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ABSTRACT

Fractures formed when igneous rocks cool below the surface of the Earth are of considerable
current interest in studies of hydrology, mineral systems and radioactive waste disposal.
However, little is known about the geometry and kinematics of such fractures.Conceptual
models suggest that early fractures result from emplacement forces (the Cloos model) while
two-dimensional numerical modelling suggests that fractures may result from the contraction
of cooling bodies. We use analogue modelling to investigate the geometry of fractures
formed in a cylindrical static contracting body.Our experiments show that dehydration of
buried starch flour is a workable analogue.Fractures in the analogue materialresult
fromdrying and contraction of a cylindrical volume which differs from previous
experimentsin which drying was from a single planar surface and resulted in the formation of
columnar joints. In buried analogue models two key fracture sets form internally, producing
sub-vertical radial fractures, and concentric fractures that curve downwards with depth.
Fracturedensity decreases towards the centre and bottom of the samples. Samples that were
buried more deeply have fewer and less curved concentric fractures than those with shallow
burials.Radial fractures havesimilar orientations to those predicted fromnumericalmodels, and
concentric fractures are comparable tomarginal fissureorientations of the Cloos model.The
analogue models suggest that both radial and concentric fractures may result from the
contraction of plutonic bodies.
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1. Introduction

Fracture sets found within plutonic rocksarethe first order control on rock strength,
porosity and permeability. These fractures are therefore critical for the formation of ore
deposits (e.g. McCaffrey et al., 1999), for understanding rock mass properties required for
successful geothermal energy production(e.g. Genter et al., 2010; Villeneuve et al., 2018) and
radioactive waste disposal(e.g. Price, 1979; Mariner et al., 2011; Wang et al,
2018).Fracturesmay result from thermal, tectonic, hydraulic and exhumation-induced
stresses, so that the evolution of fracture networks in plutonic rocksmay be complex.Earliest
fractures are likely to be related to thermal processes and are significant because they may
control later fracturing events (Segall and Pollard, 1983; Pollard and Aydin, 1988; Crider,
2015).

TheCloosmodelis commonly reproduced as a general explanation of early fracture
orientations and patterns within plutonic rocks (e.g. Pollard and Aydin, 1988; Price and
Cosgrove, 1990; Hills, 1972; Bahat et al., 2005). Fractures are termed cross “joints” (Q),
longitudinal “joints” (S), diagonal “joints” (Str), flat lying “joints” and faults (FL) and
marginal fissures (T). Fracture orientations are related to flow features represented by
foliation and lineation’s (Balk, 1937) (Figure 1)".

Fracture sets defined in the Cloos model are linked to the mode of emplacement as cooling
and crystallisation occurs (Cloos 1922, 1925). For example, cross “joints” and marginal
fissures are suggested to result from expansion and arching during pluton emplacement, and
diagonal “joints” and flat lying normal faults result from lateral compressive stresses
developed during emplacement (Balk, 1937). These mechanisms are likened to fractures
forming in wet clays (Riedel 1929; Balk, 1937 p29 plt 12). Although fractures with

orientations similar to those of the Cloos model are often observed in the field, their

' The term “joint” is given in quotations as these fractures often display evidence of shear movement and may
form when the rock is in a plastic state.
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relationship to flow lines is controversial (Hutton, 1988; Paterson et al., 1998; Correa-Gomes

et al., 2001; Bankwitz et al., 2004; Bahat et al., 2005).

Contact

— Strike and dip of joints
- Strike of flow layers

/ Pitch of flow layers

Fig. 1. Block diagram showing the orientation of primary fracture systems within a pluton (white). Q, cross
“joints”; S, longitudinal “joints”; FL, flat-lying “joints”; Str,diagonal “joints”; T, marginal fissures. Modified
from Hills (1972).

