Coupling geodynamic with

thermodynamic modeling to
investigate compositional evolution

in magmatic systems

DISSERTATION
zur Erlangung des Grades
DOKTOR DER NATURWISSENSCHAFTEN
im Promotionsfach Mineralogie
am Fachbereich Chemie, Pharmazie und Geowissenschaften der Johannes
Gutenberg-Universitat Mainz

von
LisA RUMMEL
geboren in Soest

sonannes GUTENBERG
UNIVERSITAT MAINzZ

Mainz, 2019






CONTENTS

0.1 Abstract . . . . . . . . xi
0.2 Zusammenfassung . . . . . . .. Lo xiii
1 Introduction 1
1.1 Melt generation . . . . . . .. ..o 2
1.2 Non-linearity of crystal-melt ratio with decreasing temperature . . . . . . . 3
1.3 Thesis structure . . . . . . . . ..o 4
2 Coupled petrological-geodynamical modeling of a compositionally het-

erogeneous mantle plume 9
2.1 Introduction . . . . . . .. L 10
2.2 Thermodynamic and geodynamic modeling approaches . . . . . . . .. .. 11
2.2.1 Thermodynamic modeling . . . . . . . ... ... ... ....... 12
2.2.2  Geodynamic modeling . . . .. ... ..o L 19

2.3 Results. . . . . . 26
2.3.1 Factors controlling plume ascent and magma formation . . . . . . . 27
2.3.2 Effect of mantle source chemistry on melting . . . . . .. ... ... 30
2.3.3 Melt extraction depth and temperature . . . . . . . .. ... .. .. 32
2.3.4 Effect of a decreasing Meip . . . . . . . . . .o 33
2.3.5 Evolution of simulated magma compositions . . . . . .. . ... .. 35

24 DISCuSSiOn . . . ... 37
2.4.1 Developed method . . . . ... ... ... ... ... ... ... 37
2.4.2 Model limitations . . . . . . ... Lo 38

2.4.3 Potential application to the West Eifel (Germany) . . . . . . . . .. 38



CONTENTS ii

2.5 Conclusion . . . . . . . .. 48
2.6 Acknowledgements . . . . . . ... 49
2.7 Appendix . . ... 50
2A Methods . . . . . .. 50
2.B  Executed geodynamic simulations . . . . .. ... ... L. 59
2.C  Comparison of modeled melts with Eifel rocks . . . . . .. .. ... 65

2.D  West Eifel volcanism and the thermal and compositional structure
of themantle . . . . .. . .. ... ... 69
3 Resolution of phase diagrams and computational cost 81

4 An autonomous phase diagram database for geodynamic simulations of

magmatic systems 91

4.1 Introduction . . . . . . . . ... 92

4.2 Methods . . . . . . . . 94

4.2.1 Modeling magmatic systems with petro-thermomechanical models . 94

4.2.2 Establishing the database . . . . .. .. ... ... ... .. .... 97

4.2.3 Extending the database . . . .. .. .. ... ... 0. 98

4.3 Results. . . . . . . 106
4.3.1 BRC forecasting based on unfractionated initial bulk rock composi-

tlons . . ..o 106

4.3.2 BRC forecasting based on clustered initial bulk rock compositions . 108

4.3.3 Evaluation of new BRCs . . . . . .. .. ... ... 110

4.4 Discussion . . . . . . ... e 113

4.4.1 Predictive power of the sampling techniques . . . . . ... ... .. 113

4.4.2  Evolution of requested BRCs with an increasing number of available
phase diagrams . . . . . ... 116

4.4.3 Requested rock compositions and their correlation to melt extraction
conditions . . . . . ..o 118

4.4.4 Correlation between clustering, chemistry and melt extraction con-

ditions . . . . . .o 120

4.4.5 Applicability of the phase diagram database . . . .. .. ... ... 122

4.5 Conclusion . . . . . . . . 123
4.6 Acknowledgements . . . . . ... 124

4.7 Appendix . . ... 125



CONTENTS iii

5 Insights into the compositional evolution of crustal magmatic systems

from coupled petrological-geodynamical models 141
5.1 Introduction . . . . . . .. L 142
5.2 Thermodynamic and geodynamic modeling approaches . . . . . . . .. .. 144
5.2.1 Thermodynamic modeling . . . . . . . ... ... ... ... .... 145
5.2.2  Geodynamic modeling . . . .. ... ..o 147
5.2.3 Modelsetup . . . . ... 158
5.3 Results. . . . . . 160
5.3.1 Reference simulation . . . . .. .. ... ... 0L 160

5.3.2  Dike generation and propagation and longevity of partially molten /crys-

tallized regions . . . . . .. ..o 163
5.3.3 Chemical evolution of the magmatic system . . . . ... ... ... 166
5.3.4 Mineralogical evolution of the magmatic system . . . .. .. .. .. 169
5.3.5 Effect of magma mixing on fracture formation and chemistry . . . . 171

5.3.6 Influence of water content on melting, host rock assimilation and

dike formation . . . . . . . ... 171

5.3.7 Number of employed phase diagrams . . . . .. .. ... ... ... 176

0.4 DISCUSSION . . . . . ... e 176
5.4.1 Model limitations and assumptions . . . . . . . . ... .. .. ... 176
5.4.2 Applicability of model results . . . . . ... ... L. 179

5.5 Conclusion . . . . . . .. 188
5.6 Acknowledgements . . . . .. ... 189
5.7 Appendix . . ... 190
5A Models . . . . . .. 190

5.B  Modeling parameters . . . . . ... ..o 191

6 Employed phase diagrams and their bulk rock compositions 207

7 Final remarks and outlook 213






LIST OF FIGURES

1.1
1.2

2.1
2.2

2.3
2.4
2.5
2.6

2.7
2.8

2.9

2.10

2.11

2.12
2.13

Melting of peridotites through different melting mechanisms . . . . . . . 2
Schematic binary phase diagram showing the non-linear evolution of the

solid-liquid ratio with decreasing temperature . . . . . . . . . . .. ... 4
Evolving thermodynamic modeling approach . . . . . .. ... ... .. 15

Identifying representative oxide compositions of the initial phase diagram

from the pyrolitic mantle using SOMs . . . . . . .. .. ... ... ... 18
Initial 2D numerical model configuration. . . . . . . .. .. .. ... .. 25
Plume evolution and physical properties . . . . . . . . .. ... .. ... 28
Effect of T,,cess, Merir and LAB depth on model evolution . . . . . . .. 29

Temporal evolution of KoO/NayO of modeled compositions of extracted
melts, with a constant employed critical melt fraction (Me) . . . . . . 31
Temporal evolution of the average melt extraction depth and temperature 33
Temporal evolution of KoO/NayO of modeled compositions of extracted
melts, with a decreasing critical melt fraction (Mg.i) . . . . . . . . . .. 34
Evolution of average magma compositions with time of a representative
simulation with decreasing Moy . . . . . . . . .o 36
Evolution of magma compositions with time (M,,.;; = constant) and the
effect of a second mantle plume . . . . . . .. .. ... L. 37
Simplified geological map of the West Eifel volcanic field (West-Germany) 40
TAS diagram for modeled melts . . . . . ... ... ... ... ..... 43
Employment of different phase diagrams for the metasomatized mantle

and their relationship to melt extraction events . . . . . . . .. ... .. 44



LIST OF FIGURES vi

2.14

2.A1

2.A2

2.A3

2.A4

2.A5

2.A6

2.B1

2.B2

2.B3

2.B4
2.C1

3.1
3.2

3.3

4.1
4.2

4.3
4.4
4.5
4.6

[lustration of the development of a step-like-profile in KoO/NayO of the

extracted melts from a heterogeneous mantle source . . . . .. .. ... 47
Pseudosections for the upper and lower crust . . . . . .. ... .. ... 51
Main initial mineral distribution in the mantle . . . . .. .. ... ... 52
Learning process of the SOM . . . . . . . ... ... ... ... ..., 53

U-matrix and oxide concentrations of the prototype vectors, solid compo-
sitions are provided from the initial phase diagram of the metasomatized
mantle . ..o 54
SOM and k-means applied to solid compositions from the initial phase
diagram of the metasomatized mantle . . . . . ... .. ... ... ... 55
Identifying representative solid compositions of the initial phase diagram
from the metasomatized mantle using SOMs . . . . . ... . ... ... 56

Overview of the temporal evolution of K;0O/NayO of modeled composi-

tions of extracted melts (M. = const.) (part 1) . . . . ... ... ... 62
Overview of the temporal evolution of K;0O/NayO of modeled composi-
tions of extracted melts (M..; = const.) (part 2) . . . . ... ... ... 63
Overview of the temporal evolution of K;0O/NayO of modeled composi-
tions of extracted melts (with decreasing Me.it) . . . . . . . . . . . ... 64
Total addition of extracted magmas with time . . . . . . ... .. ... 65

Comparison of modeled melt chemistries with magmatic rocks from the

West Eifel and from reference volcanic fields . . . . . . . . . ... . ... 67

Pseudosections, with different employed final_resolution values . . . . . 83

Change in melt fraction and CaO concentrations with P and T" depending

on the resolution of the phase diagram . . . . . . .. .. ... ... ... 84
Pseudosections, with different grid resolutions . . . . . . . . . ... ... 86
Different ways to sample the parameter space . . . . . . . .. ... ... 99

Example of a BRC distribution in a 2D representation of the Barnes-Hut

t-SNE projection . . . . . . . ..o 101
Finding new BRCs using principal component analysis . . . . . . . . .. 103
Finding new BRCs within manually pre-defined boundaries . . . . . . . 105

New BRCs generated with different sampling methods, without clustering107
New BRCs generated with different sampling methods, shown for two
different clusters . . . . . . . . ... 109



LIST OF FIGURES vii

4.7

4.8

4.9

4.10

4.11

4.12

4.A1
4.A2
4.A3
4.A4
4.A5
4.A6
4.A7
4.A8
4.A9
4.A10

5.1
5.2
2.3
5.4
2.5
5.6
2.7
5.8
2.9
5.10
5.11
5.12

New BRCs generated with different sampling methods using the cluster-

ing algorithm . . . . . . . ... 110
Minimal Euclidean distances computed between new BRCs and initial
BRCs . . . e 112
Minimal Euclidean distances computed between new BRCs and requested
BRCs . . . . e 115
Requested BRCs and their melt extraction conditions for the oxide com-
bination, CaO vs. SiOg . . . . . . . . .. 119

Clustering algorithm applied to requested BRCs from geodynamic sim-
ulations . . . ... 121

Requested, forecasted and database BRCs shown on a TAS diagram for

plutonic rocks . . . . ... 123
New BRCs created with M-CS, without clustering . . . . .. .. .. .. 126
New BRCs created with uniform PCA-CS, without clustering . . . . . . 127
New BRCs created with normal PCA-CS, without clustering . . . . . . 128
New BRCs created with normal-centering PCA-CS, without clustering . 129
New BRCs created with M-CS, with clustering . . . . . .. ... .. .. 130
New BRCs created with uniform PCA-CS, with clustering . . . . . . . . 131
New BRCs created with normal PCA-CS, with clustering . . . . .. .. 132
New BRCs created with normal-centering PCA-CS, with clustering . . . 133
Requested BRCs are shown for two sets of geodynamic simulations . . . 134

Melt extraction conditions of requested BRCs from geodynamic simula-

tions, for all SiOs oxide combinations . . . . . . . . ... ... .. ... 135
Methodological procedure of melt extraction . . . ... ... ... ... 151
Rock failure for tensile fracturing and shear banding . . . . . . . .. .. 153
Scheme describing the evolution of chemistry and melt fraction . . . . . 157
Initial 2D numerical model configuration. . . . . . . . ... .. ... .. 159
Evolution of the reference simulation . . . . . . . ... ... ... .... 162
Orientation of dikes . . . . . . . . . . . ... ... ... ... ... . 164
Melt retention as a function of rock cohesion and injection depth . . . . 165
Compositional evolution of the magmatic system . . . . . . ... .. .. 168

Snapshot of the magmatic system and corresponding mineral assemblages 170
Influence of water content on melting and fracture formation . . . . . . 172
Influence of a higher crustal water content on melting and composition . 174

Assimilation of hydrated crustal host rocks . . . . . .. ... ... ... 175



LIST OF FIGURES viii

5.13

5.14

5.15

0.16

5.A1

5.A2

6.1

6.2
6.3

Liquid lines of descent, modeled rock compositions and the change of
SiO,y concentration with melting degree . . . . . . . .. . ... ... 180
Model results and rhyolites from the Snake River Plain. . . . . . . . .. 181
Volume of different crust contributions, densities and mineral assemblages185
Comparison of modeled igneous rocks with exposed rocks from the Fama-
tinian and Kohistan arc . . . . . . . . .. ... ... ... . ... .. 187
Higher basaltic intrusion temperature and its influence on rock compo-
SILIONS . . . . L e 190
Volume of different crust contributions, densities and mineral assem-
blages, for different intrusion conditions (temperature and basalt com-

position) . . ... 191

Requested rock compositions and bulk rock compositions used in the

phase diagram database . . . . . . . ... ... ... L. 208
Bulk rock compositions of employed phase diagrams (part 1) . . . . . . 209
Bulk rock compositions of employed phase diagrams (part 2) . . . . . . 210



LIST OF TABLES

2.1

2.A1
2.A2
2.A3
2.A4
2.A5
2.A6

2.B1
2.B2
2.C1

4.1

5.1
5.2
2.3
5.B1
5.B2
5.B3
5.B4

Initial rock compositions used in pMELTS and Perple X . . . . . . . .. 13
Activity-composition models used in the Perple X calculations . . . . . 50
Rheology parameters used for the dislocation creep . . . . . . . . .. .. Y
Rheology parameters used for the diffusion creep in the mantle . . . . . 58
Fixed parameters used in the geodynamic models . . . . . . . . . . ... 58
Melt extraction parameters . . . . . . . . . . .. ... ... .. ... .. 59

Temperature distribution in the initial model setup and in the newly-

generated-crust . . . ... ..o 59
Executed numerical experiments (part 1) . . . .. ... ... ... ... 60
Executed numerical experiments (part 2) . . . . .. .. ... ... 61

Comparison of the chemical composition of “primary” lavas of both West
Eifel suites with average model compositions of extracted melts from the

pyrolitic and metasomatized mantle . . . . . . ... ..o 0000 68

Average and maximal D,,;, between initial BRCs and newly requested

BRCs from geodynamic simulations . . . . .. ... ... ... .. ... 118
Initial rock compositions used in Perple X . . . . ... ... ... .... 146
Parameters used to compute P,..; for the four different failure modes . . 153
Employed parameters used in the presented models . . . . . . . . . . .. 161
Excluded and solution phases used in Perple X . . . . .. ... .. ... 192
Rheology parameters used for the dislocation creep . . . . . . . . .. .. 193
Diffusion creep rheology parameters . . . . . . ... .. ... ... .. 194

Constant parameters used in the geodynamic models . . . . . . . . . .. 194

X



LIST OF TABLES




0.1 Abstract

Understanding the generation and stagnation of melt inside the lithosphere or astheno-
sphere is crucial to understand eruption processes on Earth. Recent advances in devel-
oping new thermodynamic melting models allow us to model realistic rock compositions
and to investigate their properties (density, melt fraction, chemistry and mineralogy)
with pressure (P) and temperature (7). Incorporating such thermodynamic data into a
thermomechanical code is required to better understand the temporal and spatial evo-
lution of magmatic systems. In this thesis, we develop different approaches that couple
geodynamic with thermodynamic modeling to investigate the compositional evolution of
magmatic systems, focusing on intraplate magmatism triggered by a rising mantle plume
and on arc-related crustal magmatism.

The mantle plume consists of a heterogeneous source composed of pyrolitic and metaso-
matized mantle. Decompression and the occurrence of hydrous mantle rocks cause melting
in the rising plume at different stages. The generated melt is extracted, as a critical melt
fraction is exceeded, and is emplaced within or on top of the crust. Compositional trends
of the extracted melts (consisting of up to twelve oxides) are used to describe melting
related processes by focusing on the K;0O/NayO ratio as an indicator for the rock type
that has been molten. The results are compared with magmatic rocks of the West Eifel
volcanic field (Germany) to propose a possible scenario to explain the observation that
features a trend of high-enriched to less-enriched rocks with time. The computation of
mantle phase diagrams is executed with pMELTS, under consideration of several rock
depletion degrees at different P—T" conditions. To decrease the number of precomputed
phase diagrams, a Self-organizing Map (SOM) is used to define P-T" ranges of similar bulk
rock compositions.

The chemical and the mineralogical evolution of the crust during arc magmatism are
studied by incorporating a semi-analytical fracture algorithm into a geodynamic code to
simulate dike/sill formation. Sill intrusion triggers the formation of dikes which prop-
agate in the direction of the maximum principal stress. Each melt extraction event is
leaving behind a depleted source with locally changeable rock compositions (10 oxides
are considered) that is enhanced in case magma mixing is involved. To track this change
in rock composition on each individual marker, tens of thousands of phase diagrams are
precomputed using Perple X. As the longevity of magma reservoirs is decisive for magma
differentiation’s efficiency, we investigate the conditions that keep regions of accumulated
sills in a partially crystallized state (e.g., lower rock cohesion or deeper sill injection zone).

Produced rocks are compared with igneous rocks from different arcs and the relevance of

Xi



the different rock types for crust genesis is evaluated.

Furthermore, we present an autonomous forecast approach to extend the phase diagram
database with possible rock composition requests from geodynamic simulations. For this,
new bulk rock compositions are determined within boundaries that are constrained man-
ually or through principal components. A reduction of the sampling space is considered
by applying a clustering algorithm to the database entries.

The developed petro-thermo-mechanical code can be applied to a wide range of geolog-
ical settings to study magmatic processes that result in the formation of different igneous

rock types.
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0.2 Zusammenfassung

Um Vulkanausbriiche und deren Ursprung besser verstehen zu koénnen, ist die Unter-
suchung der Generierung sowie der Stagnierung der Schmelze in der Lithosphére oder
Asthenosphére von zentraler Bedeutung. Neueste Fortschritte in der Entwicklung thermo-
dynamischer Schmelzmodelle erlauben uns die Gesteine und deren Eigenschaften (Dichte,
Schmelzanteil, Chemie und Mineralogie) iiber Druck (P) und Temperatur (') genauer zu
bestimmen. Die Integrierung dieser thermodynamischen Daten in einen geodynamischen
Code ist notwendig, um die zeitliche sowie rdumliche Entwicklung von magmatischen Sys-
temen besser nachvollziehen zu konnen. In dieser Arbeit haben wir verschiedene Verfahren
entwickelt, zur Kopplung geodynamischer mit thermodynamischer Modellierung, um die
Entwicklung der chemischen Zusammensetzung in magmatischen Systemen zu ermitteln.
Hierbei liegt der Fokus einerseits auf Intraplattenmagmatismus ausgelost durch einen auf-
steigenden Mantelplume und andererseits auf krustale Magmareservoire in einem konti-
nentalen magmatischen Bogen.

Der Mantelplume besteht aus einer heterogenen Quelle, die aus pyrolitischen und me-
tasomatisierten Mantel zusammengesetzt ist. Auf Grund von Druckentlastung sowie dem
Vorkommen wasserreicher Gesteine, kommt es wihrend des Aufstieges zur Schmelzbil-
dung. Die Schmelze wird jeweils extrahiert, sobald der kritische Schmelzanteil erreicht
ist, und entweder innerhalb der Kruste oder an der Oberfliche platziert. Zusammenset-
zungstrends der extrahierten Schmelze (bestehend aus bis zu 12 Oxiden), hier vor allem
das K3O/NayO Verhiltnis, werden verwendet, um aufschmelzungsbezogene Prozesse zu
ermitteln. Die hieraus gewonnenen Ergebnisse sind mit magmatischen Gesteinen aus der
West Eifel verglichen worden, um ein mogliches Modell zu deren Entstehung herzulei-
ten. Die Berechnung der Phasendiagramme wird fiir verschiedene Verarmungsgrade des
Mantels mit dem Programm pMELTS durchgefiihrt. Um die Anzahl der Phasendiagram-
me zu reduzieren, werden mit Hilfe einer sogenannten “Self-organizing Map” (SOM) P-T
Bereiche bestimmt, in denen &hnliche Gesteinszusammensetzungen vorliegen.

