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Close to surface, cohesive rocks fail in extension, which seilts in open fractures that can
be several tens of meters wide, so-called massively dilatafaults. These open fractures
make fault slip analysis in rifts challenging, as kinematmarkers are absent. Faults in rifts
often have oblique slip kinematics; however, how the amounof obliquity is expressed
in the surface structure of massively dilatant faults remas enigmatic. Furthermore, the
structures of oblique dilatant faults at depth is largely wonstrained. To understand the
subsurface structures we need to understand how different bliquities of slip in uence the
surface structures and the corresponding structures at deth. We present analog models
of oblique massively dilatant faults using different coh@ge materials in a sandbox with
adjustable basement fault slip obliquity from Oto 90 . Experiments with different mean
stress and material cohesion were run. Using photogrammeit 3D models, we document
the nal stage of the experiments and investigate selecteddults by excavation. We
show that fault geometry and dilatancy changes systematidéy with angle of obliquity.
Connected open fractures occur along the entire fault to a deth of 6-8cm, and as
isolated patches down to the base of the experiments. Usinghe scaling relationship
of our models implies that transition from mode-1 to shear &cturing occurs at depths
of 250—450 m in nature. Our experiments show the failure modé&ansition is a complex
zone and open voids may still exist at depths of at least 1 km. Wapply our results to the
dilatant faults in Iceland. We show that the relationship lieveen angle of obliquity and
average graben width determined on faults on Iceland matclse experimental results.
Similarly, fracture orientation with respect to fault olgjuity as observed on Iceland and
in our experiments is quantitatively comparable. Our restsl allow evaluation of the
structure of massively dilatant faults at depth, where thesare not accessible for direct
study. Our nding of a complex failure mode transition zone hs consequences for our
understanding of fracture formation, but also in uences ouinterpretation of uid ow in
rift systems such as magma ascent or ux of hydrothermal wates.
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von Hagke et al. Oblique Rifts and Massively Dilatant Faults