Two-dimensional numerical modelling of fractures in plutonic bodies can predict the
stresses as a result of cooling an instantly emplaced hot body in a cooler crust. These models
suggest that the formation of early fractures during pluton cooling is controlled by thermal
contraction, and fracture orientations are affectedby pluton margin geometry, emplacement
depth and regional confining loads (Knapp, 1978; Gerla, 1988; Bergbauer et al., 1998;
Koenders and Petford, 2003; Zak et al., 2006). In models where the regional load is
isotropic,the predicted orientation of the most tensile stress isparallel to the pluton margins,
so that tensile fractures are expected to be perpendicular to the margins. For example, in
plutons represented by a circle in map view,tensile fractures are predicted to be vertical and

radial around the pluton(Bergbauer et al., 1998), Figure 2:tension is defined as positive.
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Fig. 2.Numerical model of principal stressorientation and magnitude in a circular intrusion (white) and host rock
(grey), after5,000 years of cooling from start of model run (map view). Black lines are perpendicular to the
direction of most tensile stress in the pluton and host rock, coloured contours show magnitudes of most tensile
stress, red dashed lines are temperature contours (labelled for temperature in °C). Tension is defined as positive,

after Bergbauer et al., (1998).

Previous analogue models of fracturing in plutons have not investigated fracture
geometries resulting from the contraction of a volume, the process for early fracture
formationsuggested by numerical modelling. The aim of the analogue modelling presented in
this paper is to determine fracture orientations that could result directly from the contraction
of a cylindrical volume. To do this we use drying corn-starch patties. Drying of water
saturated corn-starch is analogous to cooling, as both are diffusive processes(Miller, 1998a).
Starchexperiments have previously been used to give insights into basalt column formation
(an end member of fracture patterns resulting from cooling of igneous rocks)(Miller, 1998a,
1998b; Toramaru and Matsumoto, 2004; Goehring et al., 2006)and studies of tensile-crack

propagationand crack morphology(Miuller and Dahm, 2000; Miiller, 2001). In this study we
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develop a technique of creating and burying starch patties as an analogue to fracturing in
plutons. We test the influence of depth on fracture patterns and geometries in a cylindrical
contracting volume.A single cylindrical geometry was chosen to limit the range of variables
modelled.
2. Theoretical background

Drying of wet starch results in contraction. Forces resulting from drying of starchexceed
the material strength leading to fracture formation (Muller, 1998a,b, 2001).When starch
slurries are dried from a single free surfacetwo phases of cracking are identified:initial
fracturing at the surface (first-generation cracks) and internal fracturing (second-generation
cracks) (Muller, 1998a, 1998b; Toramaru and Matsumoto, 2004; Goehring and Morris,
2005). First-generation cracks are analogous to the formation of fractures in drying mud,
forming where the surface tension is eliminated (Miller, 1998a; Goehring 2012; Akiba et al.,
2017). Second-generation cracks become more regular. When acritical desiccation rate (0.8 e-
5 g/mm?h) is exceeded,columnar jointsform resulting in polygonal fracture patterns (Miiller,
1998a; Toramaru and Matsumoto, 2004).
3. Methodology

Mixtures of 250 g corn-starch (Brown & Polson brand) and 250 ml water (mixed with 1
~1tsp of bleach to prevent mould growth, c.f. Geohring and Morris 2005) were prepared. A
1:1 ratio of starch to water was used to fully saturate the starch grains (Muller, 1998b).
Acetate moulds were constructed by folding and taping acetate sheets to cylinders, with a 40
mm height and diameter (Figure 3A). The mixture was poured into acetate moulds, Figure

3B) and part dried under a heat lamp to form starchpatties (Figure 3C & D).
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Fig. 3. Recipefor forming corn-starch patties; (A) cylindrical mould formed from taped acetate, 40 mm diameter
and height; (B) corn-starch slurry poured into moulds that are placed in sand to maintain shape and prevent
leaks; (C) removal of acetate mould once corn-starch patty formed after leaving under heat lamp; (D)example of
corn-starch patty prior to burial.

