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Review of the Dissertation

Analogue and numerical simulations of the geodynamical
systems - insights from the models of the Earth collision
tectonics and Martian mud flows

submitted to the Charles University by Mgr. Ondrej Kryza

Dear Dr Jerabek,

It was a pleasure to read the Dissertation ‘Analogue and numerical simulations of the geodynamical
systems’ submitted by Mgr. Ondfej Kryza! | have met Ondfej a couple of times in the past and was
impressed both by his knowledge and enthusiasm in geoscience. The quality of this thesis exceeded
my expectations!

The thesis is, exclusive frontmatter, of 233 pages, comprises seven chapters and is written as a
monograph that comprises four papers at various stages of publication (one published, two under
review and one in preparation; two papers are first-authored). The typesetting is professionally
executed and the quality of the figures is of the highest standard (some tables could be approved
though). My only criticism is that references are given at the end of each chapter — one merged list
at the thesis’s end would suffice (but this is to some extent a matter of taste). In the following |
comment in more detail on the contents of each chapter.

Chapter 1

Chapter 1 starts with an introduction to modelling in general, followed by a brief history of analogue
modelling. The section on scaling is rather lengthy and could have been, in my opinion more concise,
by noting that in mechanics all quantities are measured by appropriate combinations of three
fundamental units: length, time and mass. It is then straightforward to show for example how the
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scaling ratios for various quantities (e.g., viscosity) are modified for the various special cases (e.g.,
inertial forces negligible; see Table on p. 1490 in Hubbert [1937]). Also, the recurring ratios of pgl in
Eq. 1.17 could have been replaced by a stress ratio and a presentation in tabular form would have
improved readability. Finally, regarding the strength and scaling of brittle materials (Eq. 1.7 ): One of
the clearest treatises on the justification of the usage of dry quartz sand as an analogue material is
given by Horsfield (1977), which is unfortunately not referred to. Also, the pore-fluid factor
appearing in the numerator of Eq. 1.7 can be, if constant, quite easily dealt with by using a reduced
(buoyant) density (Lehner & Schopfer, 2018).

Then a short overview of recent analogue modelling of lithosphere dynamics is given, followed by a
brief history of numerical modelling. Both sections show that the candidate is not only up-to-date
with recent advances, but is also knowledgeable of the history of geodynamical modelling.

Section 1.6. on numerical modelling gives a very good overview of various methods that are applied
in geodynamical modelling. What | miss is references to the seminal work of Peter A. Cundall,
considered to be the father of the DEM (both, for circular elements and blocks) and the FLAC
approach (a FVM), both of which are widely used in geotechnics and geomechanics.

The final section of Chapter 1 provides a thesis outline and clearly states the research objectives. In
summary the introduction is good (with an impressive list of references), but perhaps the candidate
devoted too much space on methodology, and very little space on the actual research objectives, so
that many concepts (e.g., oroclinal buckling, mudflows on Mars) are actually not introduced, but left
to later chapters.

Chapter 2
This chapter is a paper (in prep), first-authored by the candidate.

There is no scale in Figure 8b and the label positioning ‘lithosphere’ is misleading/confusing, since
the lithosphere includes the crust (continental or oceanic) and the upper part of the mantle. Here
one must decide whether to use a compositional or rheological stratification terminology. | just
wonder on which basis this section has been drawn — | couldn’t find any sections in the references
given (Guy et al, 2015; Nguyen et al., 2018) — and suggest improvements.

The strength in Figure 9c is given as log(o1-63), so that the strength-depth relation for sand (linear
function) should plot as non-linear curve (there are some curves — looks like a drawing mistake?).
Anyhow, there is no need to use logarithmic strength for these profiles, but if a log scale is used then
appropriate ticks must be shown (at which value starts the abscissa?).