INTRODUCTION Lithosphere-scale centrifuge models with K-feldspar powder
representing the brittle upper crust, plasticine the lower crust,
Oblique rifts form when the relative movement of two plateand a plasticine-silicone mixture the upper mantle show that
boundaries is not perpendicular to the rift trend. More than 70%the angle of obliquity changes fault geometries observetieat t
of Earth's divergent plate boundaries exhibit an obliquerabter  syrface, and that dominant strike-slip forms at obliquitied5
(Woodcock, 1986; Philippon and Corti, 2016; Brune et al., 201§agostini et al., 2000 These studies show how obliquity of slip
Jeanniot and Buiter, 20).8Pr0minent eX&mp'eS include the in uences rift geometry. However, we have little know]edue
Ethiopian rift, the Reykjanes Peninsula on Iceland, or the Mohnfault geometries in the upper few 100 m of the crust, where rocks
Ridge in the Arctic Ocean (e.gauteuil and Brun, 1993; Grant fajl in extension. Particularly it remains enigmatic howligfity
and Kattenhorn, 2004; Corti, 20p8The in uence of oblique of slip in uences the distribution of open fractures at suréa
spreading directions on fault geometries and orientatioas, and depth.
well as linkage processes and fault evolution, have beefestud  Massively dilatant faults form in cohesive rocks under low
on crustal and lithospheric scal&\{thjack and Jamison, 1986; dj erential stresses, mostly close to the surface but also pihde
Dauteuil and Brun, 1993, Clifton and SCh“SChe, 2001, 200%nderh|gh pore uid pressure (e_glan GentetaL,ZOlO;Houand
Clifton and Kattenhorn, 2006; Agostini et al., 2009; Bruneet al., 201). They are ubiquitous features occurring at a range
2014; Zwaan et al., 2016; Zwaan and Schreurs,)20hese  of scales, with opening widths from mm-size to several tens of
studies show that obliquity of rifting in uences geometry 0 meters as found along rift zones. Dilatant faults and assetia
structures at the SUrface, even thOUgh local stress re@atiens fractures form high_permeabi"ty corridors and thus are m’aj
may result in dip-slip motion along faults trending obliquely  pathways for uids such as water, hydrocarbons, or magma
extension direction Morley, 2010; Corti et al., 2013; Philippon (Ingram and Urai, 1999; Ferrill and Morris, 2003; Crider and
et al, 201p Despite these e orts, we still know little about peacock, 2004; Faulkner et al., 2010; Trippanera et al., 2015;
the detailed structures of these faults at depth, as they afesttermann etal., 20)6Consequently, dilatant faults are of great
Comm0n|y not accessible in the eld. Furthermore, it remsin economic interest for water and geotherma| energy Supmﬂri
poorly understood which structural features observed at thend Babadagli, 20),1geohazard assessment and geodynamics
surface are characteristic for the amount of obliquity @b.sIn (Crone and Haller, 1991; Caine et al., 1996; Gudmundsson
this Study, we inVGStigate the in uence of fault Obllqulm tault et al., 2001; Ehrenberg and Nadeau, 2005; Be]ayneh et@d;, 20
evolution and geometries, focusing on the uppermost few 100 Monergan et al., 200;7or mineral depositsghang et al., 2008
of the rift system, where cohesive rocks fail in extensidnisTs  Dilatant fault systems occur at mid ocean ridg&si(imundsson,
vital, as understanding the geometry of open fracture distiion ~ 1987: Angelier et al., 1997; Wright, 1998; Friese, 2008)e$ien
is essential for predicting uid ux through the crust. et al., 2010; Trippanera et al., 2)]l4ntra-plate volcanoes
Analog modeling of oblique rifts has shown that many(Holland et al., 200§ continental rifts Acocella et al., 2003;
aspects of the geometric complexity of these systems can Reocella, 2014; Trippanera et al., 2J1But also in cemented
reproduced, including releasing and restraining benddf&ep-  carbonates and clastic sedimentéc(Gill and Stromquist, 1979;
overs, antithetic faUltS, bookshelf structures, or faemdes. Early Moore and SChU'tZ, 1999; Ferrill and MorriS, 2003; Lonergan
analog experiments of oblique rifting with soft clay (a misdu et al., 2007; Wennberg et al., 2008; van Gent et al., 2010;
of mostly kaolinite and quartz) showed that steeply dipping rif Kettermann et al., 20)5 Their internal structure has been
parallel Strike-S”p faults form at Ob|qu|t|eS 60 (WlthjaCk and studied using ana]og and numerical modem)e et al., 2011;
Jamison, 1986 Lithosphere-scale models of oblique rifts with Holland et al., 2011; Hardy, 2013; Kettermann et al., 2016
a layer cake of sand and silicone putty were used to establigthese studies, in combination with eld observations, shbat
rst order geometries characterizing oblique rifts, suchraean  (distinctive features of dilatant faults include sub-veatidault
fault trend diering from extension direction, common en- scarps, rotating hangingwall blocks, and tens of meters wide ope
échelon pattern, or curved faultsion and Brun, 199). Models  fractures (e.gAcocella et al., 2003; Grant and Kattenhorn, 2004
including the asthenosphere represented by a honey syrup lay€onceptual models for 3D geometries of dilatant faults aredase
show that pull apart basins formed separately during early stagen outcrops and scaled models (e.yl¢Gill and Stromquist,
of rifting can still be recognized in the evolved unied rift 1979: Schultz-Ela and Walsh, 2002: Holland et al., 2006; &enne
(Mart and Dauteuil, 2000 These experiments were performedet a|., 2010; Vitale and Isaia, 2)1Analog and numerical models
at obliquity angles of 15and 30. For highly oblique settings have been used to understand joint development, evolution of
(60 ), Clifton et al. (2000and Clifton and Schlische (200lsed  dilatant faults, and the in uence of mechanical stratigrgpbr
scaled clay models to show that fault nucleation, growth angre-existing structures on surface geometries and fault psee
interaction in uences the time evolution and geometry olifs  (Clifton and Schlische, 2001; Seyferth and Henk, 2006; Sahopfe
in oblique rifts. Experimental results are comparable tostilves et al. 2007a,b:; van Gentetal., 2010: Abe etal., 2011 Hetah,
observed on an obliquely rifting section of the Mid Atlantic 2011: Holohan et al., 2011: Hardy, 2013; Kettermann and Urai,
Ridge outcropping on the Reykjanes Peninsula, SW-Icelandp1s: Kettermann et al., 2015, 2016; Bonini et al., R06st of
including three sets of faults: rift-perpendicular rightésél  these studies focus on dip-slip normal faults.
oblique-slip faults, rift-subparallel left-lateral ohlie-slip faults Here, we report results from analog models using cohesive
and normal faults striking 20counter clockwise to the rifttrend powder as modeling material, representing the uppermost few
(Clifton and Schlische, 2001; Clifton and Kattenhorn, 2006 km of basaltic crust. We build on results &&lland et al. (2006):
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Holland et al. (2006); Kettermann et al. (20;l@nhdvan Gent rift shoulder. The box has no lateral walls and the sample
etal. (2010and extend these to oblique slip kinematics. We shovis set up with natural slopes in strike direction. Because of
that there is a rst order similarity between surface expi@ss the slopes, the 70cm wide sandbox provides fault length of
of models and features observed in nature such as wide opatout 40cm Figure 2. An advantage of this setup is the
fractures, tilted blocks, or ssures$-igure 1). This supports the experiment is not a ected by friction of sidewalls in uencinige
inference that experiments will also be representative f@& thevolving geometries.

