,2),"'-~

','color',color3, 'LineWidth',1.5, 'DisplayName', 'adiabat')

hold on
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plot
(b(:,3),b(:,2),":",'color',colord, 'LineWidth',1.5, "DisplayName', "adiaba
t')

hold on

plot (c(:,3),c(:,2),"'-

','color',colorb5, 'LineWidth',1.5, 'DisplayName', "adiabat')
legend('location', 'southwest');

ylabel ('Depth (km) ")
ylim ([0 x(3000,2)1])
set(gca, 'YDir', 'reverse', 'YMinorTick', 'on', 'Ycolor', 'k")

title('Areotherms Average Melt')

xlabel ('Temperature (K)'")

set (gca, 'XAxisLocation', 'top', 'linestyleorder', {'-
'}, "XMinorTick', 'on', 'Xcolor', 'k")

x1im ([200 20007])

yyaxis right
plot(x(:,4),x(:,1), " 'color',vtl, 'LineWidth', 2, 'DisplayName', 'solidus"')
%solidus

ylim ([0 x(3000,1)1)

ylabel ('Pressure (GPa)')

set (gca, 'YDir', 'reverse', 'YMinorTick', 'on', 'Ycolor', 'k")

set (gca, 'TickDir', "both")

o9

5% Save the results

save Areothermd4GaAvemelt.txt x -ascii
save Areotherm3GaAvemelt.txt y -ascii
save Areotherm2GaAvemelt.txt z -ascii
save AreothermlGaAvemelt.txt b -ascii
save AreothermOGaAvemelt.txt ¢ -ascii

save ptOAvemelt.txt cl -ascii
save ptlAvemelt.txt bl -ascii
save pt2Avemelt.txt zl -ascii
save pt3Avemelt.txt yl -ascii
save ptd4Avemelt.txt x1 -ascii
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