Die chemische und mineralogische Entwicklung des kontinentalen magmatischen Bo-
gens sind untersucht worden, unter Einbeziehung eines semi-analytischen Algorithmus
zur Bildung von Dikes und Sills. Intrudierte Sills fithren zur Bildung von Dikes, deren
Entstehung und Ausbreitung durch das Spannungsfeld kontrolliert werden. Jeder dieser
Schmelzextrahierungsevents hinterlésst eine abgereicherte Quelle, dessen Zusammenset-
zung (bestehend aus 10 Oxiden) stark lokal variiert, insbesondere wenn Magmamischung
involviert ist. Um diese Anderung auf jedem einzelnen Marker zu verfolgen, sind zehntau-

sende Phasendiagramme berechnet worden, unter Verwendung des Programmes Perple_X.
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Da die Langlebigkeit von Magmareservoiren ausschlaggebend fiir die Differentiation des
Magmas ist, haben wir unseren Schwerpunkt darauf gelegt, unter welchen Bedingungen
eine vollstandige Kristallisation verzogert werden kann (z.B. mit einer geringeren Ge-
steinskohésion oder einer tieferen Zone der injizierten Sills). Die modellierten Gesteins-
zusammensetzungen sind mit natiirlichen magmatischen Gesteinen verglichen und deren
jeweiliger Beitrag zur Krustenbildung evaluiert worden.

Weiterhin présentieren wir hier eine Strategie zum effizienten Aufbau und Erweite-
rung einer Phasendiagrammdatenbank. Hierzu werden neue Gesteinszusammensetzungen
bestimmt, die kompositionell innerhalb manueller oder, durch Hauptkomponentenanalyse
(PCA) definierter, Grenzen liegen. Der Parameterraum wird durch &ltere Datenbankein-
trage beschrieben, die in Gruppen dhnlicher Zusammensetzung unterteilt werden kénnen.

Der entwickelte petrologische-thermomechanische Code kann auf verschiedenste geo-
logische Bereiche angewendet werden, um magmatische Prozesse zu untersuchen, die zur

Bildung unterschiedlichster magmatischer Gesteinstypen fiithren.
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CHAPTER 1

INTRODUCTION

The chemical and mineralogical evolution of magmatic systems within the Earth are still
incompletely understood, as most observations are limited by the temporal or spatial reso-
lution. Geodynamic models focus mostly on mechanical problems, neglecting the chemical
variety produced by melting related processes. Other models look into the chemical evo-
lution of magma reservoirs but do not consider the large scale mechanical processes in
the surrounding rocks. Therefore, we focus here on the coupling of geodynamics with
thermodynamics to fill the gap between thermomechanical and chemical models. As the
melting process is non-linear (see Section 1.2) and strongly changes with rock composi-
tion, a sufficiently large number of thermodynamic phase diagrams is required to take the
variable chemistry of extracted melts and cumulates/residuum into account. This enables
us to study the evolution of rock compositions in detail. As melting processes directly
affect the dynamics in the models (e.g., density, melt fraction and thus viscosity), they
have to be incorporated into lithosphere-scale models.

In this thesis, we analyze the compositional evolution of magmatic systems by incor-
porating thermodynamic phase diagrams for a wide range of bulk rock compositions into
a 2D geodynamic finite element code. The results improve our knowledge about both
crust formation and the chemical composition of potentially extracted melt that controls

eruption processes on Earth.
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1.1 MELT GENERATION

Magmatism is observed all over the world and can be triggered through different kinds
of processes. At mid ocean ridges (MORs), mantle rises due to the diverging plates
and creates an enormous amount of decompression melting. Intraplate magmatism is
often triggered by a rising mantle plume that produces decompression melting as well.
The reduced density that causes the buoyancy of mantle material, is attributed to an
excess temperature of the plume towards the surrounding mantle, or to compositional
anomalies. A further melting mechanism is the supply of fluids, which decreases the
solidus temperature. This wet solidus plays especially in arc systems an important role.
Here, melts are generated by the fluid release from the subducting oceanic plate into the
mantle wedge. As soon as these melts stagnate within the mantle or crust, fractional
crystallization, melt segregation, assimilation and other processes such as magma mixing
or mingling may take place. In case the temperature of the intruded magma is sufficiently
high compared to that of the host rocks, partial melting of crustal material may occur.
On smaller scales, also mechanical processes can increase the temperature and thus trigger
melting (e.g., Pseudotachylites in fault zones). The general mechanisms of melt generation
through temperature increase, water supply, or pressure increase/decrease are summarized

in Figure 1.1.

Increasing temperature
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Figure 1.1: Melting of peridotites through 1: Adiabatic upwelling (decompression melting); 2: Temper-
ature increase; 3: Supply of fluids that generates an opposite solidus curve; 4: Increase of pressure that
results in melting for a wet solidus. Modified from Winter (2013).
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1.2 NON-LINEARITY OF CRYSTAL-MELT RATIO
WITH DECREASING TEMPERATURE

The melt solid proportions do not change linearly with decreasing temperature over the
crystallization interval (between liquidus and solidus at constant pressure) and are there-
fore not easily describable with simple parameterizations. This can be illustrated on a
binary eutectic system for two different liquid starting compositions (X1 and X2, Fig.
1.2). For composition X1, a solid proportion of 50% is already reached at a high temper-
ature (T2), whereas an only slightly different starting composition (X2) requires a much
lower temperature (T3) to reach the same amount of crystals in the cooling system, even
though the liquidus temperatures for both compositions are quite similar. Consequently,
for the same crystallization stage, the residual melt compositions and temperatures may
be more distinct than at the beginning (see liquid compositions after 50% of crystalliza-
tion, X1=A(65%)B(35%) and X2=A(55%)B(45%), Fig 1.2). This temperature difference
between potentially extracted melts with an equivalent crystal proportion may even influ-
ence the melt properties, e.g. viscosity. Moreover, changing the starting composition in
such a way that it evolves towards the eutectic (e) from the other side (X3, Fig. 1.2), leads
to the crystallization of phase B at the beginning instead of phase A. Thus, especially for
two similar starting compositions, which are located on different sides of the eutectic, the
crystallization phases may be very different. At the eutectic (e) both phases crystallize
simultaneously at a constant temperature until all melt is gone. Changing the pressure for
the cooling system additionally influences each binary system. The observed non-linearity
between melt crystal proportions and the effect of small variations in starting composi-
tions become even larger in more complex natural systems, with eutectic, peritectic and
cotectic reactions (Caricchi and Blundy, 2015). Therefore, simplified parameterizations
do not even approximate the complexity observed in natural melting or freezing processes.
Thus, phase diagrams describing the melting behavior over the whole melting interval for

different starting compositions are required.
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Figure 1.2: Schematic binary phase diagram showing the non-linear evolution of the solid (S)-liquid (L)
ratio with decreasing temperature. Shown here for three different starting compositions (X1, X2 and
X3). A and B are the crystallizing solid phases. Shifting only slightly the starting compositions (from
X1 to X2) has already a significant effect on both the crystallization (solid-liquid ratio with decreasing
temperature) and the liquid compositions.

1.3 THESIS STRUCTURE

The thesis contains five main chapters (Chapters 2-6) describing the coupling between
geodynamic and thermodynamic modeling for two application fields, intracontinental mag-
matism caused by a rising mantle plume, and crustal magmatic reservoirs in an arc-like
system. For the mantle plume study (Chapter 2), phase diagrams are computed mainly
with pMELTS (Ghiorso et al., 2002). For studying crustal magma reservoirs, Perple X
(Connolly, 2005, 2009) is exclusively used (Chapters 3-6).

Chapter 2: Coupled petrological-geodynamical modeling of a compositionally
heterogeneous mantle plume

This chapter deals with a rising mantle plume composed of pyrolitic and metasomatized
mantle. The composition of the extracted melt is tracked in time and space via 12 oxides.
The depth of the lithosphere-asthenosphere boundary, the extractable melt fraction and
the plume temperature are systematically varied to investigate their influence on melt
chemistry and plume dynamics. The rock depletion degree and the stable melt fraction
play an essential role. Melt compositional trends are used to determine melting related
processes using the KoO/NayO ratio as an indicator for the rock type that has been molten.

The chemistry of extracted melts is compared with magmatic rocks from the West Eifel.



1.3. THESIS STRUCTURE )

Precomputed phase diagrams are incorporated into the 2D geodynamic finite element code
(MVEP2), in which melt is extracted and emplaced instantaneously within or on top of the
crust. Mantle phase diagrams (> 600 in total) are computed for different rock depletion
degrees using pMELTS. To reduce the number of precomputed phase diagrams, a SOM
(Self-organizing Map) is applied to find P-T fields of similar bulk rock compositions.

Chapter 3: Resolution of phase diagrams and computational cost
This chapter is about optimizing the computational cost for phase diagram calculations
using Perple_X. We systematically vary option parameters in Perple_X to get an acceptable

phase resolution by reducing the computation time to a minimum.

Chapter 4: An autonomous phase diagram database for geodynamic simula-
tions of magmatic systems

This chapter presents an autonomous forecast approach that uses the entries of the exist-
ing (initial) phase diagram database to predict possible requests of chemical composition
from geodynamic simulations. The bulk rock compositions of this initial database are re-
quested compositions from previously performed geodynamic simulations with numerical
model configurations described in Chapter 5. With our forecast approach, new bulk rock
compositions are determined within boundaries that are constrained manually or through
principal components. A possible reduction of the sampling space is considered by ap-
plying a clustering algorithm to the entries of the initial database. Using these new bulk
rock compositions massively accelerates the extension of the database, as they can be used
to create new phase diagrams using Perple_X. The repetition of geodynamic simulations
is not necessarily needed anymore to collect new bulk rock compositions to extend the

database in such a way that almost all requested phase diagrams are provided.

Chapter 5: Insights into the compositional evolution of crustal magmatic sys-
tems from coupled petrological-geodynamical models

This chapter deals with the chemical /mineralogical and dynamical evolution of crustal plu-
tonic systems in an arc-like environment. The 2D geodynamic code MVEP2 is extended
by a semi-analytical fracture opening algorithm that generates dikes and sills depending
on the local stress field. Magma mixing is considered in a simplified manner. Melt is
extracted from injected sills to form dikes while depleting the source region. Accumulated
sills are turning into long-lived mush chambers by using a lower rock cohesion or due to
high intrusion depths. High silica rocks (e.g. granites) are generated by partial melting of

host rocks, melt segregation within dikes, and from high-degree fractional crystallization
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of basalts. For the genesis of arc continental crust are these highly in silica enriched rocks
only of minor relevance, as mafic to intermediate rocks dominate. The chemical evolution
of extracted melts and related cumulates/residuum is tracked in detail via 10 main oxides
by using up to thousands of phase diagrams within a single geodynamic simulation. In
total ~58,000 phase diagrams are available in the database constructed using Perple_X.
The establishment and the extension of this database (up to 27,049 phase diagrams) are
presented in Chapter 4. The additional database extension (from ~27,000 to ~50,000
phase diagrams) is mainly caused by partial melting of host rocks that required additional
phase diagrams. The bulk rock compositions of all available phase diagrams are described
in Chapter 6.

Chapter 6: Employed phase diagrams and their bulk rock compositions

In this chapter, bulk rock compositions of all computed phase diagrams of the database
used in Chapter 5 are evaluated in the oxide parameter space. It is shown that the bulk
rock compositions of employed phase diagrams are distinct for different rock phases and

follow magma differentiation trends.

Chapter 7: Final remarks and outlook
Here, final remarks on the model results and methods are presented and an outlook is

given.
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CHAPTER 2

COUPLED PETROLOGICAL-GEODYNAMICAL
MODELING OF A COMPOSITIONALLY
HETEROGENEOUS MANTLE PLUME

This chapter has been published in:
Rummel, L., Kaus, B.J.P., White, R. W., Mertz, D.F., Yang, J., Baumann, T.S. (2018). Coupled
petrological-geodynamical modeling of a compositionally heterogeneous mantle plume. Tectonophysics,

723, 242-260. The appendix is extended.

Abstract Self-consistent geodynamic modeling that includes melting is challenging as the
chemistry of the source rocks continuously changes as a result of melt extraction. Here,
we describe a new method to study the interaction between physical and chemical pro-
cesses in an uprising heterogeneous mantle plume by combining a geodynamic code with
a thermodynamic modeling approach for magma generation and evolution. We precom-
puted hundreds of phase diagrams, each of them for a different chemical system. After
melt is extracted, the phase diagram with the closest bulk rock chemistry to the depleted
source rock is updated locally. The petrological evolution of rocks is tracked via evolving
chemical compositions of source rocks and extracted melts using twelve oxide composi-
tional parameters. As a result, a wide variety of newly generated magmatic rocks can in
principle be produced from mantle rocks with different degrees of depletion. The results
show that a variable geothermal gradient, the amount of extracted melt and plume excess
temperature affect the magma production and chemistry by influencing decompression

melting and the depletion of rocks. Decompression melting is facilitated by a shallower
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lithosphere-asthenosphere boundary and an increase in the amount of extracted magma
is induced by a lower critical melt fraction for melt extraction and/or higher plume tem-
peratures. Increasing critical melt fractions activates the extraction of melts triggered by
decompression at a later stage and slows down the depletion process from the metasoma-
tized mantle. Melt compositional trends are used to determine melting related processes
by focusing on K;0/NayO ratio as an indicator for the rock type that has been molten.
Thus, a step-like-profile in K5O /NayO might be explained by a transition between melting
metasomatized and pyrolitic mantle components reproducible through numerical modeling
of a heterogeneous asthenospheric mantle source. A potential application of the developed
method is shown for the West Eifel volcanic field.

2.1 INTRODUCTION

Understanding the mechanisms that trigger intracontinental volcanism is a critical step
in understanding eruption processes on continents. However, as there are substantial
complexity and chemical variability both within volcanic fields and between them, the
interactions between physical and chemical processes are incompletely understood. Cou-
pling geodynamic simulations with thermodynamic models allows making testable model
predictions, which can be compared with petrological constraints and is thus a crucial step
in understanding magmatic systems developing above mantle plumes. Such studies should
in principle allow for a heterogeneous melting source within a plume, which is one of the
typical endmember models proposed for plume-related magmatism (e.g. Phipps Morgan,
2000; Ito and Mahoney, 2005).

Many previous modeling studies focus on mantle plume dynamics and its interaction
with the lithosphere. Yet, they typically do not take the chemical evolution of melts and
source rocks into account (e.g. Gerya, 2014), and neglect continuous source rock depletion
by fractional melting (e.g. Ribe and Christensen, 1999; Koptev et al., 2015). Other models
have focused on the deep structure, origin and dynamics of plumes (e.g. Dannberg and
Sobolev, 2015) and possible melt triggering mechanisms (e.g. Motoki and Ballmer, 2015).
Many existing numerical models on melting processes employ a fixed chemistry for the
source rocks and thus produced only a limited range of melt compositions (e.g. Gerya and
Meilick, 2011; Vogt et al., 2012, 2013; Gorezyk et al., 2017). Others focus on the slab
dehydration and induced melting processes in subduction zones by including thermody-
namic modeling (Hebert et al., 2009; Gerya and Meilick, 2011; Bouilhol et al., 2015; Yang

et al., 2017). Numerical simulations that are used to better constrain geochemical signa-
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tures in crystallized plume-related magmas exist but are often simplified (e.g. Sossi et al.,
2016). Combining geochemical signatures from erupted magmas with physically consis-
tent geodynamic models might help to better understand how the chemical evolution of
intracontinental magmas is connected to mantle plume dynamics.

From a thermodynamic point of view, quite realistic melting models have been de-
veloped, such as pMELTS for mantle melting (Ghiorso et al., 2002), and melting mod-
els for pelitic crustal rocks (White et al., 2001, 2014). Yet, coupling these models with
geodynamic simulations is challenging as it, in principle, requires a new thermodynamic
computation as soon as a small amount of melt has been extracted from the source rock.
Depending on the complexity of the source rocks and the mantle models, computing a
phase diagram may last a few hours, which may quickly become computationally infeasi-
ble if this calculation is done on the fly. To circumvent this problem, parameterizations
have been developed for mantle melting (Katz et al., 2003), or more recently, mantle melt-
ing models that take the effect of CO5 and HoO on mantle melting into account (Keller and
Katz, 2016). Whereas such models allow for a self-consistent coupling between reactions
and deformation, they have the disadvantage that making petrological and geochemical
predictions from them can only be done in an indirect manner, which complicates com-
paring the results with constraints.

In this work, we describe a different approach that takes thermodynamic melting mod-
els into account, but that reduces the computational requirements by using a method
that combines diagrams with a similar chemical composition which allows precomputing
the phase diagrams. In this manner, we can track the evolution of the source rocks and
ascending melts and track quantities such as evolving major element composition of melt
and continuous changes in the mantle source compositions from melt extraction. We apply

the coupled geodynamic and thermodynamic models to the West Eifel volcanic field.

2.2 THERMODYNAMIC AND GEODYNAMIC MOD-
ELING APPROACHES

The mechanical and thermal evolutions within the continental lithosphere and astheno-
sphere are strongly affected by melt-related processes. Magma emplacement may heat up
the crust and previously partially molten mantle sources become depleted (which results
in a higher solidus temperature and hence an increase in density), which influences the
buoyancy of mantle material. The loss of melt increases the viscosity, decreases the strain

rate and thus influences the convective vigor in the mantle. On the other hand, these pro-
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cesses that occurred in the mantle leave their fingerprints in the extracted melts. In our
work, we focus on the connection between mechanical and thermal processes and melting
related compositional trends found in extracted magmas, by modeling the dynamic and
chemical evolution of a heterogeneous mantle plume. The plume consists of two different
mantle sources, a pyrolitic and a metasomatized composition, respectively. For this, we
combine a geodynamic code MVEP2 (Kaus, 2010; Thielmann and Kaus, 2012) with a
petrological model. As petrological model, we use the Gibbs free energy minimization
approach pMELTS (Ghiorso et al., 2002) and Perple_X (Connolly, 2009). Phase diagrams
based on specific bulk rock compositions are computed using pMELTS and Perple X to
produce thermodynamic-dependent parameters (density, melt fraction, chemistry of melt
and residuum) over a given P-T range. The information from the phase diagrams is used
in the geodynamic simulations to model the interaction between physical and chemical
processes. During geodynamic simulations, the chemical system might change locally due
to melt extraction and thus phase diagrams have to be continuously updated (e.g., with a
higher density and solidus temperature). Each phase diagram is computed for a specific
bulk rock composition. The computation of phase diagrams is described in Section 2.2.1
with the rock compositions used for the initial model setup outlined in Section 2.2.1.1.
The general procedure describing the geodynamic modeling, the melt extraction algorithm
and the incorporation of updated phase diagrams into the geodynamic code, is described
in Section 2.2.2. We do not take melt extraction from the crust into account in this work,
predominantly because this seems to be only of minor importance in our application area,
the Eifel. The computed phase diagrams for the crust are used to track the density dis-
tribution and the latent heat of fusion for emplaced magmas originated from melting the

mantle.

2.2.1 Thermodynamic modeling
2.2.1.1 Rock compositions

In the simulations, we assume the continental crust to consist of an upper and lower crust,
using compositions after Taylor et al. (1981). For an enriched (metasomatized) mantle,
a hydrous lherzolitic lithospheric mantle xenolith from the Eifel was used, and for the
anhydrous, more primitive mantle, the pyrolitic mantle composition of McDonough and
Sun (1995) was employed (Tab. 2.1). For the newly-generated magmatic rocks in the crust,
generated by melt extraction, an average chemical composition of the total extracted melt

is used (newly-generated-crust, Tab. 2.1). The rock compositions outlined above were used
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to compute the initial phase diagrams employed at the onset of the numerical simulations.

Table 2.1: Initial rock compositions used in pMELTS and Perple X. “Pyrolitic mantle” (pyrolite model,
McDonough and Sun, 1995), where MnO, NiO and P05 are excluded from the database. As “Metaso-
matized mantle” a mica pargasite lherzolite mantle xenolith from the location Deudesfeld (Germany) is
used (Menzies et al., 1987). A water concentration of 0.15 wt% is added to the xenolith composition.
Composition of the “Upper crust” and “Lower crust” (Taylor et al., 1981) are extended by 1.0 and 0.1 wt%
water content. The water has to be added, because the respective rock analyses are calculated on LOI
(loss on ignition) free basis. Oxides are given in wt%. The FeO to Fe;Og ratio is automatically calculated
by pMELTS along the QFM buffer. The “Newly-generated-crust” is based on the average chemistry of
extracted melts of one exemplary executed simulation.

Oxide Mantle Mantle Upper crust Lower crust Crust
(pyrolitic)  (metasomatized) (0-10 km depth) (10-30 km depth) (newly-generated)
SiOq 45.00 41.10 66.00 54.00 42.03
TiO2 0.20 0.42 0.60 0.90 2.65
Al,O3 4.45 2.48 16.00 19.00 11.55
F8203 - 10.03 - - -
CI"QOg 0.38 - - - -
FeO 8.05 - 4.50 9.00 10.94
MgO 37.80 41.02 2.30 4.10 16.35
CaO 3.55 3.36 3.50 9.50 5.64
Na,O  0.36 0.60 3.80 3.43 6.98
K20 0.03 0.54 3.30 0.60 3.23
P05 - 0.07 - - -
H>O - 0.15 1.00 0.10 0.94

2.2.1.2 pMELTS

The AlphaMELTS 1.4 software package (Smith and Asimow, 2005) was used as a text-
menu based front-end to the pMELTS software (Ghiorso et al., 2002) to facilitate ther-
modynamic modeling of phase equilibria in magmatic systems. The pMELTS algorithm
allows phase equilibria calculations by Gibbs free energy minimization along a given P-T
path and for a specified oxygen buffer (e.g., the quartz—fayalite-magnetite (QFM) oxygen
buffer in our calculations).