deeper structure and provide insights into fault structutesttare The box is driven by a geared motor to displacements of up to
commonly not accessible in the eld, and into the time-evadn 70 mm. Our experiments are rate independent; we chose a speed
of dilatant faults. However, whether the surface strucstaee not  of 3 mm/min so that fault evolution is captured in pictures take
only qualitatively but quantitatively comparable remaimstie in 10 s intervals. We use high-resolution digital singleslee ex
tested. To this end we quantitatively analyze the surfacetstre  cameras to monitor the experiment. We use top- side- and front-
of fault zones developed in the sandbox and formed at di erenview time lapse photography to create digital elevation models
obliquity angles. We then compare our observations with eldusing “structure from motion” technique\{/estoby et al., 20)2
data from southwest and northern Iceland and nally we prowid which allows for analyzing the structure of the fault zone in.3D

a conceptual model of evolution of massively dilatant fairits We use a vacuum cleaner to excavate parts of the fault zone from

cohesive rocks.

EXPERIMENTS
Experimental Setup

the top in order to look at the fault surface at resolutions rmuc
higher than by CT-scanning-olland et al., 2006 This method
has limitations: loose fragments of fault rock, bifurcasoaf
the fault surface and parallel fault planes can produce strestur
which are di cult to interpret. Alternatively, we Il the open

To test the e ect of obliquity on normal fault evolution we fractures with ne grained €0.2mm) sand to stabilize the

designed a new apparatus that allows for adjusting obliquitgtructures. The experiments can then be sliced horizontally
on a rigid basement fault in 15steps. We use a single however small open fractures and fractures which were not
basement fault dipping at 60 modeling structures at a single lled with sand may become damaged during excavation.

FIGURE 1 | Examples of massively dilatant faults in nature and expergnt.
(A) Thingvellir Fault in Iceland. For exact location se€igure 10 . Red circle
shows four geologists for scale. Top right shows sketch of falt geometry. The
river ows on the hangingwall. Between hangingwall and footall Massively
Dilatant Faults (MDF) develop, which may be several tens ofaters wide.
These open fractures may be partly lled with sediments, watg ice or lava
ows. Close the surface tilted blocks can form.(B) Experiment in hemihydrate
powder shows open fractures and tilted blocks similar to thegeometries
observed in the eld. Quantitative mapping of the geometry oinalog
examples may provide insights on the kinematics and deep sficture of the
system.

Combining both excavation routines provides insights on
the width of the fault zone and the distribution of open
fractures down-dip.