The slurry was dried to the point that itformed a coherent wet mass, before surface cracks
formed. This was achieved by placing the mould 50 cm from a 250 W heat lamp (temperature
~30°C) for 1 hour. The partly dried corn-starch patties can be removed by cutting the tape
(Figure 3C).

Various methods of further drying the corn starch patty were then applied. These included
drying under the heat lamp with or without the mould, air drying the patty in the mould, or
burying the patties removed from the mould. Oven dried sand, corn-starch and calcium
chloride desiccant (brand, KontrolKrystals) were used as the burial mediato investigate the
difference between the influences of drying rate and depth.Burial depths to top of the
sampleswere5 mm, 10 mm, 20 mm, 40 mm, 60 mm. Three repeats of each sand buried
sample were completed to test reproducibility. In the samples where corn-starch and
desiccant were used as the burial medium, samples were placed in cloth to help with the
removal. A cloth encased sample buried to 20 mm in sand was run as a control for the other
burial media.

Drying rate was recorded for selected samples using a mass balance to a precision of two
decimal places. The mass of the selected sample was recorded every hour for the first 12

hours of drying and then every 24 hours. Once the weight reduced by ~30% of the original

Page 6 of 23



mass, the samples were broken vertically in half to examine the internal fracture patterns.
Lamp dried samples were left for 1day (no mould) to 6 days (in mould), and air-dried
samples were left for 17 days and sand buried sampled for a maximum of 6 weeks. The corn-
starch buried samples were left for 3 to 12 days depending on burial depth. Desiccant-buried
samples were left for a maximum of 5 days.

4. Scaling

The analogue models are scaled to ensure they are geometrically, kinematically and
dynamically similar as possible to cooling plutonic bodies (Hubbert 1937; Ramberg 1981;
Merle 2015).

A length scaling ratio of 10 is assumed so that 1 .cm in the models is equivalent to 1 km
in nature. Shapes of plutonsare variable, from thin and extensive tabular bodies, to wedge
shaped or cylindricalshaped stocks (e.g. Mendel, 2011), but cylindrical geometries are
commonly used as an ideal representation of plutonic bodies (e.g.Pitcher, 1979; Gerla, 1988;
Koshmann and Mitchell, 1986; Petford et al., 2000; Annen, 2009; Gelman et al., 2013). The
analogue model is comparable to plutonic bodies with a steep sidedstock like geometry and
volumes ~50km?®. This geometry is similar, for example, to the cylindrical volume used to
model the cooling history of the Alta stock (Cook and Bowman, 1994). Stocks are typically
emplacedatshallow-to-mid crustal depth of 1 to 6 km (Menand, 2011), which scale to the
analogue burial depths of 10 to60 mm.

Drying rate is influenced by burial depth and model scaling. The run time of models
buried in sand varied between 21 and 39 days. Hydraulic diffusivity of starch (0.01 to 0.03
mm?/s) (Miiller, 1998a) is ~2to 3 orders of magnitude slower than the thermal diffusivity of
basalt (0.9 to 1.2 mm?/s) (Mdiller, 1998a,b; Goehring et al., 2006). Based on this relationship,
model run times would scale to naturaltimesof 2,000— 40,000 years.Assuming the three

orders of magnitude difference, the scaled model run times are similar to estimates of
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solidification time (32,000 years) for a similar sized geometry in numerical models of Knapp
and Norton, (1981). This rate may be modified by many other processes not included in
numerical models(Knapp, 1978). One of the most significant influences of the thermal
evolution is likely to be related to incremental growth history (Glazner et al., 2004; Annen,
2009; Menand, 2011; Annen et al., 2015). Comparable to numerical modelling(Norton and
Knight, 1977; Hanson and Glazner, 1995; Bergbauer and Martel, 1999; Zak et al., 2006;
Bartley et al., 2008),analogues arerepresentative of a pluton at the point of crystallisation,
with an evolutionary history that maintains its temperature prior to cooling as a single unit.