The solid and liquid oxide compositions as well as densities and melt fractions for
a given mantle rock composition were computed by pMELTS along a given P-T path
(determined every 0.03 GPa and 5 °C) in a batch melting mode. The chemical system
used is: Si05-Ti0y—Al,O3-FeyO3—CryO3-FeO-MgO-CaO—-NayO-Ky0O-P,O5-H5 0.

Computing such phase diagrams simultaneously with a geodynamic simulation is com-
putationally infeasible with pMELTS, as the provided binary code frequently fails to con-
verge, and existing melt parameterizations (e.g. Katz et al., 2003) are only valid for lim-

ited compositional ranges. As the source code of pMELTS is not made available, we were
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not able to fix the bugs that cause the numerical issues. Therefore, a different strategy
was employed in which a large number of phase diagrams for different melting and melt
extraction scenarios were precomputed. This method is general as long as sufficient ther-
modynamic data exist to predict the solidus and liquidus as well as the melt and depleted
rock chemistry.

Starting from an initial phase diagram (for a pyrolitic or metasomatized composition,
Tab. 2.1), solid compositions that are in equilibrium with small amount of melt fractions
and thus near the solidus P-T field, are used as starting rock compositions in pMELTS
for depleted rocks affected by a potential melt extraction scenario. Thus, before starting
the geodynamic simulations, all relevant phase diagrams are already precomputed, which
are valid for selected bulk rock chemistries. Which phase diagrams will effectively be
used in the respective geodynamic simulation depends on the mechanical, thermal and
compositional evolutions and is thus controlled by melt extraction conditions (P, T', melt
percentage). The P-T conditions control the melt fraction that influences the solid chem-
istry on the marker and thus the choice of updated phase diagram (see Section 2.2.2.2).

Two different methods, dependent on the initial rock type (pyrolitic or metasomatized
mantle), were used to take progressive source rock depletion with melt extraction events

into account:

1. Pyrolitic mantle:
Starting from the initial phase diagram of the pyrolitic mantle, solid compositions as bulk
rock compositions for future pMELTS computations are taken and stored in a separate
file. The solid compositions are taken from the near solidus P-T field of the initial phase
diagram at certain fixed pressure steps (every ~0.65 GPa of a predefined pressure inter-
val) and for specified melt fractions (1, 2, 4, 6 and 8 vol%). By using the respective solid
compositions as residual depleted bulk composition as input, we compute thermodynamic-
dependent properties (density, melt fraction and composition) using pMELTS for rocks
that were affected by previous melt extraction events. The method is repeated to take
subsequent melt depletion into account. In this way, phase diagrams for possible fractional
melting processes that may occur in the geodynamic simulations, are precomputed by dis-
crete melt extraction events at different P—T" conditions along different liquid isolines (Fig.
2.1). 25 phase diagrams were computed for a possible first depletion event and starting
from these 25 phase diagrams, additional 625 phase diagrams (25 for each previous one)
were computed based on selected solid chemistries from the depleted phase diagrams. To

cross-check whether the residual rock compositions we used covered all chemically relevant
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fields between the solidus and ~10 vol% of melt, a neural network approach was applied
(Fig. 2.2, described in more detail in Section 2.2.1.3).
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Figure 2.1: Evolving thermodynamic modeling approach employed here. The schematic is shown on three
exemplary phase diagrams of the pyrolitic mantle (A, B, C). At each P-T condition, melt fraction (red
boxes), density (green boxes) and oxide composition of the liquid (yellow boxes) and solid phase (grey
boxes) are computed on a regular grid (every 0.03 GPa and 5 °C) using pMELTS. The change in the
melt fraction with P and T for the initial (A) and depleted (B and C) rock compositions. Each of the
three phase diagrams has a specific bulk rock chemistry. For the depleted phase diagrams (B, C) this bulk
chemistry is defined by the solid composition at P-T' condition where the melt is extracted. Using a solid
rock composition equilibrated with a lower melt fraction (B), a lower solidus temperature is computed
than for the residual solid composition stable with a higher percentage of melt (C). The interval between
the liquid isolines in A, B and C is 1 vol% in melt fraction. D: Schematic describing how melt will
increase in the geodynamic simulation due to decompression of mantle material until it exceeds a critical
melt fraction (2 or 6 vol% here) for melt extraction. After melt extraction from the initial rock (a), the
melt can be built up again in the more depleted rocks (b and c).
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2. Metasomatized mantle:
For the metasomatized mantle, we use a neural network approach (see Section 2.2.1.3) to
find representative solid residue compositions from the initial phase diagram, focusing on
the near solidus P-T field (0-10 vol% melt). A representative solid residue composition is
a composition that is representative for the solid chemistry in a certain P—T range and dis-
tinguishable to other representative solid compositions from neighboring P-T fields (Fig.
2.2). By using the representative solid compositions as input compositions in pMELTS,
rock depletion after potential melt extraction events is considered. The total number of
computed phase diagrams was 56. 7 based on solid residual compositions remained after
a potential first melt extraction event (Fig. 2.A6, see Appendix) and additional 49 phase
diagrams for a second melt extraction event from the already depleted phase diagrams.
For each of the 7 depleted phase diagrams, a neural network approach is applied again in
the same way as described for the initial phase diagram (Fig. 2.A6, see Appendix). The
advantage of this method is that it greatly reduces the number of phase diagrams that
have to be computed. This was particularly important for the hydrated metasomatized

mantle compositions, for which pMELTS calculations were numerically more unstable.

The implementation of multiple melt extraction events takes into account the change in
source rock chemistry over time until the solidus is shifted to such high temperatures that
melting no longer occurs under typical upper mantle conditions (Fig. 2.1). To stabilize
the pMELTS calculations in general and to minimize random crashes and hangups of
the distributed binary program, a minimum value of incompatible elements (order of few
ppm) in all depleted and multiply-depleted hydrous and anhydrous rock compositions were
incorporated.

The choice of phase diagrams used in each geodynamic simulation after melt extrac-
tions is limited by the number of precomputed ones (several hundreds in our study).
The phase diagram with the closest bulk rock composition to the solid chemistry on the
marker replaces the previous one after melt extraction in the geodynamic simulation (see
Section 2.2.2.2). Ideally, a future version of our algorithm would cover the full range of
compositions required in the simulations, but this will require a massively parallel com-
putational framework to precompute such phase diagrams, and likely involve 10’s to 100’s

of thousands of precomputed diagrams.
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2.2.1.3 Finding representative chemical compositions using Self-organizing

Maps

Precomputing phase diagrams for all residual (solid) compositions that remain after melt
extraction in the geodynamic models, is currently computationally infeasible. Instead, our
strategy is to identify representative depleted rock compositions that are used as input for
the thermodynamic models (pMELTS). Classifying all compositions that may result from
our geodynamic model into groups of similar models and finding representative models
for each group is non-trivial. One possibility is to employ a neural network approach,
which seems appropriate because the compositions are multidimensional (we have a total
of 10 or 11 compositional dimensions, with 10 oxides for the pyrolitic and 11 oxides for the
metasomatized mantle). We use a method called “Self-organizing Maps” (SOM, Kohonen,
2001), which is available as a MATLAB toolbox (Vesanto et al., 2000), in combination
with k-means clustering (e.g. Jain and Dubes, 1988). An illustrative example and a more
detailed description of how the SOM works including a code example can be found in
Baumann (2016).

In our study, the SOM is used to find representative depleted rock compositions that
may be produced by any kind of melt extraction scenario in the executed geodynamic sim-
ulations. A graphic example of how such a classification procedure works is given in Figure
2.2 and in Figure 2.A6 (see Appendix). The data set to which the SOM was applied here,
consists of 2325 combinations of rock compositions. Each of the rock composition consists
of 10 or 11 oxides that correspond to a pressure and temperature condition and thus to a
specific melt fraction. The number is coming from the resolution of each phase diagram
which has ~100 pressure and ~100 temperature values producing a grid of 100x100 P-T
points. However, the P-T range used in the SOM is reduced to near solidus P-T con-
ditions, which decreases the number from 10,000 to 2325. The only information that is
provided to the SOM, are the oxide concentrations (Fig. 2.2C and Fig. 2.A6C, see Ap-
pendix). The SOM analysis of solid compositions (2325 combinations) of the near-solidus
P-T field (0-10 vol% melt and 1.0-4.0 GPa) yielded seven groups that are compositionally
distinguishable on the basis of variations in the major oxides (Fig. 2.2C and Fig. 2.A6C,
see Appendix). Based on the distribution in the parameter space that is spanned by the
axes of oxide concentration, the SOM identifies parts of the diagram that have similar
compositions in terms of the various oxide contents. The classes are color coded, and in
Figure 2.2A-B and Figure 2.A6A-B (see Appendix), the classification result is illustrated
in terms of pressure, melt fraction and temperature. At least one representative solid

composition from each class is used within pMELTS to compute density, melt fraction as



2.2. THERMODYNAMIC AND GEODYNAMIC MODELING APPROACHES 18

well as liquid and solid composition of depleted rocks from pyrolitic mantle (Fig. 2.2) and

metasomatized mantle (Fig. 2.A6, see Appendix).
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Figure 2.2: Identifying representative oxide compositions of the initial phase diagram from the pyrolitic
mantle using SOMs. The data set is given by solid oxide compositions with 10 different oxides from the
near-solidus P-T field (0-10 vol% melt and 1.0-4.0 GPa). Classified compositions are illustrated in terms
of pressure and melt fraction (A) and pressure and temperature (B). Colors represent 7 classes determined
by SOM analysis. C: Each class has a characteristic distribution pattern of solid oxide compositions. The
average compositions (colored lines) and the respective minimum and maximum value (horizontal thick
lines) of the normalized oxides are plotted together from all classes (bottom right).

2.2.1.4 Perple X

The density distribution for the upper and lower crust is calculated in the chemical
system: SiO9—Ti09—Al,O3-FeO-MgO-CaO-NayO-K;0-H50 using Perple X 6.7.0 (Con-
nolly, 2009), with internally-consistent thermodynamic data for endmembers and activity-
composition models for solid-solution phases. The thermodynamic data file used “hp02ver”

is based on Holland and Powell (1998). The activity-composition models used in the cal-
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culations are listed in Table 2.A1 (see Appendix). Silica liquid was suppressed in the
Perple_X calculations to exclude the presence of metastable melt in the subsolidus region.
As we do not consider melt extraction from crustal rocks in this work, one diagram suffices

for each crustal rock type (Tab. 2.1).

2.2.2 Geodynamic modeling
2.2.2.1 General method

The geodynamic modeling utilised the finite element code MVEP2! (Kaus, 2010; Thiel-
mann and Kaus, 2012), within which the density was incorporated with a parameterized
melting and melt extraction algorithm in 2D visco-elasto-plastic thermo-mechanical mod-
els, in which markers (marker-in-cell-technique) are used to track rock properties. The
parameterized 2D code solves the governing conservation equations of mass, momentum
and energy of slowly creeping fluids on geological timescales (Kaus, 2010; Thielmann and
Kaus, 2012). The code employs realistic densities and solid /liquid compositions consisting
of up to 12 oxides, and laboratory-constrained creep laws. The weakening effect of wa-
ter and melt on the effective viscosity in the mantle, is considered in the experimentally
determined diffusion and dislocation creep flow laws (“dry” and “wet” olivine rheologies,
Hirth and Kohlstedt, 2003) (Tabs. 2.A2-2.A3, see Appendix). If HyO is removed from
the source rock by melt extraction (< 0.01 wt% H5O in the solid rock), the creep law
switches to that for the dry mantle. The upper crust (0-10 km depth) is assumed to have
a quartzite rheology (Ranalli, 1995) and the lower crust (10-30 km depth) as well as the
newly-generated crust from crystallized mantle melts, to have a plagioclase 4,75 (Ranalli,
1995) dislocation creep rheology. Our melt extraction algorithm removes the melt phase
from the partially molten mantle and emplaces it above or within the crust as plutons.
The melt fraction, which is in equilibrium with the surrounding source rock, is removed
from the mantle once a critical melt fraction M,,;; is exceeded. The chemical evolution of
the partially molten source rock is included by using individually-changeable phase dia-
grams for each affected marker, for the conditions at which melt extraction occurred. In
order to find the most appropriate melt-depleted phase diagram to replace the previous
undepleted one, the composition of the residuum at the marker is compared with the bulk
chemistries of all precomputed phase diagrams using a nearest neighborhood algorithm.
The numerical code employed here has been described in detail elsewhere (Kaus, 2010;

Thielmann and Kaus, 2012; Johnson et al., 2014), and is only briefly summarized here.

Lcode is provided at: https://bitbucket.org/bkaus/mvep2
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In the following section, new model features, such as a new melt extraction and evolution

method are described in more detail.

2.2.2.1.1 Governing equations:

The conservation of mass and momentum for slowly creeping incompressible rocks are

described by:

8vz~
= 0 2.1
o (2.1)
oP 87’25
_ = —pg, 2.2
oz o, Py (2.2)
where v is the velocity, P = —0.5(0,: + 0,,) is the pressure, 7 is the deviatoric stress

tensor, g is the gravitational acceleration, p is the density and ¢ = (x, z) denotes spatial
directions, and we employ a Boussinesq approximation.
The rheology is Maxwell visco-elasto-plastic:

. . . 1D 1 e
51 — éc‘al'astzc 4 guiscous | ép{astzc _ _— Ml it A 2.3
J t K U 2G Dt 27’/effTJ ( )

where ¢;; is the (deviatoric) strain rate tensor, G the elastic shear modulus, Dszj the

Jaumann objective derivative, A the plastic multiplier and @ the plastic flow potential.

Nefs is the effective creep viscosity, which is computed from dislocation and diffusion creep

laws:
is _1 N R
0l = FA “((Com)™) ™= €7y exp (EEDVY) exp (—2 M) (2.4)
megl = FAT'd((Con)") ™ exp (EE0Y) exp(—BM), (2.5)

with F' as prefactor for tensorial form, prefactor A, powerlaw exponent n, water fugacity
in H/10°S7 (Cop), exponent of Cop-term r, grain size d, exponent of the grain size p,
second invariant of the strain rate tensor €7, activation energy FE, pressure P, activation
volume V', gas constant R, temperature T, melt fraction prefactor § and M as current
melt fraction. To avoid numerical instabilities, a lower and upper viscosity cutoff of 107

and 10%° Pas is used.

The solved energy equation is given by:

orT or 0 or
pCp <E+vza_%) - axl <k8$1) +HT+HQ+Hd+Hl7 (26)

where p is the density, ¢, heat capacity, vi% the advection term with v; as spatial velocity
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and k is the thermal conductivity. H,, H, and H, are the heat sources with radioactive
(H,), adiabatic (H,) and dissipative or shear heating (H,;). Additionally, latent heat (H,)
induced by melting (heat consumption) or crystallization (heat production) processes is
taken into account, by increasing the effective heat capacity (Cpess) and the effective

thermal expansion () of the partially molten rock, calculated following Burg and Gerya
(2005) as:

oM
Cpesr = Cp + Q1 (8_T> (2.7)
P=const.
oM
Qepf =+ P% (8_P) : (2.8)
T=const.

with @, as the latent heat of fusion. a.ss is considered in the adiabatic heating term H,.
The density in the models is a function of rock composition (X), melt fraction (M),

pressure (P) and temperature (7'):
p=f(X,M,P,T). (2.9)

The variations of crustal density as a function of P and T are computed with Perple X.

%—%) Ponsy, A0 (%_]g>T:const.) for the newly-generated plutonic and

volcanic crust are calculated from an average extracted melt composition (Tab. 2.1). After

The parameters (p, (

each melt extraction event, the active mantle phase diagram is changed at the conditions
of melt extraction and correspondingly also the density values in the P-T field.

The density of the partially molten mantle rock is computed as follows:
P = pliquid Mcurrent + psolid(l - Mcurrent)7 (210)

where M yrrent is the current melt fraction and pjiguia and pseiq are the densities of the
liquid and solid phases in equilibrium with the corresponding melt fraction. The values

are used from the pMELTS precomputed phase diagrams.

2.2.2.2 Melt extraction and update of phase diagrams

Melting of crustal rocks is not taken into account in the geodynamic modeling and we as-
sume that magmas ascended rapidly through dikes. The timescale of this process is signif-
icantly smaller (in an order of hours) than a typical time step employed in the geodynamic
model (hundreds of years), which is why we assume it to occur quasi-instantaneously and
emplace the magma directly above the crust to mimic extrusive and within the crust for
intrusive rocks.

The melt extraction algorithm in the code including the update of phase diagrams is
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done in several steps:

1. The melt fractions, as well as liquid and solid compositions and densities, calcu-
lated by pMELTS on a regular grid over mantle P-T' conditions for a given rock
prior to extraction, are interpolated from the phase diagram to the markers in the

geodynamic code.

2. For each mantle rock, melt extraction conditions (M,,;,, and M,.;) are separately
defined and so the amount of extractable melt can be variable between different
mantle rocks and change with time. Once the melt exceeds a critical fraction (M),
melt is extracted. We considered two possible scenarios, i) M., is constant during
the whole simulation and ii) M,.; decreases step-wise by 1 vol% after a certain
number of melt extraction events occurred (e.g., every 5 melt extraction events,
such that after 20 melt extraction events M., is lowered by 4 vol%). The maximal
and minimal M,,;; values that might be reached in ii) are specified at the beginning
of each simulation. For the respective time steps, the M.,.; value is applied for the
whole model domain homogeneously. A small amount of non-extractable melt (M,

= 0.5 vol%) remains in the rock such that the actual extracted amount of melt is:

Mextract = Mcm‘rent - Mmin' (21 ]‘)

The total amount of extracted magma can be computed as well as its spatial dis-
tribution, which results in compositionally-distinct volcanic sequences (see Section
2.3.1, Fig. 2.4A). Moreover, we keep track of how much melt was extracted from
a certain patch of rock, and specify a maximum cumulative total extractable melt
(Mi42) of 50 vol% above which melt is no longer extracted. As a result of continuing
rock depletion, melting mantle rocks under given P-T' conditions becomes increas-
ingly difficult. Consequently, the amount of extracted melt from a patch of rock is
normally below M,,,. (see Section 2.3.1, Fig. 2.4C) and the extracted melt per time
step is never higher than ~15 vol%.

3. New markers are randomly inserted in the region of newly generated crust to repre-
sent freshly generated crust. The corresponding melt extraction zone will decrease
in volume by the same amount and we mimic the resulting compaction process by
moving markers in between downwards accordingly, in a volume-conservative man-
ner. This is a numerically simple manner to mimic volumetric processes within
a Boussinesq model approximation. Other approaches are possible, which involve

adding sink /source terms in the conservation of mass equation (e.g. Gerya and Yuen,
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2007; Vogt et al., 2012; Schmeling and Arndt, 2017). The newly injected markers
track both the rock type that correlates with the mantle source of extracted melts,
and the temperature of intrusion by setting the temperature of the newly-formed
volcanic and plutonic crust to 90% of the average melting temperature of the ex-
tracted melts. 10% is assumed to be lost during the ascent that is not modeled here.
Furthermore, latent heat of fusion added in the simulations takes into account the

required or consumed energy during the melting/crystallization process.

4. The transient weakening effect caused by ascending melts is implemented by de-
creasing the yield strength of the rocks between the area of melt generation and
emplacement (e.g. Gerya and Meilick, 2011; Vogt et al., 2012) during a melt extrac-
tion event. The width of the weakened zone depends on the lateral extension of the
partially molten region from which melt is extracted. The weakening process limits

the creep viscosity:
Nereep < ineld/(QéII)- (212)

The weakening factor A lowers the yield stress (oyiq) by reducing the effective

friction angle due to melt pressure in the plasticity equation:

Oyield = € €0s(@) + sin(¢) P, (2.13)

with P denoting dynamic pressure, ¢ the cohesion, ¢ the internal friction angle and

A the melt weakening or pore melt pressure factor:

A=1- Pmelt/Psolid, (214)

with P, as melt pressure (assumed to be lithostatic) and Py, = P (dynamic

pressure). For simplification, we use a constant A\ value of 0.5.