We performed a rst set of seven experiments with
hemihydrate powder thickness of 20 cm and obliquity angles of
0, 15, 30, 45, 60, 75, and 90. 0O obliquity corresponds
to a dip-slip experiment; 90corresponds to strike-slip faulting
without a normal fault component. In a second set with a totial o
20 experiments we used the same angles of obliquity but reduced
powder thickness to 10 cm. We repeated the 10 cm hemihydrate
experiments to test their reproducibility and to apply the di erent
excavation methods. A third series was performed with a 10cm
thick layer of a 1:10 wt% hemihydrate-sand mix, also testirgg t
seven di erent obliquities from 0 to 90

To analyze the results quantitatively, we use top view images
of the time when the rst visible fractures form, and images
captured at 24 mm displacement. The latter is a stage where the
fault has reached a mature phase, i.e., further extensidmissa
exclusively accommodated by widening of pre-existing fraegur

Material Properties and Scaling

Fine powders provide the cohesion and spatial resolution
required to investigate dilatant fault processé&a(ter and
Troll, 200)). Holland et al. (2006)and Galland et al. (2006)
REF presented the rst experiments with full analog material
characterization and thus a more complete understanding of
the scaling relationships. Since then, dierent ne powders
have been extensively used to model fractures in cohesive
materials Walter and Troll, 2001; Galland et al., 2006, 2015;
Rodrigues et al., 2009; Gressier et al.,, 2010; van Gent et al.,
2010; Holland et al., 2011; Trippanera et al.,, 201We

use pure hemihydrate (Cag$3/» H»O) powder for our
experiments, which is commercially available “Probau Baugips.

Frontiers in Earth Science | www.frontiersin.org

February 2019 | Volume 7 | Article 18


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

von Hagke et al. Oblique Rifts and Massively Dilatant Faults

A Sideview on the sandbox B Topview on the experiment - setup

©
A

2\
fixed plate 77\ movable

plate

600 mm

/
a=acute angle Direction of plate movement

~ 60° basement fault

0-90° = Rake /

FIGURE 2 | Experimental setup.(A) The box consists of a stable block and a hangingwall block thiecan move at different obliquities ranging from dip-slip to
strike-slip. Angle of the of basement fault has been set to 6Q (B) In top view, the rift trend is parallel to the basement fault,ldiquity & is de ned as the angle between
dip direction of the basement fault and direction of plate meement (i.e.,& D 0 for dip-slip, and& D 90 for strike-slip; a dip-slip fault has no or 0 of obliquity).

(C) Example picture of an experiment with 45 obliquity. Note the box does not have sidewalls, and thus thdault is unencumbered by sidewall friction.

TABLE 1 | Mechanical properties of analog materials.

Material Density [kg/m 3] True cohesion Tensile strength

Hemihydrate 898 31.35 15.68 — 2361 Papreload
2000 = 1885 Pa preload
1:10 mixture 1,404 4.78 2.39 = e papreload
—_— a preload
1500 = 694 Pa preload
— cohesion
=« tensile strength
1000
In a second experimental series, we use a 1:10 wt-% sand-2 ,, :
powder mixture (1:10 mixture hereafter). This material has -~
] \\
= ~—
55 )
d [Py 2

shear stress [Pa]

a 6.6 times lower cohesion than pure hemihydrate powdet,
representing weaker materials such as hyaloclastites, ,ashes
or scoria.

To characterize the materials, we measured densities and
performed shear tests for normally consolidated and over- FIGURE 3 | Combination of material characteristics in a cam-clay typelot.
consolidated material, foIIowing the proceduresl—toflland et al. Normal stress is plotted on the x-axis, shear stress along #hy-axis. Along the
(2006) and van Gent et al. (2010)TO characterize the tensile z—_axis, pre—load_ing_is plotteq. Stippled green line repremnts tensile strength,

. . stippled black line is cohesion.

strength of cohesive powders at varying normal stresses, we
constructed a tensile strength measuring setup similarhi® t
Tensile Strength Tester (TST) &fthweiger and Zimmermann mass is one to two orders of magnitude lower than the value
(1999) Table 1 shows the results of material characterizationfor intact rock (Schultz, 1996 This is because consists not of
Shear tests and tensile strength measurements can be cethbira homogenous rock package but an intercalation of e usive
in a Cam-Clay type modelRoscoe et al., 1963; van Gentand eruptive lavas of dierent origins, variable thicknesses
etal., 201)) This plot (Figure 3) summarizes material properties, and di erent degrees of fracturing. Consequently, 1 cm of the
showing friction angle, tensile strength and cohesion as khemihydrate represents 50 m of basalt Table S). This value
function of over-consolidation. matches observations in the eld, where scarps of that heagt