In Figure 9b the lengths should be indicated with double-arrowed lines (as in (a)). The units of
density and viscosity are not given (g/cm? and Pa s, | presume; should be quoted in caption) and if
for the viscous materials the viscosity is given, then the friction coefficient should be given for the
frictional-plastic material (i.e., the sand).
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Table 1 (p. 54) is hard to read and Table 2 could use some polishing (looks like copy-paste from Excel;
replace commas with dots and E+ON with x 10N etc.). Compression rate is sloppy — please consider
using ‘displacement rate’ or ‘shortening rate’.

The candidate should also clarify that the strain rate (boundary velocity / instantaneous length) is
not constant in these experiments, but increases during the run from 1.85 x 10° s1t0 3.7 x 10°s7?,
i.e. by a factor of two (which hopefully has little effect).

In the experiments the ‘accretionary complex’ was ‘pre-folded’, presumably because the wavelength
of the plasticine layer that would develop ‘naturally’ (i.e., as a function of viscosity contrast and layer
thickness) exceeds the dimensions of the ‘sand box’, or perhaps for some other reasons (fracturing
rather than flow). Whatever the reason, from an experimental point of view it would be good to
inform the reader why this set-up was chosen, rather than just stating ‘This step is not in conflict
with model scaling...” (p. 53).

Section 2.5.2 on rheological interfaces contains some improper usage of rheological terms. My
suggestion: ‘frictional-plastic’ for sand, ‘viscous’ for silicone, and ‘visco-plastic’ for plasticine
(assuming that the elastic part, i.e. recoverable strain, is negligible). Also, the fantastic cuspate-
lobate structures, developing between the different silicones, reminded me of the ‘classic’ by Talbot
& Sokoutis (1992), which is not refereed to.

The analogue models look interesting, but some of the terminology, such as ‘vertical buckling’ or
‘vertical folding’ is somewhat confusing. Also, | think it is difficult to distinguish structures formed
due to geometric and rheological differences from those that are a simply a boundary effect (surely
the candidate had similar problems!). | just wonder if similar conclusions could have been drawn
from a much simpler model, stripped from all these complexities that are introduced.

Chapter 2 also includes an appendix, in which a set of earlier models is presented, where only half a
wavelength of an orocline was predefined. I'm afraid that this appendix confused me to some
extent, in particular Figure 20b: How can the displacement vary along strike, when a constant
displacement boundary condition is used? Presumably the local displacement gradients vary? And
why discussing 2D Couette/ Poiseuille when these concepts are clearly not applicable in a 3D model?

In summary, Chapter 2 presents interesting analogue models of oroclinal buckling, which clearly had
to be fine-tuned to get the desired results, but this is the nature of modelling!

Chapter 3

This chapter deals with the application of image velocimetry to analogue models. The first example
is deformation analysis of the models described in Chapter 2. Figure 25 is a neat summary of the
results and the sketch in (c) illustrates how strain is partitioned in different regions nicely (such a
sketch is somewhat missing in Chapter 2, where | had difficulties following the description).

The second example is a layered wax-sand model, in which spectacular folds are formed. The
analysis of divergence has been done diligently, but what | somewhat miss is the much simpler task
of quantifying fold growth (amplitude, wavelength, arc-length etc.), which may (or may not) follow
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the well-known stages of fold nucleation, fold amplification and kinematic growth. Such an analysis
may assist the interpretation of the divergence history (Figure 32a). Irrespective of that, these ‘glow
in the dark’ models are beautiful and the analysis is very thorough.

The Appendix of this chapter provides even more details on the PIV and also a practical guide.
Further, the rheology of the various model materials is described, reflecting the enormous amount
of effort the candidate put into this work. Some of the tables and plots need a bit more work though
(e.g. Figure 40; Tables 6-8).