5. Plutons are formed in the continental crust in areas of the highest possible intrusion
emplacement rate (i.e., highest possible local crustal divergence rate, div.st). The
depth of intrusive rock emplacement is thus determined by the maximum ratio of
effective melt overpressure to effective viscosity above the melt extraction region
(e.g. Vogt et al., 2012):

divcrust - |(dP50lid - deelt)/neff|‘ (215)

As we use an incompressible formulation, the real melt overpressure, as a result of

elastic bulk deformation, is not computed. Instead, the effective overpressure in
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diveuse 18 approximated as the difference in the change in dynamic (dP;.4) and

lithostatic pressure (dPer)-

6. Each phase diagram computed using pMELTS or Perple_X describes how melt frac-
tion, chemistry and the density change over a predefined P-T range (defined on a
regular P-T grid). It is based on a bulk rock chemistry and is valid for one specific
chemical system. As long as the bulk rock chemistry does not change on a specific
marker, the phase diagram from which the melt fraction, chemistry and density are
used and interpolated to the markers does not change. In a closed system, the bulk
chemistry only changes as a result of extraction of material, in our case melt. When
melt is extracted from a marker, the total chemistry (described by solid and liquid
chemistry) is changed by extracting the liquid composition from the source. The
employed phase diagram on the affected marker thus has to be updated based on
the remaining residuum chemistry, in order to model the rock behavior after a melt
extraction event. Thus, the chemical evolution of the partially molten source rock is
included in the model by using individually-changeable phase diagrams for each af-
fected marker, for the conditions at which melt extraction occurred. In order to find
the most appropriate melt-depleted phase diagram after melt extraction, the compo-
sition of the residuum (equivalent to the solid chemistry) from the respective marker
is compared with the bulk chemistries of all precomputed phase diagrams using a
nearest neighbor searching algorithm (in our case a Kd-tree algorithm). The phase
diagram, whose bulk chemistry is the closest to the residual solid rock chemistry, is
updated on the marker by interpolating the density, melt fraction and composition

from the phase diagram to the marker P—T condition.

The employed parameters for the geodynamic modeling are given in the Appendix,

Tables 2.A2-2.A6.

2.2.2.3 Model setup

We consider a crust-to-upper mantle 2D model of a rising thermo-mechanical-chemical
plume in a 400 km wide and 125 km deep box over a 2 Ma time span. The uppermost
part of the 2D model box (Fig. 2.3A) consists of an upper (0-10 km depth) and a lower
crust (10-30 km depth). The crust is underlain by a pyrolitic mantle to a depth of 125 km.
Small compositional anomalies are inserted in the central part of the mantle representing
a compositional anomaly (Fig. 2.3A). Furthermore, we tested in one simulation the effect

of an additional material influx of metasomatized material by injecting metasomatized
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components within a thermal anomaly at the position where the components were located
initially, 500 ka after the model has been started. Due to the missing basal influx of
metasomatized material, the term heterogeneous plume used here is referred to a rising
compositional anomaly within a thermal plume.

The geodynamic model employs a computational mesh of 450x 250 nodes with a resolu-
tion of ~0.9 km horizontal and ~0.5 km vertical. The compositions are tracked on markers
of which there are initially ~ 2.5 million. The number of markers increases during the

simulations as new crust is generated.
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Figure 2.3: A: Initial 2D numerical model configuration. The thermal and mechanical boundary conditions
used are outlined in the main text. The laterally central area of excess temperature to the surrounding
mantle adiabat is indicated by a half circle. B: P—T estimations for equilibrated West Eifel xenoliths
modified after Witt-Eickschen (2007). Blue symbols are hydrous and green symbols are anhydrous litho-
spheric mantle xenoliths. Temperatures of recrystallization in porphyroclastic Eifel xenoliths are shown
with black circles. Red lines characterize the possible geothermal gradient used in the initial model setup.
C: The initial geothermal gradients for a thermal asthenosphere (LAB) at 75 and at 85 km depth.
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Mechanical boundary conditions are kinematic prescribed velocities on both model
sides and on the bottom where the velocity is chosen such that a background strain
rate of 10716 1/s is employed throughout the model. The top boundary is a free surface

(stress-free). This thus simulates an extensional environment over the whole model domain
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that facilitates the plume rise. Thermal boundary conditions are zero flux at the side
boundaries.

The temperature is prescribed at the top and bottom boundary. At the top we em-
ploy isothermal conditions, meanwhile, the bottom temperature profile features an excess
temperature zone in the central domain, defined by the plume excess temperature.

The initial geotherm has a surface temperature of 20 °C and increases linearly until
750 °C at the Moho. In the lithospheric mantle, the geothermal gradient is determined
from mantle xenoliths and increases linearly to 75-85 km depth, where the temperature
converges to the adiabatic upwelling curve (~1300 °C) of the asthenosphere (Fig. 2.3B/C).
Beneath the lithosphere, an adiabatic gradient (0.3 °C/km) is used to allow a modest
increase in temperature with depth. A positive thermal anomaly, between 150 and 220 °C
(Trrcess) on top of the geothermal gradient mentioned before, is inserted into the central
lower part of the mantle to initiate the thermal plume.

We calibrated the geothermal gradient with P-T conditions of equilibrated xenoliths,
inspired by the West Eifel volcanic field, Germany (Fig. 2.3B), as a typical example of an

intracontinental volcanic field.

2.3 RESULTS

The change in magma composition generated in an uprising heterogeneous mantle plume
over time is analyzed via coupled geodynamic petrological models. We show how plume-
related thermal and mechanical processes interact with chemical processes, such as rock
depletion through melt extraction. The models also illustrate how the onset of melt ex-
traction, melt compositions and P-T' conditions for melt extraction, are linked to thermal
and mechanical processes inside the mantle (e.g., plume rising time affects decompression
melting). We test the effect of several parameters on magma chemistry, in particular on
the K2O/NayO, in a systematic manner (Tabs. 2.B1-2.B2, see Appendix), with the main
focus on varying initial plume excess temperatures, the depth of the thermal lithosphere-
asthenosphere boundary (LAB) and variations in extracted melt fraction with critical melt
fractions (M) of 1-8 vol%. We focused on the K;0/NaO ratio to compare our model-
ing results with volcanic rocks from the West Eifel (Germany). There, rock compositions
indicate that a step-like profile in KO /NayO results from melting two different types of
mantle rocks (e.g. Mertes and Schmincke, 1985; Schmincke, 2007; Mertz et al., 2015). For
the critical melt fraction, a possible decrease during plume ascent is considered as well.

The term “critical melt fraction” defines the percentage of melt that has to be exceeded
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in a partially molten rock in order to be extracted.

The melt chemistry and its melting P-T conditions are only analyzed and visualized
when the melt is extracted from the partially molten source region. Our melt chemistry
thus represents melt compositions that form volcanics or plutonics and not how melt
evolves in the partially molten mantle region without being extracted. The term “melt
extraction episode” is used here to indicate the merging of successive melt extraction events
that occur without considerable temporal breaks in between. Different melt extraction

episodes are separated by a larger temporal break.

2.3.1 Factors controlling plume ascent and magma formation

The plume ascent in all models is controlled by thermal-, mechanical- and compositional
processes. The low density material (e.g. Fig. 2.4E/F) induces ascent of the mantle plume
in the center of the domain (Fig. 2.4, Fig. 2.5). The density is reduced either directly by
its chemistry (caused by previous metasomatic enrichment processes) and/or by a higher
excess temperature with respect to the surrounding mantle (e.g. Fig. 2.4G/H). Within
the plume domain, higher temperatures and the presence of fluids and/or melt increase
the strain rate (e.g. Fig. 2.41/J) and decrease the viscosity (e.g. Fig. 2.4K/L). At
the lithosphere-asthenosphere boundary (LAB), the increase of viscosity prevents further
plume ascent and causes the plume head to impinge and spread out beneath the lithosphere
(Fig. 2.4K/L). When the melt is extracted, it is emplaced within the continental crust
above and produces volcanic rocks with a laterally varying composition, reflecting that of
the source region (e.g. Fig. 2.4A). The compaction of markers below the melt emplacement
area produces a wavy topography, as can be seen at the Moho (e.g. Fig. 2.4A/B). During
plume ascent, melting behavior and rising velocities of the plume may change due to the
depletion of plume material caused by melt extraction. Once melt is extracted, the system
chemistry changes on the respective marker (as liquid chemistry is removed) and the phase
diagram is updated (e.g. Fig. 2.4C). The total number of melt extraction events can be
more than 300 for one simulation, which corresponds with a melt extraction event nearly

every second time step.
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Figure 2.4: Plume evolution with an initial +220 °C plume excess temperature (Tezcess), a constant
critical melt fraction (M) of 6 vol% and LAB at 85 km depth. A/B: Composition and the velocity field
(white arrows). The newly-generated-crust contains information about the melt chemistry originating
from melting of mantle material. The chemistry can change laterally depending on the location where
mantle melting occurred. C: Amount of total extracted melt and D: used phase diagrams, where each
color represents a different employed phase diagram (white=initial phase diagram used). E/F: Density
including isotherms (every 50 °C from 1200 °C upward), G/H: temperature, I/J: strain rate invariant,
K/L: viscosity and M/N: stress invariant. The decrease in density is caused by a higher plume temperature
and metasomatized material. The effect of a higher temperature and the possible presence of melt and/or
water in the plume is seen in both strain rate (increasing) and viscosity (decreasing).
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The systematic variation of parameters (M it, Tezcess and LAB depth) in the numeri-
cal experiments shows that plume ascent velocities are strongly dependent on the plume
temperature with a higher temperature resulting in faster plume ascent rates (Fig. 2.5E-
L) by decreasing viscosity and density (higher positive buoyancy). By contrast, a deeper
LAB has the opposite effect and reduces plume ascent rates (e.g. Fig. 2.5C-D compared
to Fig. 2.5A-B). A change in critical melt fraction does not significantly alter the ascent
of the plume.
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Figure 2.5: Effect of plume excess temperature (Tezcess), critical melt fraction (M) and LAB depth
on model evolution. A-B: Lower plume excess temperature, which slows down plume rise compared to
model E-F with a higher employed plume temperature. C-D/G-H: LAB at greater depth slows down
plume ascent and induces a smaller convective cell in the velocity field (white arrows) compared to models
with a shallower LAB (A-B/E-F). I-J/K-L: Increase in M,,;; does not significantly change the physical
behavior of plume evolution compared to models E-F/G-H with a smaller employed M,,;; value.
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Partial melting of mantle material can occur during plume ascent but is limited by
the loss of plume excess temperature due to thermal diffusion. Furthermore, the amount
of H,O and more incompatible elements in the source rock can affect melt fertility and
induce melting at greater depth. With each melt extraction event, decompression melting
becomes increasingly important for the metasomatized mantle as well, where melting was

initially caused by having a lower solidus.

2.3.2 Effect of mantle source chemistry on melting

The composition of melt is commonly used to deduce mantle processes, which is why
we analyze the effect of different sources on the K;0/NayO ratio in the extracted melt.
Melting anhydrous mantle material is usually induced by decompression (decrease of the
pressure by nearly constant temperature). The plume rises driven by its positive buoyancy
and transports heat into shallower mantle levels. Due to heat diffusion, the plume loses
heat successively from its interior and heats up more or less effectively the surrounding
colder mantle depending on the time scale over which this process takes place. Conse-
quently, in order to trigger decompression melting, the initial plume temperature has to
be sufficiently high to not lose all the necessary heat for melting already during decom-
pression. Melt extraction from the pyrolitic mantle at any stage during the simulation,
requires a minimum initial plume excess temperature of +150 °C, for a critical melt frac-
tion of 1 vol%. The high initial plume temperatures (between +150 °C and +220 °C)
in all our simulations result from the required temperatures to melt anhydrous pyrolitic
mantle.

The first episode of partial melting of pyrolitic rocks occurs at the onset of the sim-
ulation as the highest temperatures occur during these stages. A second melt extraction
episode is triggered by decompression melting after heat is transported to shallower depths
during plume ascent. The degree of decompression melting is strongly dependent on the
LAB depth, with a shallower LAB of 75 km favoring higher melt fractions (Fig. 2.6A
compared to Fig. 2.6B). A lower critical melt fraction and/or higher plume excess tem-
peratures encourage melt extraction (Fig. 2.6C compared to Fig. 2.6D).

High melt fractions occur in the metasomatized mantle at the beginning of the sim-
ulations, as the fluid-rich mantle has a lower solidus temperature. After the first melt
extraction event, the residuum is typically highly depleted such that subsequent melt gen-
eration only occurs as a result of decompression. The resulting melts from the second melt

extraction episode show a strong increase in KoO/NayO content (Fig. 2.6A-C).
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Figure 2.6: Temporal evolution of KsO/NasO (in wt%) of modeled compositions of extracted melts, with
a constant employed critical melt fraction (M,;+) during one simulation. Dark blue stars show average
compositions of magmas extracted from the pyrolitic mantle and turquoise stars from the metasomatized
mantle. Red dots represent the average composition of extracted magma after magma mixing, considering
different portions of the respective melt phase. ME = Melt extraction episode. The main melt extraction
episodes (ME) for the respective mantle sources are deposited with turquoise and bluish boxes. A-F:
The change of T,ycess, Merit and LAB depth influence the occurrence of melt extraction episodes, melt
chemistry and the mantle source of extracted melts. Dotted black lines illustrate the influence of a higher
M.;; value. The models G-L show the average compositions of extracted magmas associated with the
extracted melts in the respective models A-F. Red and black rectangles show the compositional range
for the West Eifel volcanic rocks (OWE=0Id West Eifel (> 480 ka), YWE=Young West Eifel (< 80 ka),
after Mertz et al. (2015)).
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An increase in temperature of the thermal anomaly results in larger melt fractions at
greater depths and, as a result, in faster plume ascent velocities as long as the melt fraction
does not exceed the critical fraction for extraction. The melt fraction in the rock decreases
the viscosity and density. Thus, because of higher plume rising velocities, decompression
melting may occur earlier in time. An increase in critical melt fraction, on the other hand,
has the opposite effect and shifts the occurrence of a second melt extraction episode to
a later stage in the simulations. Here, more decompression is needed to create a higher
percentage of melt that is able to be extracted from the partially molten mantle.

If relatively high critical melt fractions are employed (> 5 vol%), a plateau in K30 /NasO
(at ~1) forms at the beginning of the plume ascent due to a longer lasting melt extraction
episode from the metasomatized mantle. An increase in critical melt fraction (if Mg.; >
5 vol%) encourages a step-like-profile (high to low values) of the average KoO/NayO of
extracted melt (Fig. 2.6J-L). This effect is induced by the second melt extraction episode
from pyrolitic mantle material that starts later, in combination with a longer lasting first
magmatic episode from the metasomatized mantle (Fig. 2.6D). Despite an overlap of both
magmatic activities from metasomatized and pyrolitic mantle rocks, the average magma
chemistry of one time step still follows a step-like-profile in K;O/NayO, depending on the
relative proportions of metasomatized and pyrolitic melts (Fig. 2.6K-L). A deeper LAB
(at 85 km) further encourages the development of a step-like-profile, as it results in the
later onset of the second melt extraction episode from pyrolitic rocks and a reduction in
its total magma production. This process is reduced to the lower plume rising time (e.g.
Fig. 2.5C), that slows the decompression process accompanied by a heat loss over a longer
time. A double step-like-profile in K;0/NayO of the extracted melt is produced if a second
thermal-chemical mantle plume follows the first one ~500 ka after its initialization (see
Section 2.3.5, Fig. 2.10B).

2.3.3 Melt extraction depth and temperature

The melting depth and temperatures of the extracted magmas generally decrease with
time in all simulations (Fig. 2.7), which implies a shorter pathway for magma ascent.
Furthermore, previously formed melt pathways may create weak zones that facilitate the
ascend of subsequent melt pulses. Therefore, the possible effect of a decreasing M.,;; on
melt chemistry during the plume ascent has to be tested in our simulations.

The melts in the metasomatized mantle exceed the critical melt fraction at lower
temperatures and at greater depths than those in the pyrolitic (more primitive) mantle

(Fig. 2.7). Already depleted metasomatized mantle (second melt extraction episode)
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requires higher temperatures to exceed the critical melt fraction (Fig. 2.7A).

The largest difference in melt temperatures of both types of extracted melts occurs if
the critical melt fraction is sufficiently high to provoke a longer magmatic activity in the
first melt extraction episode in the metasomatized mantle (e.g. Fig. 2.7B). Due to the
high critical melt fraction, the metasomatized mantle is not depleted everywhere at the
onset of the simulation and thus relatively low temperatures are only needed to reach the

critical melt fraction of mantle rocks with a low solidus temperature.
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Figure 2.7: Temporal evolution of the average (&) melt extraction depth and temperature. ME: Melt
extraction episode. Dark blue stars show average melt extraction depths (in km) from the pyrolitic mantle
and turquoise stars from the metasomatized mantle (left axis). Average magma formation temperatures of
extracted melts (in °C) are shown by black dots for magma originating from the pyrolitic mantle and grey
dots for magma from the metasomatized mantle (right axis). The average is calculated from all affected
markers where melt extraction is active for the respective time step. A—C: M,,;; is constant within one
simulation. The melting depth and the temperature of extracted magmas decrease during plume ascent,
the metasomatized mantle melts exceed the critical melt fractions at lower temperatures and mostly in
higher depths compared to pyrolitic mantle melts. D—F: Magma temperatures and melt extraction depths
for a sequentially decreasing critical melt fraction within one simulation. EV: total melt extraction events,
SW (step width): after a specified number of melt extraction events (here after 5 or 30 respectively) the
critical melt fraction is decreased by 1 vol%.

2.3.4 Effect of a decreasing M.,

Smaller melt fractions may reach the surface via decreasing melt formation depth with
time in the uprising mantle plume (Section 2.3.3), which implies a shorter pathway for

magma ascent. Based on this, we considered the effect of a decreasing critical melt fraction
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on magma composition and performed systematic simulations in which we decrease M,,;;
from 7 to 1 vol%. The M,,;; value is decreased by 1 vol% step-wise after a certain number

of melt extraction events is reached.
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Figure 2.8: Temporal evolution of K20 /NayO (in wt%) of modeled compositions of extracted melts, with a
decreasing critical melt fraction (M,.;;) during one simulation. Stars show average magma compositions
from the respective mantle sources, whereas red dots represent the average compositions after magma
mixing. The main melt extraction episodes (ME) for the respective mantle sources are deposited with
turquoise and bluish boxes. EV: total melt extraction events, SW (step width): after a specified number
of melt extraction events (here after 5 or 30 respectively) the critical melt fraction is decreased by 1 vol%.
Orange rectangles show the compositional range for the West Eifel volcanic rocks (OWE=0Id West Eifel
(> 480 ka), YWE=Young West Eifel (< 80 ka), after Mertz et al. (2015)).

The results show that a high initial M..;; (> 5 vol%) stabilizes melt extraction from the
metasomatized mantle during the first tens of thousands of years. This first melt extraction

episode is accompanied by a rapid temperature drop with time in the extracted melts (Fig.
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2.7D-F). With decreasing values of M,,;;, melt extraction from pyrolitic mantle becomes
increasingly likely, despite relatively low plume excess temperatures. However, not only
the critical melt fraction but also the temperature is reduced due to heat diffusion during
plume ascent and thus melt production may be hindered (comparison between Fig. 2.6A
and Fig. 2.8A). If the initial plume excess temperature is high (4220 °C), decreasing the
critical melt fraction is counterproductive in forming a step-like-profile in KoO/NayO of
extracted melt (Fig. 2.6F/L compared to Fig. 2.8E). Here, melt extraction from pyrolitic
mantle occurs immediately due to high temperatures, whereas melt production from the
metasomatized mantle is completed earlier due to faster rates of melt depletion.

Changing the interval after which the critical melt fraction will decrease by 1 vol%, from
every 5 to every 30 melt extraction events, helps to build the step-like KoO/NayO profile
from high to low ratios. This supports a longer lasting first melt extraction episode from
the metasomatized mantle and a larger temporal delay of melt extraction from pyrolitic
material (Fig. 2.8C). Another effect is the suppression of the second melt extraction
episode of highly enriched magmas (high K;0/Nay0O) from the metasomatized mantle.
Furthermore, with a high initial plume temperature, a third melt extraction episode is
triggered by decompression melting of the metasomatized mantle. It is characterized
by a shallower and depleted melting source, whose melt extraction depth and magma
temperature are equivalent to those from pyrolitic mantle (Fig. 2.7F). Moreover, the
step-like-profile is more distinct in simulations with a deeper LAB (Fig. 2.8E)

We thus conclude that a decrease in the critical melt fraction with time favors a
magma chemistry with high KoO/NayO at the beginning (first melt extraction episode of
metasomatized material) followed by low ratios (pyrolitic mantle melting) in a relatively

cold plume-related environment (Fig. 2.8).