To determine the scaling factor, the density and strengtttommon (Figure 1).
of Icelandic basaltic rocks were used, as these rocks represe Strength of the 1:10 mixture is 6.6 times weaker than the
the natural prototypes of the experiments. Using the scalin@pemihydrate strength. This is similar to the strength castir
relationships oHubbert (1937)and the cohesion and density of between intact basalt and weathered basalt or hyalodastit
pure hemihydrate powder, 1cm in the model would represenscoria. Thus, the 1:10 mixture is suitable to model weak rock

500-2,800m of intact basalt, depending on chemistry oas commonly outcropping in Iceland-{gure 1). 1:10 mixture is
degree of weathering (sél@ble 1 for material properties and an alternative to crashed quartz sand, which is another riate
Supplementary Data Sheet for detailed discussion and scaling commonly used to model cohesive rocksg(land et al., 205
calculations). However, for modeling large-scale systdmik Details on material characterization and scaling are preslich
rock strength must be considered. Cohesion of basaltic rocthe Supplementary Data Sheet.1
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RESULTS on the angle of obliquity Figure 5. In experiments with
obliquities between 15 and 45 en-échelon structures are
For all experiments, we provide time-lapse videos in th&oon linked to form a through-going main fault. Both,
digital appendix. All experiments have the same boundaryinderlapping and overlapping of fractures occur, leading to
conditions, that is a 60 dipping basement fault and no djerent linkage mechanisms. In most cases, fracture segsnen
sidewalls along strike the fault. They dier in the amount of coalesce via hard linking of single underlapping fractures.
obliquity. Here, we rst report results of hemihydrate powder Qverlapping fractures develop into relay ramps that often
experiments, Structures for the two sets of 10 and 20 cm powd@feach during progressive deformation. Underlapping fault-
thickness are very similar, why it makes sense to discusa theparallel fractures often continue to grow parallel to the
jointly. We then compare these with results from 1:10 mixturepasement fault until they link with another fault segmentrao
experiments, before reporting (semi-) quantitative resuwfs strike (seeSupplementary Videoy En-échelon fractures in the

all experiments. experiments with high obliquity> 60 ) eventually also link to
form a through-going fault, but linkage occurs after 5-10 mm

Hemihydrate Powder Experiments of displacementRigure 5 Supplementary Videoy En-échelon

Surface Structures fractures form not only during early stages of deformation,

En-échelon fractures are the earliest structures thatldevie  but also develop later in the graben centefigure 5). If

all but pure dip slip experiments after2 mm of displacement orientated approximately perpendicular to the direction of
(Figure 4). They develop above the basement fault, as welglative movement of the hanging wall, dilatancy of these
as above future antithetic faults. At low obliquities (&nd  fractures increases gradually during the experiment. Galyer
15), orientation of the earliest fractures is largely parallePrientation, curvature, location as well as amount of enedgh

to the basement fault. At obliquities of 3Gand larger, en- fractures control main fault evolution as individual segmteelink
échelon fractures form. Their orientation is variable, degieg ~ during progressive deformation.

Al 0% obliguity, 2mim displacement. T B 15° obliquity, 2zmmdisplacemenrt ko
»

»

'

M ' Y v

C] 30° obliquity, 2mm displacement D] 45° obliquity, 2mm displacerﬁent
s e,
\ . :
Wmm:bmgfmm ; F] 75° %ﬁf‘zmm ?is;.)l.a__gement '{3;
: \\’ ) R ‘ \

€] 90° obliquity, 2mm displacement
|
| \
R4
- 10cm. /-

FIGURE 4 | Compilation of mapped initial fractures. With increasingldiquity, fracture orientation changes progressivelfA—G) Obliquity increases from 0 to 90;
fractures mapped after 2 mm displacement. These early fraates control geometries of mature faults. Experiments witR0 cm hemihydrate thickness. Black arrows
denote movement direction of the lower plate.
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Footwall Hangingwall
g H
3 =
g Graben g
= m
o
= dv =20.8 mm
62 mm
dv =20.6 mm