Chapter 4

Chapter 4 deals with numerical modelling of crustal-scale Rayleigh-Taylor instabilities. In the
introduction (Section 4.1) various relamination scenarios are presented — here an introductory figure
would help the reader to better understand the research objectives. The model setup and
methodology are clearly described, but | was a bit overwhelmed by the sheer number of model runs
and combinations of various parameters. The models look great and convincing, but a graphical
‘take-home message’ would help readers to better understand the conclusions. I’'m aware that the
discussion on diapiric vs. detachment folding is important, but | would have not finished the
chapter/paper with a diagram depicting the effects of convergence rate, when all the models were
run without convergence. Otherwise, this is chapter is a fine piece of work!

Chapter 5

This chapter is a paper entitled ‘Lava-like mud flows on Mars’, which | very much enjoyed reading!
The experimental design, to which the candidate contributed (amongst other aspects of this work),
is very smart and the results are very interesting. I’'m hoping that this paper finds its way into a high-
impact journal!

Chapter 6

This chapter presents similar experiments as in Chapter 5, the difference being that the substrate
over which the mud flows is warm. The differences to the earlier described experiments (frozen
substrate) are remarkable, and the physical reasons are well described. Clearly, the scaling of these
experiments to larger scales and lower gravitational acceleration is difficult, but these shortcomings
are discussed in detail.

Chapter 7

Chapter 7 provides brief summaries of the previous chapters. Here the candidate could have
described suggestions for future work, rather than reiterating what has been written before, but this
is to some extent a matter of taste.
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Questions and concluding remarks

Although | very much would enjoy to personally participate in his defence, this is - given the current
situation - not possible. Nevertheless, | would be grateful if a member of the committee could ask
the candidate the following questions (either all, or a selection):

Q1: In chapter 1 you have given an excellent overview of the various numerical methods that are
used for geodynamic simulations. In chapter 2 you present analogue models of oroclinal buckling,
which are (as all analogue models) affected by imperfect scaling and boundary effects, which to
some extent could be overcome but numerical modelling. Please explain which numerical method
you would choose for modelling oroclinal buckling and if such an endeavour would be feasible given
existing techniques/computing power.

Q2: In the appendix of chapter 2 you present an earlier set of experiments of oroclinal buckling, in
which the ‘accretionary complex’ was initially set up as a half-wavelength fold, in contrast to the
later set of experiments in which a full-length wavelength was predefined. My first question is why a
fold had to be predefined in the first place — wouldn’t a high viscosity layer embedded in a lower
viscosity medium develop folds ‘naturally’ when shortened? My second question is why you
abandoned the initial set-up and conducted the later experiments at Géosciences Rennes.

Q3: In chapter 3 you present analogue models of detachment folding, in which the viscous
substratum is comprised of wax and the brittle overburden of sand. It appears that the folds exhibit
a characteristic spacing. Please discuss geometric (e.g., thicknesses) and rheological parameters
(e.g., viscosity) and also boundary conditions (e.g., shortening rate) that you think may control the
spacing of these folds.

Q4: In chapter 4 you present two dimensional numerical models of crustal-scale Rayleigh-Taylor
instabilities. Can you briefly explain the basic assumptions of two-dimensional models? Have you
considered to run equivalent models in three-dimensions, or perhaps to start with using an
axisymmetric set-up, which is available in many codes? Do you think 2D vs. 3D will make a difference
(e.g., in terms of rise rates, etc.)? [Note to committee: There is no straightforward answer to the last
guestions! Often however 2D models will differ from ‘equivalent’ 3D models, e.g. the sinking of a
sphere in a viscous medium is quite different to a cylinder of infinite length.]

Q5: In chapters 5 and 6 you present fantastic experiments of mud-flows conducted under ‘Martian’
conditions. Are there certain distinct morphological features of these water-rich debris flows that
are different to those seen in lava flows, or in other words do you think your experiments can aid in
distinguishing mud-flows from lava-flows on Mars?
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In conclusion, the presented results are original and of a high scientific value and therefore |
recommend the thesis for the defence and further proceedings for obtaining the PhD degree.

Sincerely,

ot

Martin Schopfer
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