2.3.5 Evolution of simulated magma compositions

The average magma chemistry changes significantly during plume ascent depending on
the mantle source of the extracted melts (Fig. 2.9, Fig. 2.10). The first longer melt
extraction episode from metasomatized mantle (E2, Fig. 2.9) is characterized by initially
low SiOg, Al;O3, Nay,O, K;O and H,O concentrations which subsequently increase and
initially high FeO, MgO, CaO, TiO,y, P;O5; and Fe,O3 concentrations that subsequently
decrease with time during lowering the critical melt fraction. Whereas magmas originating
from the pyrolitic mantle have generally higher SiO5, MgO, FeO and CaO concentrations,
for identical critical melt fractions, but lower Nay,O, K50, Al,O3, TiO, contents and
H,0 is completely absent (Fig. 2.9). The last magmatic episode (E4, Fig. 2.9), which is
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characterized by the lowest critical melt fraction, predominantly consists of melts from the
pyrolitic mantle. Compared to the previous melt extraction episode (E3, Fig. 2.9), which
has a higher critical melt fraction and thus higher melting temperatures, the magmas are
less primitive. MgO and FeO contents decrease, whereas SiO,, AlyO3, Na,O and K,O
contents increase from magmatic episode 3 to 4. Within the last melt extraction episode
(E4, Fig. 2.9), which has a constant critical melt fraction, the temporal change in magma
chemistry is minor. SiO5, AlyO3, NayO as well as K,O contents slightly increase and MgO,
FeO and CaO contents slightly decrease in the extracted magma with time. This trend of
the respective oxides is recognizable in magmas from the metasomatized mantle with an
employed constant critical melt fraction also (Fig. 2.10A) and is attributed to decreasing
pressures at which melt formation occurs during plume ascent (Fig. 2.10C). Chemical
deviations to the general trend in E4 are caused by reactivation of melt extraction from

the metasomatized mantle (seen in the increase in water content, Fig. 2.9).
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Figure 2.9: Evolution of average magma compositions with time of a representative simulation with a
decreasing critical melt fraction (Mg-;¢). During plume ascent, melt extraction occurs from different
mantle sources and thus several magmatic episodes (E=magmatic episode) and breaks (MB=magmatic
break) take place. Each magmatic episode is characterized by a specific chemical pattern of extracted
melts and changes by a decreasing critical melt fraction (M., e.g., along E2 or between E3 and E4)
or slightly with time (slope of the respective oxide, e.g. E4). EV: total melt extraction events, SW
(step width): after a specified number of melt extraction events (here after 5) the critical melt fraction is
decreased by 1 vol%.
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Figure 2.10: Evolution of magma compositions with time (M,.;; = constant) and the effect of a second
mantle plume initialized ~500 ka after the first one (new metasomatized components are emplaced in a hot
mantle region in the central lower model domain). A: Temporal evolution of average extracted magma
compositions. Extracted melts from the metasomatized mantle (MM) and the pyrolitic mantle (PM).
MB=magmatic break. B: Temporal evolution of KoO/NasO (in wt%) of modeled magma compositions,
with a constant employed critical melt fraction during one simulation. Dark blue stars show average
compositions of magmas extracted from the pyrolitic mantle and turquoise stars from the metasomatized
mantle. Red dots represent the average composition of extracted magma after magma mixing, considering
different portions of the respective melt phase. The main melt extraction episodes for the respective mantle
sources are deposited with turquoise and bluish boxes. The second plume initialization causes a double
step-like-profile in KoO/NayO. Orange rectangles show the compositional range for the West Eifel volcanic
rocks (OWE=0Ild West Eifel (> 480 ka), YWE=Young West Eifel (< 80 ka), after Mertz et al. (2015)). C:
Dark blue stars show average (&) melt extraction depth (in km) from the pyrolitic mantle and turquoise
stars from the metasomatized mantle (left axis). Average (&) magma formation temperatures of extracted
melts (in °C) are represented in black dots for magma originating from pyrolitic mantle and grey dots
for magma from metasomatized mantle (right axis). The average is calculated from all affected markers
where melt extraction is active for the respective time step.

2.4 DISCUSSION

2.4.1 Developed method

Our newly developed method combines geodynamic with thermodynamic modeling and
represents an important link between petrology and geophysics for understanding mag-
matic systems from the melting source to the point of magma emplacement. The method
is applicable to most magmatic systems, but thermodynamic phase diagrams have to be
tuned to the respective chemical systems to which the model is applied. In addition, new

thermodynamic models that cover a wider compositional range, need to be developed,
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particularly to better understand intracontinental magmatism or arc magmatism. Our
methodology uses a neural network approach to limit the number of diagrams that need
to be computed, and we employ the diagrams that are compositionally closest to the re-
quired chemistry. An alternative approach is to discretize the chemical composition and
to compute new diagrams for all required compositions. For this to be practically feasible,
a new massively parallel framework to precompute the required thermodynamic phase

diagrams is needed.

2.4.2 Model limitations

While comparing the chemical results of thermodynamically modeled melts with real rock
compositions, one has to consider small discrepancies occurring within the thermodynamic
pMELTS model. MgO can be overestimated (by up to 4 wt%) in the liquid and required
temperatures for a specific melt fraction are up to ~60 °C higher in pMELTS compared to
experiments, particularly for larger melt fractions (Ghiorso et al., 2002). The plume excess
temperature creating the characteristic chemical signal may thus be overestimated in our
models. Furthermore, the limited number of minerals and oxides considered in pMELTS
and the employed oxygen buffer may have an influence on the magma formation and its

composition as well.

2.4.3 Potential application to the West Eifel (Germany)

The temporal change in modeled melt chemistry is compared with that of natural West
Eifel magmatic rocks to test the effect of a potentially heterogeneous asthenospheric mantle
source on magma chemistry. We tested our model with extreme compositional endmem-
bers (anhydrous pyrolitic mantle and metasomatized mantle from a lithospheric mantle
xenolith) to show the potential range in magma compositions produced in a composition-
ally heterogeneous uprising mantle plume. Therefore, the modeled magma sources are
simplified and less complex than those beneath the West Eifel region, where larger chemi-
cal variations within the mantle source are to be expected. Because of (i) unknown exact
mantle source composition, (ii) the limited chemical composition in the thermodynamic
modeling approach and (iii) the simplified mantle chemistry, our results show composi-
tional trends rather than the exact compositions expected for the West Eifel magmatic
rocks. Nevertheless, it is interesting to see to what extent we can reproduce observed
first-order chemical trends.

The intraplate West Eifel volcanic field (WEVF) is of specific magmatic and geody-
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namic relevance because it is physically related to a seismological low-velocity anomaly in
the upper mantle (e.g. Ritter et al., 2001; Keyser et al., 2002) and it is geochemically and
geochronologically well-studied (e.g. Mertes and Schmincke, 1985; Schmincke, 2007; Mertz
et al., 2015). Results from this study may additionally be of global relevance since the
West Eifel represents an example of common intraplate volcanic activity in an orogenic
foreland setting which is genetically related to a small-scale plume type in the continental

environment (Ritter et al., 2001).

2.4.3.1 Geological setting of the West Eifel volcanic field

2.4.3.1.1 Eifel volcanism

The Eifel volcanism is subdivided into the Pleistocene East and West Eifel as well as
the Eocene Hocheifel activity and is located within the Hercynian Rhenish Massif (West-
Germany), constrained between the Upper Rhine and Lower Rhine-Roer Graben (Fig.
2.11). The West Eifel volcanic field (WEVF) covers an SE-striking area of approximately
600 km? (Fig. 2.11) and includes the youngest volcanism of the Central European Volcanic
Province (at ca. 11 ka, Zolitschka et al., 1995).

2.4.3.1.2 West Eifel lavas

The West Eifel low-SiO, lavas were classified compositionally as ONB-suite (olivine-
nephelinites and basanites) and F-suite (foidites) (Mertes and Schmincke, 1985). Further
evidences (chemical, isotopic, geochronological and petrological) suggest distinct petroge-
netic evolution and mantle sources for the ONB- and F-suite rocks (e.g. Mertz et al., 2015).
Over a period of ca. 0.7 Ma, the magmatic activity started in the north-western part of the
WEVF and migrated to the southeast at a lateral motion rate of 4-5 cm/year. Two major
magmatic episodes of > 480 ka and < 80 ka age have been identified (Fig. 2.11), which
are characterized by distinct elemental and isotopic compositions (Mertz et al., 2015):
e.g., volcanism > 480 ka in the NW shows consistent higher radiogenic Sr and higher
K50 /NayO compared to < 80 ka activity in the SE of the WEVF (Fig. 2.11). Here, for
terminological simplification, these products will be referred to either high-K;0O/NayO or
low-K5,0/NayO group, respectively.
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Figure 2.11: Simplified geological map of the West Eifel volcanic field (West-Germany) modified after
Mertz et al. (2015). The red shaded area separates activity > 480 ka characterized by high-radiogenic
Sr, low-radiogenic Nd and high KoO/NayO in the NW from activity < 80 ka having low-radiogenic Sr,
high-radiogenic Nd and low K2O/NasO in the SE. Inset (in) shows the setting of the West Eifel volcanic
field within the Cenozoic Central European Volcanic Province. The greyish layer indicates the Hercynian
Rhenish Massif. The filled green circle shows the surface-projected lateral extension of the mantle plume
at ~80 km depth after Ritter et al. (2001).

2.4.3.1.3 West Eifel magma sources

Pleistocene Eifel volcanism resulted from the interaction of melts derived from a depleted
and enriched mantle source, with the depleted mantle as dominant source for lavas from the
low-K50/NayO group (< 80 ka) (Schmincke, 2007). The origin of all West Eifel magmas
is suggested in the garnet-spinel peridotite field at depth of > 70 km (Mertz et al., 2015).
The depleted source is interpreted as corresponding to asthenospheric material (e.g. Witt-
Eickschen et al., 2003; Mertz et al., 2014). By contrast, the enriched source is suggested
as: (1) phlogopite or amphibole-bearing lithospheric mantle metasomatized by multi-stage
magmatic processes prior to the eruption (e.g. Witt-Eickschen et al., 2003; Mertz et al.,
2015), or alternatively as: (2) part of an uprising mantle plume (e.g. Witt-Eickschen
et al., 2003; Shaw et al., 2005); asthenospheric phlogopite-garnet-spinel peridotite (Shaw
and Woodland, 2012).

Significant modification of low-SiOs magmas by contamination through country rocks
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might be unlikely, because of high magma ascent velocities, inferred from the size (e.g.
Mertes and Schmincke, 1985; Shaw, 2004) and diffusion profiles (Shaw, 2004) of mantle
xenoliths, as well as from isotope analyses which exclude significant crustal contamination
(e.g. Worner et al., 1986). Furthermore, extensive interaction of magma with the country
rocks require pervasive flow. However, magma flow along fractures is expected to be much
more efficient to transport small magma volumes and mantle xenoliths to the surface.
Even the fact that hydrated mantle xenoliths, which are only restricted to the shallower
lithospheric mantle < 45 km depth (e.g. Witt-Eickschen et al., 2003), were transported
in both young and old West Eifel magmatic rocks (Shaw et al., 2005), suggest that both

suites of lavas might pass through a similar enriched lithospheric mantle.

2.4.3.1.4 Pleistocene Eifel plume

The formation of magma in the West Eifel appears to be genetically linked to a seismo-
logical low-velocity anomaly (mantle plume), which has been interpreted to have formed
via a thermally upwelling upper mantle, with an excess temperature of 150-200 °C (Ritter
et al., 2001), or a mantle compositional anomaly (Wilson, 2008; Seiberlich et al., 2013;
Prelevié et al., 2015). Moreover, a compositional anomaly may even stabilize a small scale
cylindrical plume over a longer time span (Dannberg and Sobolev, 2015).

The Eifel plume extends from the mantle transition zone into the lithospheric mantle
generally with a diameter of around 100 km (Ritter et al., 2001; Seiberlich et al., 2013).
A minor temperature anomaly in the plume is consistent with the lowering of the 410
km discontinuity underneath the Eifel region studied by receiver functions (Grunewald
et al., 2001). The surface-projected P-wave-anomaly of the Eifel plume overlaps at ~70
km depth with the geographical position of the < 80 ka volcanism in the WEVF (Mertz
et al., 2015), consistent with the numerical simulations indicating that younger pyrolitic
magmas were generated at shallower depth during late-stage plume ascent.

The enriched melting source of West Eifel magmas may be directly related to enriched
plume material or may be enriched by plume-related processes such as melt or fluid pro-
duction. Enrichment of the Eifel plume may occur by Alpine or Hercynian subducted
material (e.g. fertile eclogite) rising up from the mantle transition zone (e.g. Motoki and
Ballmer, 2015). This may support melt generation under relatively cold plume condi-
tions and could be responsible, as a highly reactive agent, for enrichment processes in the
overlying mantle.

In our simulations we focus, based on the literature, on the alternative model that
the chemical variability (indicated by, e.g., varying KoO/NayO) in West Eifel low-SiO,
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volcanic rocks is related directly to a heterogeneous primary mantle source (including
a “metasomatized” asthenospheric plume component) rather than being caused by the
interaction of asthenospheric melts with the shallow enriched lithospheric mantle. To test
the assimilation of the lithospheric mantle within our modeling approach, two-phase flow
including reaction kinetics would be required. However, this is beyond the scope of this

work. An involvement of the lithospheric continental mantle cannot be fully excluded.

2.4.3.2 Comparison of the West Eifel magmatic rocks with model magma

compositions

2.4.3.2.1 Generation of different magmatic rock compositions
Adaption of numerical model compositions to potentially chemical mantle compositions
represented by low-SiO, West Eifel lavas is considered to provide geologically significant
results of the numerical modeling, i.e., sources of low- and high-K;0/NayO groups corre-
spond to pyrolitic and metasomatized mantle rocks (Tab. 2.1), respectively. Geological
significance of the modeling approach is also supported by preserved near-primary compo-
sitions of the low-Si0y West Eifel lavas, which have not been modified by magma chamber
processes (e.g. Worner et al., 1986), although, slight chemical variations between source
and lava compositions may be due to variations in partial melting conditions, high-pressure
fractionation or magma mixing. The crystallized magmas, which form the modeled new
crust, are foidites forming a trend to basanitic compositions for magmas originating from
the model pyrolitic mantle (Fig. 2.12). With increasing critical melt fraction, extracted
magmas are depleted in alkali elements (Fig. 2.12B). Rocks with high K;0+4NasO (up
to 26 wt% for M.y = 4 vol% and up to 18 wt% for M..;; = 7 vol%) and Ky0/NayO of
~1 are formed via modeling by melting of primary metasomatized mantle, which has not
experienced a previous episode of melt extraction (Fig. 2.12C-E). Late extracted melts
from the pyrolitic mantle are higher enriched in silicon and total alkalis (Fig. 2.12A).
Because of the extreme compositional endmembers used in the modeling approach,
the results may only represent a trend rather than the exact composition assumed for
the West Eifel volcanic rocks. Thus, a combination of both mantle sources employed
in different proportions or magma mixing may result in mantle sources that reproduce

Eifel-like mantle melts.
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Figure 2.12: Total alkali vs. silica diagram with IUGS classification of aphanitic and glassy volcanic rock
types. Melt compositions are recalculated to 100% on a LOI (loss on ignition) free basis. Stars show
average compositions of extracted melts from the respective mantle sources, whereas red dots represent
the average compositions after magma mixing. The respective colors getting darker with time. EV: total
melt extraction events, SW (step width): after a specified number of melt extraction events (here after
5 or 30 respectively) the critical melt fraction is decreased by 1 vol%. The resulting rocks from the
extracted melts are foidites. Rocks originating from pyrolitic mantle magmas forming a trend to basanitic
compositions.

2.4.3.2.2 Melts from metasomatized mantle

A small critical melt fraction (< 5 vol%) induces a significant amount of extracted melt
(100200 km?) from the partially molten metasomatized mantle during the first melt
extraction event in the simulations. Using a higher critical melt fraction, an elevated
plume temperature is required to extract melt from the entire metasomatized mantle.

Since temperature decreases from the center to the boundary of the plume, the initial
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rock composition is preserved longer at the boundary (Fig. 2.13). This results in a longer
lasting melt extraction episode from the metasomatized mantle producing a stable plateau
in K;O/NayO (at ~1) (Fig. 2.6D-F) as well as alkali-rich melts with Na;,O+K>,O > 16
wt% (Fig. 2.12C).
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Figure 2.13: Left: Different phase diagrams used for metasomatized mantle components in the uprising
mantle plume after 25 ka. Each color represents a different phase diagram. Isotherms (every 50 °C) show
the propagation of the thermal plume. For a high employed critical melt fraction (Mc.;; = 5 vol%), the
initial phase diagram does not change everywhere to a more depleted phase diagram during the first kyrs
of plume ascent. Colder areas along the peripheral thermal mantle plume can still use the initial phase
diagram (black), whereas in the central plume melt extraction has already depleted the rocks preventing
further melting. The colder metasomatized mantle is characterized by a high stable melt fraction (right)
that successively exceeds the critical melt fraction with time and produces the plateau in KoO/NayO (Fig.
2.6D/2.6J).

The melt extracted from the metasomatized mantle represents the magma composition
stable at P-T' conditions that are reasonable to present the melting source of West Eifel
volcanic rocks. Even if the metasomatized mantle would be partially molten at deeper
levels than the maximum depth of the model domain, it may equilibrate during its ascent
until it is decoupled from the source region by melt extraction which, in our study, takes
place in the uppermost mantle (120-70 km).

However, in order to generate volcanic rocks similar to the high-K;O/Nay,O group,
a mantle source more enriched in Ca and more depleted in K and Na compared to our
metasomatized mantle here is required, based on the composition of West Eifel volcanic
rocks (Mertes and Schmincke, 1985) that may actually reflect the composition of the

source. Lower NayO+K50 values of x5 wt% can be produced by remelting previously
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melt-depleted metasomatized mantle (Fig. 2.12A-B). However, these modeled melts are
characterized by high Ky;O/NayO as well (e.g., Fig. 2.6C), inconsistent with the ob-
served chemical compositions of the high-K;O/NayO group of the West Eifel (Mertes and
Schmincke, 1985).

2.4.3.2.3 Mantle sources potentially responsible for the chemical signal of
West Eifel rocks

Low-K50/Nay O group:
The most primitive extracted melts (highest MgO and FeO and lowest Al;O3, Na,O and
K50 concentrations) form during the earliest stage of the plume ascent (E3, Fig. 2.9) at
deep levels of the pyrolitic mantle with high melting temperatures. Thus, a decrease in
the plume temperature may decrease the Mg-concentration in the extracted melt. This
process may be important for the formation of the low-KyO/NayO group of the West
Eifel. They are less primitive (lower MgO contents in the low-K;O/NayO group, Mertes
and Schmincke, 1985) than our modeled melts from the pyrolitic mantle and may thus be
better explained by magmas generated at shallower depths and lower temperatures than
in our simulations.

High-K30/Nay O group:
The most primitive melt composition of the metasomatized mantle is formed during the
first melt extraction event and is characterized by much higher MgO, FeO and CaO as well
as lower Al,O3, NasO, K;O and HyO contents due to a higher partial melt fraction at the
beginning (Fig. 2.9). Despite the similar K;0 and NayO values between the extracted melt
and the high-K20O/NayO group (Mertes and Schmincke, 1985), the high MgO concentration
shows that magmas generated from higher melt fractions cannot simply form rocks from
the high-K,0/NayO group. However, lower AlyO3, K2O, NayO and H5O as well as higher
MgO, FeO and CaO concentrations are formed after the initial melt extraction event too
(red dotted rectangle, Fig. 2.10). The generated magma fits in AlyO3, FeO and MgO
concentration the magma compositions from the high-K;0/NayO group, but still contains
too high K;O and NayO values and too low CaO concentrations (Mertes and Schmincke,
1985).