Drying starch-water mixture changes from a liquid with low viscosity to a brittle material
with high viscosity and non-zero values of shear modulus and tensile strength (Mdiller,
1998a). The cohesion of starch ranges from 40 Pa to 260 Pa, depending on water
saturation(Stasiak et al., 2013). The analogue material cohesion is therefore ~10° times lower
that natural rocks and suitably scaled. The internal friction angle of starch flours (37°; Stasiak
et al., 2013) is comparable to that of rocks (30° — 40°; Byerlee 1978). Scaling of the cohesion
and internal friction angle is comparable to other analogue experiments, as outlined in
Holohan et al., (2008) and Warsitzka et al., (2013). The scaling of brittle material behaviour
is theoretically time-independent(Merle, 2015).
5. Results

The geometry of surface and internal fractures varieswith burial depth, burial mediumand
drying method (Figure 3).
5.1. Surfacefracture pattern
The fastest dried samples (under the lamp) have the greatest number of surface fractures and
form small blocks (~ 0.1 cm — 0.5 cm) with irregular edges (Figure 4i A & B). Air-dried and
buried samples form larger surface blocks (~0.5 cm to 1 cm), (Figure 4i C & D and Figure

5D to Q). Fracturetraces in the buried examples are smoother than in the lamp-dried
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examples. Fracture networks on the top surface can be described as random and irregular in
lamp dried examples to random and regular in in air dried and buried examples (Figure 4i).
On the top surface of all samples, fracture trace orientations are perpendicular to the
circumference at the periphery, and variable towards the centre of the circle. Fractures
extending inwards from the circumference of the top surfaceare shortest in lamp dried
examples (~0.1 cm, Figures 4and 5. A & B), and increasein length with depth of burial (~ 1
cm at a burial depth of 60cm, Figure 5I). The total trace length of all combined fractures
decreases in buried samples as fewer fractures formed. For example, in lamp dried examples
the total trace length of all top surface fractures is ~10 cm, whereas in samples buried > 20
mm, the total trace length decreases from ~4 to ~2 cm with depth.Fracture apertures vary
between 0.1 and 0.6 mm. A higher proportion of thin apertures are recorded for the surface

and shallow buried samples.
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Fig. 4. Comparison of drying methods for cylinders (40 mm diameter by 40 mm height). These samples were
generated as starch-patties under the heat lamp before they were left to dry: (A)removed from mould under
lamp; (B) left in mould under lamp;(C) air dried in mould; (D) buried in sand with the top of the sample at depth
of 5 mm, the surface fracture pattern is obscured by sand. (i) top surface of dried corn-starch patties (ii) broken
vertically in half to reveal internal fracture patterns. Internal fracture traces coloured as in Figure 5. Black, traces
from polygonal fracture patterns; turquoise, sub-vertical fractures with radial strikes; purple, fractures from
vertical margins curve downwards and strike concentrically around the sample. Stippled area; un-fractured

domain of damp corn-starch.
5.2.Internal fracture patterns

Internal fractures extend down to a sharp boundary with damp, unfractured corn-starch,

marked by a dashed line in Figure 4ii. In the buried samples (i.e. Figure 4ii D) internal
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fractures are non-columnar to roughly columnar. Fractures are near vertical and perpendicular
to the margins or concentric to the margins and curve downwards.

Lamp dried examples produced smaller (1 mm spacing) and more numerouscolumns
(Figure 4ii A & B) than air-dried examples (~2 to 4 mm spacing) (Figure 4ii C). In both
cases the number of fractures decreases with distance from the top of the samples. Fractures
formed when the patty is suspended on a cloth form~1 mm diameter columns perpendicular
to every margin of the sample (Figure 4ii B). Fine ~1 mm columns are formed in the
desiccant-buried samples. The density of fracturing decreases towards the centre and bottom
of each sample. The patties that were buried deeper have fewer and lesscurved fractures than
those with shallow burial (Figure 5). In samples that were cloth covered prior to burial (F, Jto

Q; Figure 5) fractures formed from the base.
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scales are not linear. Arrows link drying times (days) to samples.* top and internal patterns from different
samples to best represent fracture patterns. Where top circles are not presented, surface patterning was not
visible. Surface patterning on the top of the samples is influenced by the drying medium (J to Q). Surface
fracture patterns appear more angular in the corn-starch buried example than the sand buried sample without a
cloth cover. Sample F was buried in sand with a cloth cover resulting fractures have a similar angular

relationship as the other cloth cover samples.