Mantle source mixing:
A combination of both mantle sources in different percentages may lead to average mantle
sources that are able to produce Eifel-like mantle melts. Such a mixed source would
slightly increase the KoO/NayO in extracted melts, resulting in better agreement with
the low-K2O/NayO group of the “Young West Eifel” (e.g. Fig. 2.6D). For the enriched



2.4. DISCUSSION 46

magmas, especially the late generated magmas formed by decompression melting, the
model magmas are too strongly depleted in NayO compared to KO (high KoO/NayO,
e.g. Fig. 2.6A) compared to the high-K;0/NayO group. Potentially, magma mixing
between both sources in different percentages may produce similar magma compositions
to those found in the West Eifel volcanic field. Magma mixing may explain small variations
within one rock suite in the West Eifel as well (Shaw and Woodland, 2012), where melt was
simultaneously extracted from both the more primitive anhydrous and the metasomatized
hydrous mantle sources.
Temporal activation of different mantle sources:
The onset of melt extraction from pyrolitic mantle and occurrence of magmatic breaks
between different magmatic episodes, are influenced by several parameters. Higher plume
excess temperature results in earlier melt generation and increases the mantle plume ascent
velocity and thus the rate of decompression melting. Furthermore, a small enriched com-
ponent in the pyrolitic mantle source, which is absent in our models, would likely decrease
the plume excess temperature required to exceed the critical melt fraction and hence the
rate at which the plume rises. All these affect the difference between the temporal onset
of the younger West FEifel volcanism (< 80 ka) and the onset of melt extraction from py-
rolitic mantle in our simulations. Changing the composition of the metasomatized mantle
components to a less enriched one will decrease the stable melt fraction at the beginning
of the simulation and slow the mantle depletion process. Consequently, a more enriched
pyrolitic mantle lowers the required plume melting temperature. A less enriched meta-
somatized mantle delays full chemical depletion and thus melt extraction is active over
a longer period of time. Furthermore, mechanical boundary conditions employed in the
models (e.g. background strain rate) may affect the plume rising time. At the employed
extensional background strain rate (107! 1/s) in our simulations, there are no significant
differences between numerical experiments with free slip and constant strain rate mechan-
ical boundary conditions. Thus, the buoyancy force induced by the low-density material
as well as the high strain rates have a larger effect on the plume rising time.
Final remarks:

Our modeling results show that extracted melts from a metasomatized asthenospheric
mantle generate magma compositions that are consistent with the chemical signature
observed in the high-KoO/NayO group of the West Eifel. Together with decompression
melting of more fertile components in the uprising mantle plume, a chemical magma
evolution from high to low K;0/NayO is observed. Thus, a decrease in K30/NayO (step-

like-profile) found in the West Eifel lavas is reproducible through numerical modeling of a
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heterogeneous asthenospheric mantle source in a rising plume, consistent with a transition

between melting metasomatized and pyrolitic mantle components (Fig. 2.14).
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Figure 2.14: Tlustration of the development of a step-like-profile in KoO/NasO of the extracted melts
from a heterogeneous mantle source. The transition from high to low K;0/NasO is concomitant with the
transition of melt from metasomatized to pyrolitic mantle. The plume and melt extraction evolution are
shown for a simulation with +190 °C plume excess temperature and a LAB at 75 km depth. The melt
is extracted as soon as the critical fraction of 5 vol% is exceeded (in red is shown where melt extraction
occurred in the plume).
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The decrease in M,,.;; during one simulation causes a more distinct step-like-profile in
K50/NayO. By decreasing the M,.; value, we assume that an ever smaller amount of
melt is extracted from the partially molten source and that can reach the surface to form
volcanic rocks. This assumption is based on REE ratios that suggest a potential decrease
of melt fraction from the older (> 480 ka) to the younger (< 80 ka) group of the West Eifel
magmatic rocks (Mertz et al., 2015). Furthermore, previous melt pathways may weak the
crust by creating vertically oriented structures (such as crystallized dikes, oriented crystals
in the dike or chilled margins) that might help melts to localize in ascent zones and to
follow previous pathways. Very small melt fractions would not reach the surface if the
rock is fully intact or if horizontally oriented structures form a barrier. To break these
rocks much higher magma pressures are required and the magma ascent rates will be much
slower, which is likely to result in crystallization before the melts reach the surface.

A table that compares the composition of the high- and low-K;0/NayO group with
the modeled magma compositions is given in the Appendix (Tab. 2.C1).

2.5 CONCLUSION

A new method was developed that tracks the evolving chemistry of source and magmatic
rocks by combining a geodynamic code with a thermodynamic modeling approach.
Coupled petro-thermo-mechanical simulations have been performed to understand the
interaction between physical and chemical processes that influence magma formation and
chemical evolution in an uprising heterogeneous mantle plume. The main results can be

summarized as follows:

e A first episode of partial melting occurs at the onset of the simulation, followed by

a second one, which is triggered by decompression.

— The occurrence of the second melt extraction episode is favored by a shallower
LAB at 75 km.

— A lower critical melt fraction and /or higher plume excess temperature facilitates

melt extraction.

— The resulting melts from the second melt extraction episode of the metasoma-

tized mantle show a strongly increased KoO/NayO ratio.

e A step-like-profile in the K;0/NayO ratio (high to low values seen in extracted
melts), occurs by melting a heterogeneous mantle source in an uprising mantle plume
(Fig. 2.14).
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— Relatively high critical melt fractions (> 5 vol%) that prevent the metasoma-

tized mantle source from rapid depletion, are required to form a step-like-profile.

— Despite a temporal overlap between both magmatic activities, the average
magma chemistry of one time step still follows a step-like-profile in K;0/Na,O,
depending on the relative proportions of extracted melts from the metasoma-

tized and pyrolitic mantle rocks.

— A deeper lithosphere-asthenosphere boundary facilitates the development of a
step-like-profile, as it results in a later onset of the second melt extraction

episode from pyrolitic mantle which melt productivity is reduced.

— The decrease of the critical melt fraction during plume ascent favors under cool
plume conditions the formation of a step-like-profile. Here, the first melt extrac-
tion episode from the metasomatized mantle is more stabilized at the beginning

and melt extraction from the more primitive pyrolitic mantle is activated later.

e The average melting depth and temperature decreases during plume ascent. The
magma temperature is higher and the melt formation occurs at shallower depth
for extracted melts originating from a pyrolitic mantle source. The lowest magma
temperatures occur for strongly enriched metasomatized mantle that did not undergo

melt extraction yet.

e Our results are consistent with first order trends observed in the plume-related intra-
continental West Eifel volcanism, where a change in magma compositions from high
to low Ky;0O/NayO ratios, suggests that subsequent melt pulses tap compositionally

different mantle source regions.
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2.7 APPENDIX

2.A Methods
2.A.1 Crustal phase diagrams

The computation of crustal phase diagrams is executed with Perple X 6.7.0 (Connolly,
2005, 2009). Input scripts are provided in the electronic supplementary materials. The
main equilibrium mineral assemblages of the employed upper and lower crust are shown
in the pseudosections, Figure 2.A1. The activity-composition models used in Perple_ X are
listed in Table 2.A1.

Table 2.A1: The activity-composition models used in the Perple_X calculations.

Mineral Activity-composition model Reference
Garnet Gt(HP) Holland and Powell (1998)
Chloritoid Ctd(SGH) Smye et al. (2010)
Chlorite Chl(HP) Holland et al. (1998)
Biotite Bio(TCC) Tajémanova et al. (2009)
White mica Mica(CHA) Auzanneau et al. (2010)
Coggon and Holland (2002)
Feldspar P1(I1,HP) Holland and Powell (2003)
Clinoamphibole cAmph(DP) Diener et al. (2007)
Tlmenite Ilm(WPH) White et al. (2000)
Clinopyroxene Cpx(HP) Holland and Powell (1996)
Orthopyroxene Opx(HP) Holland and Powell (1996)
Olivine* O(HP) Holland and Powell (1998)
Liquid model* melt(HP) Holland and Powell (2001)

White et al. (2001)

*) Added for the “Newly-generated-crust”
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Figure 2.A1: Pseudosections and density distributions calculated with Perple X 6.7.0 for the upper (top)
and lower crust (bottom). The used mineral abbreviations are: Amph = amphibole (glaucophane, acti-
nolite, cAmph(DP), pargasite); Mica = mica (Mica(CHA), Bio(TCC)); Grt = garnet (Gt(HP)); Cpx =
clinopyroxene (Cpx(HP)); Opx = orthopyroxene (Opx(HP)); Ky = kyanite; Fsp = feldspar (microcline,
albite, sanidine, P1(I1,HP)); Rt = rutile ; Zo = zoisite (zoisite, clinozoisite); Spn = sphene; HoO = Hy0;
Chl = chlorite (Chl(HP)); Ilm = ilmenite (Ilm(WPH)) and Cld = chloritoid (Ctd(SGH)). Only the main
phase stability fields are presented.
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2.A.2 Computation of pyrolitic phase diagrams

The computation of mantle phase diagrams is executed using AlphaMELTS 1.4 (software
package, Smith and Asimow, 2005) as a text-menu based front-end to the pMELTS soft-
ware (Ghiorso et al., 2002). The phase diagrams of the pyrolitic mantle are computed
with pMELTS in an automatized way starting with the initial phase diagram to create
phase diagrams for depleted and double depleted rock compositions (scripts for the cal-
culation are provided in the electronic supplementary materials). An automated routine
is used to restart the thermodynamic simulation as soon as the executed pMELTS com-
putation fails which frequently occurs. Starting conditions are slightly changed (initial
pressure and pressure interval) for the restart. The mineral assemblages from both initial
phase diagrams (pyrolitic and metasomatized mantle) are shown together along a middle

cross-section through our model domain in Figure 2.A2.

Metasomatized mantle

spinel

orthopyroxene

Mineral [wt%]

clinopyroxene

125 Asthenosphere Depth [km] 45 Crust—

Figure 2.A2: Main initial mineral distribution in the mantle (30-125 km depth) along a middle cross-
section through our model domain (Fig. 2.3). The used model is characterized by an initial plume excess
temperature of 150 °C forming melts in the metasomatized mantle and by a LAB at 75 km depth. Further
information about the mineral assemblages over mantle P—T conditions are provided in the respective

phase diagrams of the initial metasomatized and pyrolitic mantle found in the electronic supplementary
materials.

In general, the chemical evolution of extracted melts is strongly affected by the choice
of bulk rock compositions used for computing the initial phase diagrams. These initial
phase diagrams control the rock evolution in the geodynamic simulations, as all phase
diagrams for depleted and double depleted rocks are constructed from them. Moreover,
the limited number of available phase diagrams has an influence on the rock type that can

be formed.
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2.A.3 Self-organizing Maps

We apply a neural network approach to identify representative solid compositions (see
Section 2.2.1). As neural network approach (machine learning algorithm), a Self-organizing
Map (SOM, Kohonen, 2001) is used in combination with a vector quantization algorithm,
k-means (e.g. Jain and Dubes, 1988). The SOM consists of a set of notes (“neurons”)
forming a hexagonal arranged two-dimensional regular grid (each neuron has six neighbors,
if not located at the boundary). Each of the neurons is represented by a “prototype vector”
in the input space. Consequently, the prototype vectors have the same dimension as the

input data (here 10D or 11D, depending on the number of oxides).

Figure 2.A3: Learning process of the SOM after Vesanto et al. (2000). The best-matching unit (BMU),
which represents the neuron closest to the data point, moves together with neighboring neurons towards
the data point (here described by one solid composition (SC), indicated as a red star). Grey notes
correspond to the adjusted SOM after a training step t. The displacement of the closest prototype vector
(BMU) within one training step is shown in green.

During the training, the SOM behaves like an elastic net that folds onto the input data.
After the prototype vectors are initialized, the training of the SOM starts by selecting a
random input data point and its distance to the surrounding prototype vectors. The closest
prototype vector is the best-matching unit (BMU). The BMU and the prototype vectors
in the near surrounding move towards the current data point and the lattice deforms (Fig.
2.A3).

For the clustering results presented in this section, solid compositions are used from
the near solidus P-T field (0-10 vol% melt) of the initial phase diagram from the meta-
somatized mantle (Figs. 2.A4-2.A6). The adjusted prototype vectors represent the input
data (solid compositions) on the SOM (Fig. 2.A4) and are used for further clustering.
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A cluster formation can already be visualized on the SOM, as large distances between

neighboring prototype vectors indicate a significant change in chemistry (Fig. 2.A4).

U-matrix

Figure 2.A4: U-matrix and oxide concentrations of the prototype vectors. The solid compositions used
as input data for the SOM are provided from the initial phase diagram of the metasomatized mantle.
The Unified distance matrix (U-matrix) shows the distances between neighboring prototype vectors in a
color-coded representation. Normalized oxide concentrations are shown on the prototype vectors of the
SOM.

However, to really classify the different clusters, a vector quantization algorithm, k-
means, must be applied to group similar prototype vectors (Fig. 2.A5B). To estimate
a suitable number of clusters, we compute a validity index by determining the ratio be-
tween the sum of intracluster and intercluster distances, called Davies-Bouldin (DB) index
(Davies and Bouldin, 1979). For the phase diagram of the initial metasomatized mantle,
the most suitable number of clusters is 7. The solid compositions used for the SOM as
input data are assignable to the clusters. Thus, each of the seven clusters combines solid
compositions with similar oxide concentrations (Fig. 2.A5C), which derive from specific
P-T and thus melt fraction conditions (Fig. 2.A5A-B). From each cluster, at least one of

the solid compositions is used as bulk rock composition to compute a new phase diagram
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for depleted mantle rocks using pMELTS.

(A Unified distance matrix

i

- Unified distance

Neuron

Figure 2.A5: SOM and k-means applied to solid compositions from the initial phase diagram of the meta-
somatized mantle. A: The Unified distance matrix (U-matrix) shows the distances between neighboring
prototype vectors. Warm colors represent large and cold colors short distances. Each neuron (white circle)
is surrounded by six other ones producing a hexagonal lattice. The color of the central neuron indicates
the average distance to the surrounding ones. The color of the hexagonal fields between the neurons is
scaled according to the internode distances. B: Clustered SOM after k-means is applied to the prototype
vectors. Classification result is shown on the SOM and is directly related to the U-matrix. The colors of
the seven clusters are referred to the colors in Figure 2.A6. Each white circle represents a neuron.

A code example of the clustering algorithm (SOM with k-means and DB-index) is
given in the electronic supplementary materials (SOM.m) applied to the initial phase
diagram of the metasomatized mantle. The MATLAB library is downloadable at: http:
//www.cis.hut.fi/somtoolbox/ (Vesanto et al., 2000).


http://www.cis.hut.fi/somtoolbox/
http://www.cis.hut.fi/somtoolbox/
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Figure 2.A6: Identifying representative solid compositions of the initial phase diagram from the meta-
somatized mantle using SOMs. The input data are solid compositions (consisting of 11 different oxides)
from the near-solidus P-T field (0-10 vol% melt and 1.0-4.0 GPa). Classified compositions are illus-
trated in terms of pressure and melt fraction (A) and pressure and temperature (B). Colors represent 7
classes determined by SOM analysis. C: Each class has a characteristic distribution pattern of solid oxide
compositions. The average compositions (colored lines) and the respective minimum and maximum value
(horizontal thick lines) of the normalized oxides are plotted together from all classes (bottom right).

2.A.4 Modeling parameters

Rheology parameters used for dislocation and diffusion creep laws are provided in Tables

2.A2 and 2.A3. Other applied parameters for the geodynamic modeling are described in
Tables 2.A4-2.A6.
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Table 2.A3: Rheology parameters used for the diffusion creep in the mantle. Dry and wet olivine creep
law parameters are from Hirth and Kohlstedt (2003). 8 parameter is only valid if melt fraction M < 12
vol% (Hirth and Kohlstedt, 2003).

Mantle
(pyrolitic)

Mantle
(metasomatized)

Symbol

A
E
Vv
F
d

p

Con

Meaning Unit
Prefactor Pa~ls~!
Activation energy kJ/mol
Activation volume m? /mol
Prefactor for tensorial form

Grain size m

Grain size exponent

Water fugacity H/105Si

Copg-exponent

Melt fraction prefactor

Dry Olivine
1500

375

51076

0.5

0.01

—_

30

Dry Olivine
Wet Olivine
1500

1

375

335

51076
41076

0.5

0.5

0.01

0.01

Table 2.A4: Fixed parameters used in the geodynamic models.

Symbol Meaning Unit Value
nLc Viscosity lower cutoff ~ Pas 1017
nuc Viscosity upper cutoff  Pas 10
g Gravity value m/s? 9.8
Gravity angle ° 90
épa Background strain rate  1/s 10—16
o} Thermal expansivity K1 31079
k Thermal conductivity W/(mK) 3
C, Heat capacity J/(kgK) 1050
Radioactive heat pW/m3 1 for crust
0.022 for mantle
Qr Latent heat of fusion kJ/kg 400
10) Friction angle ° 30
c Cohesion Pa 10-108
G Shear modulus Pa 3.6-10'° for crust

7.4-1019 for mantle
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Table 2.A5: Melt extraction parameters. M,,;, = non-extractable melt fraction, M,,,, = maximum of
total extractable melt and M,,.;; = melt threshold (melt extraction takes place if the critical melt fraction
is exceeded), in vol%. rockintrusive/T0CKeztrusive = ratio between volcanic and plutonic rock generation
and A = factor that weakens the lithosphere/asthenosphere between melt extraction and emplacement,

with values defined between 0 and 1.

Parameter Mantle (pyrolitic) Mantle (metasomatized)
Moz 50 50
Merit 1-8 1-8
rOCkintrusive/rOCkewtrusive 0.95 0.95
Melt weakening plasticity factor 0.5 0.5

)

Table 2.A6: Temperature distribution in the initial model setup and in the newly-generated-crust.

Depth [km] Temperature [°C]
Surface 0 20
Rockeztrusive ~0 90% of melting T
Upper crust 0-10 linear increase
Lower crust 20-30 linear increase
Rockintrusive < 30 90% of melting T
Moho 30 750
Pyrolitic mantle 30-125 linear increase

75 or 85 1300
Adiabatic gradient 75-125 or 85-125 0.3 °C/km
Metasomatized mantle ~95-125 +150 — 4220

(radius ~50)

plume excess T

2.B Executed geodynamic simulations
2.B.1 General overview

The depth of the thermal lithosphere-asthenosphere boundary (LAB), the extractable
melt fraction and the initial plume excess temperature are systematically varied in coupled
geodynamical petrological models (Tabs. 2.B1-2.B2) to investigate their influence on melt

chemistry and plume dynamics. An exemplary input script for the geodynamic simulation

(Plume.m) is given in the electronic supplementary materials.
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Table 2.B1: Part 1: Executed numerical experiments. Changed parameters are: initial plume excess
temperature (Teqcess), critical melt fraction (M.,.;; in vol%), the step width (after a specified number of
melt extraction events the critical melt fraction is decreased by 1 vol%) and the depth of the thermal
LAB. X: melt extraction from the pyrolitic mantle occurs. "¢f) Pure thermal plume; *) A second plume
is initialized ~500 ka after the model has been started.

Experiment Tercess [°C] Myt Step width LAB [km] Melting
pyrolitic
mantle

1 150 1 - 75 X

2 150 1 - 85 X

3 150 2 - 75

4 150 2 - 85

5 150 5-1 5) 75 X

6 150 5-1 2 85

Ta 170 2 - 75 X

Tbref 170 2 - 75 X

8a, 170 2 - 85 X

8bref 170 2 - 85 X

9 170 3 - 75 X

10 170 3 - 85 X

11 170 4 - 75

12 170 4 - 85

13 170 62 5 75 X

14 170 62 2 85 X

15 170 7-3 5 75

16 170 7-3 5 85

17 190 3 - 75 X

18 190 3 85 X

19 190 4 - 75 X

20 190 4 - 85 X

21a 190 5 - 75 X

21b* 190 5 - 75 X

22 190 5 - 85 X

23 190 6 - 75 X




2.7. APPENDIX 61

Table 2.B2: Part 2: Executed numerical experiments. Changed parameters are: initial plume excess
temperature (Teqcess), critical melt fraction (M.,.;; in vol%), the step width (after a specified number of
melt extraction events the critical melt fraction is decreased by 1 vol%) and the depth of the thermal
LAB. X: melt extraction from the pyrolitic mantle occurs.

Experiment Tezcess [°C] M, it Step width LAB [km] Melting
pyrolitic
mantle

24 190 6 - 85

25 190 -3 5 75 X

26 190 73 30 75 X

27 190 -3 5 85 X

28 190 74 5 75 X

29 190 74 30 75 X

30 190 7-4 5 85 X

31 220 3 - 75 X

32 220 3 - 85 X

33 220 4 - 75 X

34 220 4 - 85 X

35 220 5 - 75 X

36 220 5 - 85 X

37 220 6 - 75 X

38 220 6 - 85 X

39 220 7 - 75 X

40 220 7 - 85 X

41 220 -3 5 75 X

42 220 73 30 75 X

43 220 -3 5 85 X

44 220 -3 30 85 X

45 220 74 5 75 X

46 220 -4 30 75 X

47 220 7-4 5 85 X

48 220 -4 30 85 X

2.B.2 K,0 to Nay,O ratio in the extracted melts of all executed simulations

The temporal evolution of the KoO/NayO ratio in the extracted melts is presented in
the Figures 2.B1-2.B3 for all executed geodynamic simulations. The KoO/NayO ratio is
affected by the critical melt fraction (M,.;), the initial plume temperature (T, cess to the
surrounding mantle) and the LAB depth.
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Figure 2.B1: Temporal evolution of K20/NasO (in wt%) of modeled compositions of extracted melts,
with a constant employed critical melt fraction during one simulation. Dark blue stars show average
compositions of magmas extracted from the pyrolitic mantle and turquoise stars from the metasomatized
mantle. Red dots represent the average compositions of extracted magmas after magma mixing, con-
sidering different portions of the respective melt phase. Blue dotted line indicates the boundary above
which melt extraction from the pyrolitic mantle is active. Model 7b is a reference simulation of a pure
thermal plume, without metasomatic enriched components in the mantle. The numbers are referred to
the executed simulations listed in Tables 2.B1-2.B2.
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Figure 2.B3: Temporal evolution of KoO/NayO (in wt%) of modeled compositions of extracted melts, with a decreasing critical melt fraction
(M¢pit) during one simulation. Stars show average magma compositions from the respective mantle sources, in dark blue for extracted melts from
the pyrolitic and in turquoise from the metasomatized mantle. Red dots represent the average compositions after magma mixing. EV: total melt
extraction events, SW (step width): after a specified number of melt extraction events (here after 5 or 30) the critical melt fraction is decreased by
1 vol%. The numbers are referred to the executed simulations listed in Tables 2.B1-2.B2.
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2.B.3 Magma addition

The extracted melts during the ongoing geodynamic simulation are mostly dominated
by those from the pyrolitic mantle and especially a lower LAB at 75 km depth supports
the melting of rising pyrolitic material through decompression. However, if the LAB is
located at 85 km depth and the critical melt fraction (M) is > 5 vol%, the volume
fraction of extracted magma from both mantle sources can be equal (Fig. 2.B4C). Under
these conditions, the first melt extraction episode (1. ME) from the metasomatized mantle
is extended. Using a smaller critical melt fraction instead (< 5 vol%), depletes the entire
metasomatized mantle through the first melt extraction event while supporting melt ex-
traction from the pyrolitic mantle (Fig. 2.B4A). The first melt extraction event from the
metasomatized mantle is not considered in the magma addition rates presented in Figure
2.B4. From the depleted metasomatized mantle only a limited amount of melt can be
generated, which is insignificant for the total magma addition (2. ME, Fig. 2.B4A).

T 1 220°C L=
& 15 ‘ Ni::le::SB vol% Mcr|t SONEN Texcess 220:C Texcess: ZZO:C
IS LAB: 85 km M2 5 vol% Mt 7 vol%
= Pt ® LAB: 85 km LAB: 85 km ©
c
RS Extracted magma from
% 10 — . . ‘ pyrolitic mantle
g Magma productivity is reduced from pyrolitic & increased from metas. mantle > * B GEEe (i
© metasomatized mantle
% 5 @ Sum of all extracted magma
= 1M 2. ME 1. ME
©
§ 1. ME 2. ME
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time [ka] Time [ka] Time [ka]

Figure 2.B4: Total addition of extracted magmas with time in km?. ME: Melt extraction episode. Dark
blue stars show total magma addition from the pyrolitic mantle and turquoise stars from the metasom-
atized mantle. Filled red circles represent the total addition of extracted melts from both pyrolitic and
metasomatized mantle. Each star represents a new melt extraction event. M,,;; is constant within the
simulations. The first melt extraction event of the metasomatized mantle is excluded from the graph.
With an increasing critical melt fraction (M,.;+), magma productivity decreases for the pyrolitic mantle
and increases for the metasomatized mantle.

2.C Comparison of modeled melts with Eifel rocks

Magmatic rocks generated either through our numerical simulations or above the WEVF,
show differences in terms of their chemistries illustrated by the NayO/K;O ratio and
NayO+K,0 concentrations (Fig. 2.C1). The West Eifel magmatic rocks are chemically lo-
cated between the extracted melts from the metasomatized mantle and the NayO-enriched
modeled melts from the pyrolitic mantle (Fig. 2.C1). Due to the link between source rock

chemistry and magma composition, it is likely that differences in magma chemistry reflect
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differences in source rock compositions between simulation and nature. The complexity of
the mantle source(s) beneath the WEVF can be illustrated by the isotopic signature found
in West Eifel volcanic rocks and in embedded mantle xenoliths. Isotopic data indicate that
West Eifel volcanic rocks were derived from a long-term depleted and subsequently metaso-
matically enriched source, which overlaps in their isotope ratios with hydrous Eifel mantle
xenoliths (Shaw and Woodland, 2012). Especially magmatic rocks formed < 80 ka ago are
isotopically close to the Common Mantle Reservoir (CMR) for an asthenospheric mantle
source (Shaw and Woodland, 2012). Starting with these observations, we choose two end-
member compositions for the mantle of our model. The metasomatically enriched source
is described by a hydrous mantle xenolith, and for the more primitive mantle source an
anhydrous pyrolitic composition is used (Tab. 2.1). However, the modeling results indi-
cate that these extreme endmembers are not suitable alone to describe the observations in
the WEVF. Thus, using a metasomatized mantle source equivalent in chemistry to a hy-
drous mantle xenolith produces extracted melts in our model, which are more enriched in
K50 (light turquoise, Fig. 2.C1B) than natural Eifel rocks. Whereas, the chosen pyrolitic
mantle composition neglects a small enrichment component supposed to be present in the
source of young (< 80 ka) West Eifel magmas (Mertes and Schmincke, 1985). This may
affect the melting behavior and the melt compositions from the pyrolitic mantle. Thus,
a combination of both employed mantle sources in different percentages may result in
mantle sources that reproduce Eifel-like mantle melts, assuming that the amount of alkali
elements (K, Na) in the melts is directly related to the source. Having a less Na,O or more
K50 enriched mantle source would shift the composition of extracted melts from pyrolitic
mantle towards the Eifel basanites (for late and at shallower depth generated magmas), or
towards the Fifel olivine-nephelinite field for earlier and at greater depth generated mag-
mas (Fig. 2.C1A). Modeled magmas from the metasomatized mantle, especially the late
extracted ones formed through decompression (dark turquoise, Fig. 2.C1), are strongly
enriched in KoO (moderate NayO+KsO values but low NayO/K50) compared to the Eifel
rocks. The highest alkali concentrations are found in early extracted magmas from the
metasomatized mantle, which are much higher than of any volcanic field (Fig. 2.C1B).
All other modeled melt compositions have less variations in the NayO+K5O concentration
and show a nearly horizontal trend in Figure 2.C1B, producing an enrichment in SiOq
concentration from late extracted melts of the metasomatized mantle, over early at great
depth extracted melts from pyrolitic mantle, to late at shallow depth extracted melts from

pyrolitic mantle.
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Figure 2.C1: Comparison of modeled melt chemistries of one exemplary simulation with magmatic rocks
from the West Eifel and from reference volcanic fields (modified after Mertes and Schmincke, 1985). A:
NaO/K30 vs. SiOy and B: NagO+K50 vs. SiOs. Mel=melilitites, Ne=nephelinites, Ol=olivine, Bas =
basanites, Le=leucitites. E-E=Fast Eifel and HE=Hocheifel. West Eifel magmatic rocks are shown with
colored fields. Dark blue stars show average compositions of extracted melts from the pyrolitic mantle
and turquoise stars from the metasomatized mantle. Red dots represent the average compositions after
magma mixing, considering different portions of the respective melt phase. Light colors represent early in
time and dark colors late in time extracted magmas. EV: total melt extraction events, SW (step width):
after a specified number of melt extraction events (here after 5) the critical melt fraction is decreased by
1 vol%.

Furthermore, mixing between extracted melts from both mantle sources in different
percentages (red dots, Fig. 2.C1) may produce similar magma compositions as those ob-
served in the West FEifel volcanic field. Magma mixing is assumed to be responsible for
compositional variations within one or neighboring volcanic centers in the West Eifel as
well, where the chemical variations in the volcanic rocks are suggested to result from differ-
ent source rock compositions in combination with magma mixing (Shaw and Woodland,

2012). Their preferred model involves 1-5% partial melting of a LREE-enriched anhy-
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Table 2.C1: Comparison of the chemical composition of “primary” lavas of both West Eifel suites (Mertes and Schmincke, 1985) with average model
compositions of extracted melts from the pyrolitic and metasomatized mantle of a representative simulation. The employed parameters are: Teycess
=190 °C, M_.;z = 5 vol% and LAB at 75 km, second plume initialization after ~500 ka. Melt compositions are recalculated to 100% on a LOT (loss
on ignition) free basis. *) with 1°¢ standard deviation.

Oxides M= mean* high-K20/NazO group low-K20/Na3O group Magma metasomatized mantle Magma pyrolitic mantle
[wt%] R= range (field study) (field study) (numerical experiment) (numerical experiment)
SiOs M 42.2 £1.5 42.4 +0.7 39.20 £0.08 41.93 £0.30
R 38.7-45.0 40.9-43.6 39.09-39.46 40.08-42.21
TiOq M 2.6 £0.2 2.6 £0.1 3.25 £0.18 1.76 +£0.03
R 2.3-3.1 2.4-2.8 2.54-3.60 1.58-1.80
Al,O;3 M 11.6 £0.7 12.1 £0.4 15.25 £0.96 10.47 £0.98
R 10.4-12.8 11.3-12.7 7.89-16.43 3.15-10.81
Fe;O3 M 6.1 £1.6 44 £1.1 0.72 £0.01 0.96 £0.01
R 3.4-11.1 2.2-6.1 0.72-0.84 0.88-0.96
FeO M 4.3 £14 6.5 £1.5 5.82 £0.51 11.68 £0.70
R 0.3-6.5 3.7-8.7 5.36-12.35 11.26-16.63
MgO M 11.2 +£1.0 12.8 £1.0 7.97 £0.78 19.28 £1.07
R 9.5-13.6 11.1-14.6 7.46-20.03 18.64-26.72
CaO M 14.5 £1.0 12.4 £0.6 4.17 £0.27 5.60 £0.14
R 12.5-16.5 11.3-13.2 4.03-8.45 5.39-6.60
Na;O M 2.94 £0.54 3.47 £0.57 11.99 £0.48 6.93 £0.42
R 1.67-4.03 2.88-4.69 4.05-12.12 4.55-7.35
K20 M 3.08 £0.45 1.85 +0.43 11.01 £0.41 1.39 £0.15
R 1.98-3.92 1.32-2.66 3.90-11.10 0.58-1.59
P,Os M 0.80 £0.23 0.88 £0.10 0.62 £0.07 0
R 0.51-1.50 0.72-1.09 0.50-0.72 0
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drous mantle in the garnet stability field, which were mixed with variable degrees (2-4%)
of partial melts from the phlogopite-spinel/-garnet peridotite field.

Average compositions of West Eifel magmatic rocks and modeled compositions of ex-
tracted melts are provided in Table 2.C1 for comparison. Even though the modeling results
might not explain the chemical composition of natural rocks in detail, they are important
to improve our understanding about the formation of the chemical trend found in rocks
of the WEVF.

2.D West Eifel volcanism and the thermal and compositional

structure of the mantle

In the following sections (2.D.1-2.D.3), additional information is given about the Eifel
volcanism, volcanic products and their relationship to the mantle underneath. The pro-
vided information helps to better understand the differences between the modeling results
and the observations in the WEVF. It is shown that even if magmas reached the surface
relatively unmodified, their origin and ascent are controversially discussed, as described

already in the discussion section (Section 2.4.3).

2.D.1 West Eifel volcanism

In the WEVF a total of ca. 2.7 km® of magma (Mertes and Schmincke, 1985) has erupted
from ~240 eruption centers (Schmincke, 2013) during both volcanic episodes. This number
of eruption centers is in agreement with the modeled melt extraction events, which is up
to a few hundreds, but might be influenced by the computational time step. Speculative
estimations of the total amount of magma produced beneath the WEVF are around 50
km? or higher suggesting that a significant amount of magma crystallized already within
the crust (Schmincke, 2007). The compositional variations in the West Eifel volcanic rocks
are only minor due to their mostly primitive character, common peridotite inclusions and
the small average magma volume (about 80 m?) of each eruption center (Mertes and
Schmincke, 1985). Mantle magmas are suggested to have ascended rapidly through dikes,
consistent with magma velocities of up to 15 km/h (Shaw, 2004). The timescale of this
process is significantly smaller (in an order of hours) than a typical time step employed
in the geodynamic model (hundreds of years), which is why we assume it to occur quasi-
instantaneously and emplace the magma directly above the crust to mimic extrusive and
within the crust for intrusive rocks.

The West Eifel volcanic rocks are classified in ONB-suite (olivine-nephelinites and
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basanites) and F-suite (foidites) (Mertes and Schmincke, 1985). The highly enriched F-
suite lavas (here defined as high-K20O/NayO group) are distinguishable from the mafic sodic
ONB-suite (here defined as low-K20/NayO group) by higher KoO/NayO, CaO/Al,O3 and
87Sr /86Sr ratios as well as higher Rb, Ba, H,O, CO,, LREE concentrations and lower
M3Nd /MNd ratios (Mertes and Schmincke, 1985). The low-K,0/NayO group lavas, which
are only slightly enriched in LILE, present the most primitive suite of all Quaternary vol-
canic Eifel rocks (Schmincke, 2007). The basanites of the low-K2O/NayO group, which
occur in the eastern/southeastern margin of the WEVF, have compositionally the clos-
est chemistry to the Eocene alkali basalts and thus to an asthenospheric mantle source
(Schmincke, 2007). In these rocks, the chemical signature of the Quaternary magma suites
is still maintained by preserving low AlyO3 concentrations, a relatively high CaO content
and higher amount of incompatible elements (Schmincke, 2007). In our simulations, these
primitive magmatic rocks are generated late during plume ascent. However, the missing
enrichment component in CaO and incompatible elements in the employed pyrolitic man-
tle causes differences in composition between modeled melts and West Eifel magmatic
rocks. Therefore, only magma mixing is leading to comparable results. Moreover, espe-
cially CO, but also other incompatible elements, which are missing in our source rocks
due to pMELTS limitations, may affect the melting behavior, the stability of minerals and
the magma compositions.

The formation of magma in the West Eifel appears to be genetically linked to a seis-
mological low-velocity anomaly (Ritter et al., 2001). Beneath Europe, it is suggested
that small upper mantle plumes can be fed from a large scale low-velocity anomaly in
the lower mantle (Goes et al., 1999). Moreover, these authors assume that the relatively
weak volcanism, compared to other regions with plume associated volcanism, can be ex-
plained by the subduction under southern Europe. The thin European lithosphere with
preexisting weak zones and the existing stress field produced by the Alpine collision may
allow the relatively weak plumes to ascent. A connection between the Eifel plume and old
subducted slabs may also be reasonable due to the fact that the Pannonian and western
Mediterranean basins are underlain by high-velocity anomalies in the mantle transition
zone, which are associated with subducted material lying on the 660-km discontinuity
(Goes et al., 1999). The small mantle plumes in the upper mantle are connected and skirt
around the flat-lying slabs under these areas (Goes et al., 1999). Compositional mantle
plumes are expected all over the world, e.g. the continental Yellowstone hotspot, which
shows similarities to the Eifel plume (Smith et al., 2009).
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2.D.2 Lithosphere beneath the West Eifel volcanic field

In the following section, we describe the compositional structure of the lithospheric mantle
beneath the West Eifel region in more detail. The initial phase diagram used to describe
the behavior of our metasomatized mantle is based on a bulk rock composition correspond-
ing to a lithospheric mantle xenolith transported to the surface by West Eifel magmas.
The choice of the rock composition influences the melting process, as it controls the solid
and liquid fractions and their compositions in the phase diagram. The depleted rocks are
constructed from solid compositions of the initial metasomatized mantle phase diagram
and are thus influenced by its chosen bulk rock composition. In order to understand, why
this xenolithic composition can show only limited the composition of the source region,
we provide the information below.

Xenoliths from the Eifel show evidence for multistage enrichment processes, which pro-
duced a very compositionally and isotopically heterogeneous lithospheric mantle (Witt-
Eickschen et al., 2003). The xenoliths consist of mainly anhydrous and hydrous spinel
peridotites from fertile lherzolite through harzburgite to dunite (Witt-Eickschen, 2007).
Garnet is completely absent in the xenoliths (Witt-Eickschen, 2007), but present in the
melting source (e.g. Mertes and Schmincke, 1985; Shaw and Woodland, 2012; Mertz et al.,
2015). Thus, only including magma mixing may allow a lithospheric mantle xenolith to
represent the enriched mantle source, assuming that magmas from a deep garnet-bearing
source are mixed with magmas generated in a shallower garnet absent metasomatized
mantle source. The depth interval from which both the lherzolites and harzburgites came
from is between 30 and 70 km (Witt-Eickschen, 2007). Whereby the pargasitic amphibole
carrying hydrous xenoliths (and/or its breakdown products), which are used to describe
the modeled metasomatized mantle (Tab. 2.1), are restricted to the shallowest lithospheric
mantle (< 50 km depth) (Witt-Eickschen, 2007). In some locations (Gees, Baarley, Rock-
eskyller Kopf; Shaw et al., 2005) of the WEVF, phlogopite-bearing wehrlites, dunites or
clinopyroxenites can be found, whose origin has been attributed to metasomatic alteration
processes (Witt-Eickschen, 2007). Wehrlite production is the result of a large amount of
potassic penetrative magma flow along grain boundaries in the lherzolite-harzburgite man-
tle and is associated with a high magmatic activity (Shaw et al., 2005). However, even if
hydrous mantle xenoliths dominate in those erupted magmas, they do not have to neces-
sarily represent the partially molten region (e.g., hydrous mantle xenoliths are even found
in the low-K50/NayO group; Shaw et al., 2005). The erupted magma could be fully de-
coupled from the magma that stagnates in the mantle and metasomatized it, possibly

much earlier in time. The fact that all xenoliths were from shallower depth as expected
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for the partially molten mantle source(s), or at least for one of the sources, supports the
assumption that the area of melt generation is likely located below the zone of rapid uprise

in which mantle fragments become incorporated into the magma.

2.D.3 Models for the origin of the high- and low-K,O/Na,O group

The origin of the high- and low-K50/NayO group is still under debate and different models
suggest different formation processes. We here present two different models and demon-
strate their weaknesses. Mertes and Schmincke (1985) assume in their model that a garnet
lherzolite is enriched in fluids and LILE and produced two different magma types orig-
inating from different depths. F-suite lavas (high-K2O/NayO group) from a phlogopite-
bearing, CO, enriched, metasomatized mantle source at about 100 km and ONB-suite
lavas (low-K2O/NayO group) from an amphibole-bearing, COq-poorer melting source at
about 60-75 km depth. Whereas, Schmincke (2007) suggests that the enriched magmas
are generated by decompression melting of a fusible metasomatized base of the lithosphere
that is uplifted by the impinging mantle plume. The abrupt appearance of the chemically
different ONB-suite magmas reflects, in that case, the limited productive lifetime of finger-
like peridotite melting domains with much smaller dimensions than the plume anomaly
(Schmincke, 2007). The smaller domains (few km to tens of km size) within the thermal
plume with distinguishable composition and/or variable ascent rates, interact with the
lithosphere at different times or stages (Schmincke, 2007).

Whereas the first model does not consider the mantle plume, the second model neglects
the origin of the mantle xenoliths embedded in the erupted magmas. Those mantle xeno-
liths indicate a restriction of the enriched hydrous lithospheric mantle to < 50 km depth
and the thermal LAB at ~ 75 km depth (Witt-Eickschen, 2007). Therefore, the mantle
plume would spread around this depth (~ 75 km) due to the viscosity contrast, at a much
greater depth than expected for the hydrous metasomatized lithospheric mantle. To melt
the hydrated mantle, deep originating melts (from a depth > LAB) have to stagnate in the
shallowest mantle (< 50 km depth). However, embedded xenoliths, the relatively primitive
composition of the melts and the amount of erupted magma in the WEVF indicate a fast

magma ascent, which implies limited heat transfer to the surrounded host rocks.
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CHAPTER 3

RESOLUTION OF PHASE DIAGRAMS AND
COMPUTATIONAL COST

The computation of phase diagrams over a large numerical grid (257257 P-T points in
our case) is very time-consuming. How good stable mineral assemblages are resolved with
Perple_X (using version 6.7.9, Connolly, 2005, 2009) is dependent on two groups of key-
words specified in the perplex_option.dat file. The adaptive minimization keyword group
(iteration, initial _resolution, final_resolution, auto_refine_factor_I, reach_increment,
global _reach_increment, solvus_tolerance and solvus_tolerance_IT) determines the accu-
racy and precision with which Perple_ X computes phase relations at an individual grid
point. The other keyword group is related to the grid (grid_levels, x_nodes, y_-nodes and
linear_model) and determines the number of grid points used to map the phase relations
of a phase diagram section. Thus, to run Perple_X efficiently, we have to find values un-
der which high-quality results can be produced at minimal computational cost. For this,
we systematically vary the values of the auto_refine_factor_I, the initial_resolution and
the final_resolution to get the highest possible accuracy and precision within the phase
diagram while reducing the computation time. Additional reduction of the computation
time can be obtained by decreasing the numerical grid to 257x257 P-T points (every 11.7
MPa and 6.3 K for our employed P-T space).

The computation of stable phase assemblages through Gibbs free energy minimization
is executed on a 2D multilevel grid in Perple X (Connolly, 2005). For gridded minimiza-
tion, a multilevel grid refinement strategy is used in which phase relations are mapped on
an initial course grid spanned by x- and y-nodes, followed by a refinement stage (the grid
is refined grid_levels - 1 times by bisection). The effective resolution of a multilevel grid
is described by (z_nodes - 1) - 29rid-levels=1) 11 ip the g-direction and by (y_nodes - 1) -
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lgridlevels—1) 4 1 nodes in the y-direction. For the grid_levels, we use the default values 1
and 4. x_nodes, y_nodes and grid_levels are composed of two values, the first one for the
exploratory stage of the gridded minimization calculations and the second value is used
for the auto-refinement stage.