6. Discussion

The trace lengths of fracturesextending from the circumference of the top surface are greatest
when samples are buried deeper or dried more slowly. Fewer fractures, with smoother traces
are formed in the slower dried and deeper buried samples. This may suggest that local
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stresses from grain boundaries have less effect with slower desiccation rates,in agreement
with Akiba et al., (2017).Internal fracture orientations depend on the surfaces from which
drying occurs.Contraction of the volume results in radial and inward dipping fractures,
related to radial and vertical tensile forces. The change in dip of concentric fractures indicates
a change in stress direction with depth both within the sample and with burial depth (c.f.
Odonne and Rolando, 1999).In buried examples covered by cloth, fractures form from the
horizontal base of the sample, suggesting that the cloth influences the drying process.The
similarity in fracture patterns between repeats of samples buried at the same depth in sand
suggests that irregularities, as a result of burial of patties in a semi-solid state, does not affect

the results.

6.1. Comparison to conceptual and numerical models

The analogue modelling produces fractures that formed by contraction of drying corn-
starch. The radial fracture patterns (Figure 6) mimic fracture orientations predicted by
numerical models with circular geometries in map view (Figure 2). The orientation of the
concentric fractures inthe analogues (Figure 6) are comparable to marginal fissure
orientations in the Cloos model (Figure 1). Although the analogue models presented do not
rule out the formation of marginal fissures due to emplacement forces, as suggested by Cloos,
fractures of a similar orientation may be produced by cooling and contraction. The concentric
downward curving fractures (Figure 6) are not predicted in numerical models of cooling. This

may be because numerical models have been limited to two-dimensions.
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Fig. 6. Sketch of key internal fracture orientations produced in sand buried corn-starch patties R, fractures near
vertical with radial strikes; C, fractures from vertical margins, curve downwards and strike concentrically
around the sample. Stippled area un-fractured domain of damp corn-starch.
6.2. Comparison to columnar joint formation in drying corn-starch

Columnar joints formed in the samples presented here are not as clearly defined as in
published experiments (compare Figure 4with Muller, 1998b plt 3 & 4). Rates of drying are
slower in our samples than previous experiments. The average desiccation rate (0.3e-2
g/cm?h) calculated for sample C (air dried in mould) and the average desiccation rates (0.1e-2
- 0.01e-2 glem?h) calculated for the buried samples are lower than the calculated critical

desiccation rate for column formation (0.8e-2 g/cm?h) (Toramaru and Matsumoto, 2004). The
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critical desiccation rate for column formation may be lower in our models than in the
Toramaru and Matsumoto (2004) experiments because of water retention in the burial media.

7. Conclusions

Corn starch patties, buried to different depths under various media, are potential analogues
to plutons cooling at variable depths and rates. For the simple, archetypal cylindrical
geometry used here, fracture geometry formed in the analogue samplesis controlled by both
margin orientation and burial depth of the drying patty.In buried samples, two key fracture
orientations are formed: near vertical, perpendicular to the margins, and concentric to the
margins, curving downwards. These fracture orientations are comparable to the radial
fractures suggestedby numerical modelling of cooling, and the marginal fissure orientations
of the Cloos model respectively. In contrast to the Cloos model, the analogues suggest that
marginal fissure orientations could result from contraction, rather than emplacement forces.

Increased burial depth reduces the total number of fractures formed.
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Highlights
» Analogue models to understand fracturing of plutons during cooling.

Radial and concentric, steepening downwards, fractures are formed in contracting
cylindrical volumes.

* Results depend on rate of contraction and burial depth.
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