The meanings of the relevant adaptive minimization keywords are described in the
following section. The auto_re fine_factor_I describes the increase in compositional res-
olution between the exploratory and auto-refinement stage of the gridded minimization
calculations. This keyword permits a finer effective initial resolution (initial_resolution/
auto_refine_factor_I) during the auto-refinement stage. The initial_resolution deter-
mines the initial (molar) compositional resolution used for solution models during the
exploratory stage of a calculation. The final precision is specified by the final_resolution
keyword. The final_resolution describes the (molar) precision with which phase com-
positions are calculated. During adaptive minimization, compositions are iteratively
refined (Connolly, 2009) until their precision is better than the specified value of the
final_resolution. The first value is used during the exploratory stage and the second
value in the final (auto-refined) stage of the calculation. For the iteration keyword, we
use the two default values 3 and 4. The first value defines a factor by which composi-
tional precision increases in each iteration, the second value controls Perple_X’s ability
to distinguish stable phases from nearly stable phases, and represents the number of
metastable phases considered during the adaptive minimization. The solvus_tolerance
specifies the minimal distance between two compositions of a solution phase at which
the compositions are considered to represent distinct (immiscible) phases of the solution.
Compositions that are separated by a distance less than the solvus_tolerance are consid-
ered to represent a single phase whose composition is computed as the weighted average
of the different compositions of the solution. We set the solvus_tolerance to 1 and thus
neglect immiscible phases because immiscible liquids have caused problems in our au-
tomatized computations. This may average separated phases into a single phase with a
composition that might be thermodynamically unstable. Due to the fact, that we are only
interested in the chemical evolution of the system (melt and solid compositions and main
mineral phases) and not in individual phase compositions, suppressing the occurrence of
immiscible phases seems to be acceptable. The meanings of the keywords defined in the
perplex_option.dat file are taken from the Web-based Documentation of the Perple_X soft-
ware [http://wuw.perplex.ethz.ch/perplex_documentation.html] and from Connolly
(2005, 2009).


http://www.perplex.ethz.ch/perplex_documentation.html
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Figure 3.1: Pseudosections, showing fields of different stable phase assemblages. O is set as saturated
component. auto_refine_factor_I = 2, initial_resolution = 0.2 mol and x_nodes and y_nodes are 40 for
the exploratory stage and 60 for the auto-refinement stage, with an effective resolution of 473 nodes in
x- and y-direction. The final_resolution is set to 2.5-10~% (top) and to 2.5-10~2 (bottom) for both the
exploratory and the auto-refinement stage. The computation time is ~ 72 h for the phase diagram on top
and ~ 13 h for the phase diagram on the bottom. Increasing the final compositional resolutions (smaller
values) massively increases the computation time.
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Figure 3.2: Change in melt fraction and CaO concentrations with P and T'. Left: on a higher numerical
grid (z_nodes and y_nodes values are 40 for the exploratory stage and 60 for the auto-refinement stage)
and with a higher compositional resolution (final_resolution = 2.5-10~* mol for both exploratory and
auto-refinement stage). Right: final_resolution of 2.5-10~2 mol each and 2_nodes and y_nodes are defined
with 22 for the exploratory stage and 33 for the auto-refinement stage. auto_refine_factor_I = 2 and
initial resolution = 0.2 mol. Os is set as saturated component. With a lower compositional resolution
(larger final_resolution values), the change in concentrations becomes more diffuse (examples are shown
in the black rectangles).
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We systematically vary the auto_re fine_factor_I (between 1 and 4), the initial _resolution

(0.3 = 0.1 mol) and the final_resolution (2.5-107! — 2.5:107% mol) in 44 experiments. The
employed default values not changed here, are provided in the perplex_option.dat file in
the electronic supplementary materials. Here, also the input script including the employed
bulk rock composition and the solution models is provided. Preceding test experiments
suggest that using values for the keyword group far beyond our systematically varied ranges
(e.g., auto_refine_factor_I > 4 or initial resolution < 0.1 mol), causes the failure of the
Perple_X software due to memory limitation. Our results show that using intermediate
values for all three parameters mentioned before produces the best result in terms of data
quality and computation time. Generally, the longer the computation time, the better the
phase boundaries are resolved, e.g. Figure 3.1 (top) and Figure 3.2 (left) show that with
increasing compositional resolution the data quality increases at the expense of the com-
putation time. Consequently, decreasing the final compositional resolution from 2.5-10~*
to 2.5-1072 mol (for exploratory and auto-refinement stage), makes phase transitions more
diffuse (e.g., black rectangles, Fig. 3.2), but still resolves all relevant properties. Changing
the final_resolution values by one power of ten (e.g., from 2.5-1072 to 2.5-1072 mol) using
constant values for both the auto_re fine_factor_I and the initial_resolution, doubles the
computation time. The same effect has the increase of the auto_re fine_factor_I. Increas-
ing both the auto_refine_factor_I by 1 and the initial_resolution by 0.1 mol preserves
the quality of the results and the computation time.

We chose our optimal model with an auto_refine_factor_I = 2, an initial_resolution
= 0.2 mol and a final_resolution = 2.5-1072 mol for both the exploratory and the auto-
refinement stage. To further decrease the computation time, we tested in additional 10
experiments how the grid resolution influences the quality of the phase diagrams. For the
x_nodes and the y_nodes we use values between 10 and 35 for the exploratory stage and
between 15 and 52 for the auto-refinement stage. The optimal grid resolution appears to be
22 (for the exploratory stage) and 33 (for the auto-refinement stage), creating an effective
resolution of 257 points in x- and y-direction. Using these values, all phase boundaries
observed in the high resolution performances are resolved (comparison between Fig. 3.1
(bottom) and Fig. 3.3 (bottom)) and the computation time is reduced to a minimum (in
this case to ~ 6 h). Using a much coarser computational grid may not resolve all phase
stability fields (Fig. 3.3 (top)).
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Figure 3.3: Pseudosections, showing fields of different stable phase assemblages. O is set as saturated
component. auto_refine_factor_I = 2, final_resolution = 2.5-10~2 mol for both the exploratory and
the auto-refinement stage, and initial_resolution = 0.2 mol. z_nodes and y_nodes values are 10 for the
exploratory stage and 15 for the auto-refinement stage, resulting in an effective resolution of 113 nodes in
2- and y-direction (top). For the bottom phase diagram, x_nodes and y_nodes are defined with 22 and 33
for the respective stages, producing an effective resolution of 257 nodes in x- and y-direction. Increasing
the grid resolution, increases the computation time from ~ 2:30 h (top) to ~ 6 h (bottom).
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However, in these calculations, the O, concentration is not buffered in the system (only
set as a saturated component). Using a QFM (quartz-fayalite-magnetite) buffer massively
increases the computation time (four-fold in our case). Nevertheless, it is necessary to
employ a QFM-buffer to compute more realistic phase stability fields, especially above the
solidus.

This model configuration is optimal for this particular bulk rock composition. In-
vestigating the pseudosections of other simulations with different bulk rock compositions
suggests that this model configuration is appropriate to compute realistic phase properties
(density, melt fraction, chemical and mineralogical compositions) with an average compu-
tation time of several hours. Therefore, we use this configuration for all phase diagram
calculations to establish our database (Chapter 4).

The computation of the phase diagrams described in this chapter is executed on a
machine with 4 processors (AMD Bulldozer), each with 8 cores. It has 512 GB RAM and
uses a Linux operating system (Ubuntu 16.04 LTS).
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CHAPTER 4

AN AUTONOMOUS PHASE DIAGRAM
DATABASE FOR GEODYNAMIC SIMULATIONS
OF MAGMATIC SYSTEMS

Abstract Self-consistent modeling of magmatic systems is challenging as the melt con-
tinuously changes its chemical composition upon crystallizing, which may affect the me-
chanical behavior of the system. Melt extraction and subsequent crystallization creates
new rocks while depleting the source region. As the chemistry of the source rocks changes
locally as a result of melt extraction, new phase diagrams are required to track the future
rock evolution for each chemical state. This will change density, solidus and liquidus as
well as the mineralogical and chemical compositions of the rock. As a consequence, a
large number of phase diagrams is required to study the evolution of magmatic systems
in detail. As state of the art melting diagrams may depend on 10 oxides as well as pres-
sure and temperature, this is a 12-dimensional computational problem. Since computing
a single phase diagram for a fixed chemical composition (as a function of pressure and
temperature) may take several hours, computing new phase diagrams during an ongo-
ing numerical simulation is currently computationally intractable. One strategy to avoid
this is to precompute diagrams and to create a comprehensive database, which contains
all bulk rock compositions that may emerge during petro-thermo-mechanical simulations.
Establishing such a database would require repeating geodynamic simulations many times
while collecting all requested compositions that may occur during a typical simulation and
continuously updating the database until no further new compositions are required. Here,
we describe an alternative method that is better suited for implementation on large scale

parallel computers. Our method uses a forecast method with which entries of an existing
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database are employed to predict possibly required chemical compositions. They can be
computed within boundaries that are defined manually or through principal component
analysis (PCA) in a parameter space consisting of clustered database entries. We have im-
plemented both methods within a massively parallel computational framework while using
the Gibbs free energy minimization program Perple_X. Results show that our autonomous
forecast approach has a very good predictive power. Our predicted models focus on phys-
ically realistic parts of the oxide parameter domain, which is spanned by the requested
rock compositions of the forward models. This thus opens new perspectives in modeling

magmatic systems.

4.1 INTRODUCTION

The chemical evolution of magmatic systems within the continental crust is complex as
their compositions change locally upon melt extraction. Phase transitions caused by a
change in pressure and/or temperature can be easily tracked by computing phase diagrams
for specific bulk rock compositions over the entire possible P-T range. Yet, the effect of
melt extraction on the local rock chemistry is more difficult to handle. Depending on the
amount of extracted melt, the remaining residuum has different chemical and mineralogical
compositions. For each of the modified chemical systems, new rock properties (density,
solid and liquid fractions and their compositions) must be calculated by minimizing the
Gibbs free energy. Thermodynamic melting models have evolved massively in recent years
such that it has now become feasible to realistically simulate melting and crystallization
processes.

Thermodynamic processes can be integrated into a thermomechanical model in dif-
ferent ways. Phase diagrams can be precomputed for relevant bulk rock compositions
and P-T ranges (e.g. Riipke et al., 2004; Kaus et al., 2005; Yamato et al., 2007; Gerya
and Meilick, 2011; Magni et al., 2014; Rummel et al., 2018), or phase relations can be
determined on the fly during an ongoing geodynamic simulation (e.g. Tirone et al., 2009;
Hebert et al., 2009; Duesterhoeft et al., 2014; Oliveira et al., 2017; Riel et al., 2018). In case
the phase diagrams are precomputed, they are normally limited by their compositional
ranges, as they are often only designed to estimate density changes and seismic velocities
(e.g. Nakagawa et al., 2009; Faccenda and Dal Zilio, 2017) or to investigate the influence
of water release in subduction zones (e.g. Riipke et al., 2004; Magni et al., 2014). However,
to fully understand magmatic processes, including the feedback between chemistry and

thermomechanics is crucial. This requires a detailed consideration of the compositional
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evolution, which can be modeled with a large thermodynamic database that contains a
few thousand up to several ten-thousands of phase diagrams. Recently, Rummel et al.
(2018) showed that physical processes such as the melting source of a mantle plume can
be better understood when the chemistry of extracted melt is taken into account during
a geodynamic simulation. This result also shows that it is possible to track the chemical
evolution although a limited database consisting of 625 phase diagrams was used.

Recent advances in extending melting models from metapelitic rocks (White et al.,
2001, 2014) to mantle rocks (Jennings and Holland, 2015), metabasic rocks (Green et al.,
2016), or even for the whole range (Holland et al., 2018), allow phase diagram calculations
for a very broad compositional range. Yet, so far these thermodynamic models have only
been used in a simplified manner. Implementing them as part of a thermomechanical
simulation of a magmatic system is an important future step towards creating predictive
models of magmatic systems. Several software packages exist to compute such phase
diagrams, e.g. MELTS/pMELTS /rhyolite-MELTS (Ghiorso and Sack, 1995; Ghiorso et al.,
2002; Gualda et al., 2012), THERMOCALC (Powell and Holland, 1988), THERIAK-
DOMINO (de Capitani and Petrakakis, 2010), or Perple_X (Connolly, 2005, 2009). We use
Perple_X in this study, which is a sequential software. This means that the computation
of the phase diagram is performed on a single CPU, which may require a couple of hours
up to a few days. Here, we created a MPI-parallel (Gropp et al., 1999) framework that
invokes multiple Perple X sessions simultaneously. In this manner, many thousands of
phase diagrams can be computed within a few days depending on the size of the parallel
computer available.

The phase diagram database is always established with an ensemble of requested rock
compositions of previous geodynamic simulations. To forecast possibly requested rock
compositions, we have to investigate the multidimensional parameter space that is spanned
by the existing database entries, in our case nine oxides. Here, we apply methods from
machine learning for dimensionality reduction, which is crucial to understand trends and
correlations in the oxide distribution. A very popular method for dimensionality reduction
is the so-called “t-Distributed Stochastic Neighbor Embedding” (t-SNE) method (Maaten
and Hinton, 2008; Van Der Maaten, 2014), which projects data on a lower dimensional
manifold (usually 2D) and simultaneously groups together similar data samples. We com-
bine this data reduction technique with a clustering algorithm (DBSCAN, Ester et al.,
1996) to identify groups of similar bulk rock compositions based on their distributions on
the two-dimensional projection. After these processing steps, we deal with subsets of the

database that contain similar rock compositions without much variation. This allows us to
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apply linear dimensionality reduction techniques such as for example principal component
analysis (Hotelling, 1933) to locally estimate linear trends of the distribution. Having de-
termined these local trends enables us to perform forecast modeling by focusing a sampling
along these trends of various widths. The new rock compositions obtained from this are
used to extend the phase diagram database. The suitability of those rock compositions
to describe possible chemical processes in petro-thermo-mechanical models is affected by
the sampling space in which they are computed. The volume of this sampling space is
controlled by whether a clustering algorithm is applied or not.

In this paper, we present different sampling techniques to determine new bulk rock
compositions for a phase diagram database. We validate their suitability to predict rock
compositions that could emerge during geodynamic simulations. Differences between the
required phase diagrams and available ones are investigated while extending the size of
the database. To better understand the origin of required phase diagrams, their bulk rock
compositions are presented together with their formation conditions at which they were

produced (e.g., temperature, pressure and melt/crystal fraction).

4.2 METHODS

4.2.1 Modeling magmatic systems with petro-thermomechanical

models

The chemical evolution of magmatic systems is a multifaceted process, which is associated
with many melt extraction events that locally change the chemical composition of the
respective rocks. This does not only change the chemical and mineralogical evolution but
may also have a feedback on the thermomechanical behavior of the dynamic system. In the
following sections, we briefly describe the thermomechanical model that we employ in this
study and provide a detailed description of the coupling with petrological approximations
to model the compositional evolution of magmatic systems.

The petrological modeling approach is integrated in a thermomechanical simulation
code MVEP2! (Kaus, 2010; Thielmann and Kaus, 2012; Rummel et al., 2018). MVEP2
employs finite elements to discretise the model domain and solves the conservation equa-
tions of mass, momentum and energy of slowly creeping fluids on geological timescales.
The rheology is handled with constitutive relationships that define the visco-elasto-plastic

deformation behavior of rocks. To model diking, the numerical approach is combined with

Lcode is provided at: https://bitbucket.org/bkaus/mvep2
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a semi-analytical fracture opening algorithm that will be described in an accompanying
paper (Chapter 5) in which also the modeling results will be presented more in detail. The
first dike formation is triggered by basaltic magma from the mantle that is injected as sills
into the crust or uppermost mantle. We employ a marker-in-cell-technique to track rock
properties during the geodynamic simulation. These markers play a central role in our
approach as we also use them as tracers of the mineralogical and chemical evolution of the
magmatic system. In our approximation, the chemical system is restricted to nine oxides,
i.e. Si05—Ti09—Al;O3-FeO-MgO-CaO-NayO-K5yO-H50, from which diverse mineral and
melt compositions can be formed using the thermodynamic melting model of Green et al.
(2016).

The information about the local compositional state is tracked by assigning an indi-
vidual phase diagram to each marker employed in the geodynamic simulation. Our model
has a lateral extent of 50 km and is 40 km deep, which is resolved with 400 and 350 finite
elements, respectively. We start the simulation with ~1.3 million markers, but the number
increases during the simulations as new dikes/sills are generated, to ensure that the spa-
tial evolution of rock and melt chemistry is tracked with sufficient accuracy. We neglect
reaction kinetics and assume thermodynamic equilibrium. However, despite these simpli-
fications, an immense thermodynamic database is required to cover all possible chemical
states of liquid and residuum compositions generated in the evolving magmatic system.
The high number of requested phase diagrams as a consequence of only one newly gen-
erated dike can be illustrated with the following example. As the local chemical system
changes due to melt extraction, the chemistry of the system is split into a liquid part
forming a dike and into a residuum part. The dike is described by only one phase diagram
(average liquid chemistry), assuming homogeneous mixing of all generated melts. How-
ever, the remaining residuum chemistry changes strongly depending on the local amount
and composition of extracted melt. Due to the different rock depletion stages, the number
of phase diagrams with distinguishable bulk rock compositions can be very high. Our
tests show that a few thousands of phase diagrams are required for a typical complete
simulation.

The phase diagrams are computed with Perple X (Perple X 6.7.9, Connolly, 2005,
2009) and are evaluated for discrete P-T" conditions (257x257 points) for the given ranges
and describe how solid and liquid oxide compositions as well as densities, melt fractions
and stable mineral assemblages will evolve. With a pressure range of 0.1-3000 MPa and
a temperature range of 290-1900 K, thermodynamic properties are determined every 11.7

MPa and 6.3 K for a specific bulk rock composition. The thermodynamic data files used
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are provided in electronic supplementary materials.

In general, there are two different strategies to combine geodynamic simulations of
magma migration with thermodynamic phase diagrams. We call the first method the
dynamic method (i), in which a new phase diagram is computed on the fly during an
ongoing simulation. The geodynamic simulation pauses while thermodynamic calculations
are performed. The alternative approach is the static method (ii), in which a look-up table
with existing phase diagrams for different bulk rock compositions is used. Here, a phase
diagram that is acceptably similar to the requested phase diagram is used to immediately
continue with the geodynamic simulation after updating the marker with the incoming

request.

i) In the dynamic method, the computation of phase diagrams is performed during
an ongoing geodynamic simulation through which the number of required phase
diagrams is reduced to a minimum. After each melt extraction event, the residuum
or melt compositions can be directly used to compute new phase diagrams, provided
they do not exist yet in a database. The phase diagram is directly updated on the
marker, from which melt is extracted, and the chemical system develops based on
this specifically updated phase diagram. The disadvantage of this method is that the
respective geodynamic simulation has to pause until all necessary phase diagrams
are computed. This massively increases the computation time for each geodynamical
time step, as the computation of an individual phase diagram may take several hours.
From a computational perspective, the process is a sequential task, which is hard to
parallelize with a multitask architecture, because the workload can differ a lot due
to a different number of newly requested compositions. For example, a single phase

diagram request would force all other tasks to wait.

ii) For the static method, a database of existing phase diagrams is used to describe
the future rock evolution after each melt extraction event. Here, the most similar
phase diagram in terms of bulk rock chemistry is used and replaces the previously
associated phase diagram of the marker. As a similarity measure, we use the Fu-
clidean distance in the space spanned by the components of bulk rock chemistry.
Clearly, the closer the query is to the existing database entries, the more accurate
the model becomes. For this reason, we store all requested residuum and melt com-
positions during a simulation and compute new phase diagrams separately from the
simulations. The advantage is that the job can efficiently be performed in parallel
depending on the size of the computer available. In our case, we use 256 tasks in

parallel and compute ~1000 of phase diagrams in a 3-4 days although that could
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be increased the more cores are used. However, it was initially unclear how many
different phase diagrams are required for a typical simulation, as well as what the
error is that is made by employing phase diagrams with the approximate, but not the
exactly correct, chemical composition during the simulations. The obvious advan-
tage of this approach is that the computation time for all phase diagrams is reduced
to a minimum. The disadvantage, however, is that the respective geodynamic sim-
ulation has to be repeated many times until the differences between the requested
and bulk rock compositions of the database become negligible. In principle, such a
database can become very large, such that technical issues arise when loading the
full database during a geodynamic simulation, as well as problems with storing the
data. We note that there are techniques to compress the rock properties without

losing much in accuracy (Afonso et al., 2015), which we have not explored 