78 mm

|

dv =20.0 mm
79 mm
du dv=186mm
111 mm
dv =157 mm
69 mm
dv=9.8mm
dv=0.0mm

FIGURE 5 | Top view of nal stages of 20 cm powder experiments and schemait cross section perpendicular to basement fault strike(A—G) Obliquity increases from
0to 90 . Same experiments as shown irFigure 4. Pictures were taken after 24 mm of deformation. This is a sge where the fault has reached a mature phase, i.e.,
further extension is almost exclusively accommodated by wiening of pre-existing fractures. At obliquities between @nd 60 a graben forms between the main fault
and the antithetic fault on the hangingwall. At low obliqui¢s, the entire fault shows dilatancy, whereas at higher olgjuities dilatancy is restricted to releasing bends.
Note how nal fault geometries are in uenced by orientation ofearly fractures Figure 4). Red circles denote tilted blocks. Cross sections show veical throw
associated with fault movement (dv), and average widths ofrgbens.
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In uence of strike-slip motion is most pronounced in all restraining bends, dilatancy is negligible. This e ect beesm
75 and 90 obliquity experiments, where a set of R-shearsnost pronounced at obliquities of 75 and 90In these
forms at an angle between 1%@mnd 30 to the underlying experiments, open fractures are isolated. These fractunesine
basement-fault. Because of linkage of en-échelon fregctiugng  open during the entire experiments, as no tilted blocks form.
progressive deformation, fault geometries resemble a aig-zWhere restraining and releasing bends are less well-dewelope
pattern (Figure 5). Long R-Shears in experiments with obliquity the fault is open along its entire length.
of 75 and 90, result in large wavelength of the structure
(Figures 5F,GFigure S3. Fault Plane and 3D Structure

During progressive deformation, fractures step into theTo determine dilatancy at depth and to inspect individual fault
footwall, incorporating individual blocks of the main fautito  surfaces, we excavated two experiments withdrd 60 fault
the graben structure. This results in formation of tiltecobks  obliquity (Figure 6). It was only possible to excavate powder
and breached relay structures and thus decreasing fawlbsity ~ experiments, as the 1:10 mixture immediately collapsed ded |
(de ned as the curvilinear length of the fault divided by the all open fractures. Open fractures exist down to depths of 6-
linear distance between two points). This is most pronounced i8cm, and can be linked to the surface or are found below
experiments of 30—6Mbliquity. This is surprising, as intuitively collapsed tilted blocks. Dilatant fractures are intercorted
this e ect may be expected to be highest for experiments witl@long the entire fault in experiments with low obliquities. In
highest obliquities. However, in experiments of 75-8Bliquity,  the graben center, open fractures are observed down to a
R-shears instead of early en-échelon fractures dominatd ndepth of 10cm. Generally, the amount and size of dilatant
geometry Figure 5 Supplementary Videoy Generally, in pure fractures decreases with depth. Smaller fractures are st
powder experiments, the nal geometry of the main fault iswith debris, particularly in areas where tilted blocks cotla.
established after 24 mm displacement. The deepest cavities of up to 12cm have been preserved at

Because the fault dip in the model is steeper thar@antithetic faults. Dilatancy close to the surface is muchedow
basement fault dip, antithetic faults develop, resulting inas compared to the main fault, and thus more easily lled
graben structures. Antithetic faults are prominent featuteat  at shallow depths. This prevents loose material from reaching
are observed in all experiments except in -B® powder. the lower parts. Furthermore, because tilted blocks are, rare
Antithetic faults form commonly after 4-10 mm displacementthe amount of debris falling into the fault is relatively sinal
(seeSupplementary Video} Consequently, total displacements Consequently, permeability of the antithetic faults may bghler
and apertures are smaller, ranging between 1 and 5mnat depth as compared to the main fault, both in 1&nd 60
At antithetic faults, tilted blocks are rare. Resulting grab obliquity powder experiments. While rubble llings partly clog
geometries, sizes and formation mechanism di er between théhe entire main fault, antithetic faults show connected tasi
individual experiments. Grabens do not form in strike-slip along strike Figure 6).
experiments and are rare in 7&xperiments. At low obliquities, ~ With increasing obliquity, dilatancy along the main fault is
narrow and deep grabens form, as observed in thel® and  often restricted to releasing bends at the surface, sepghiate
20 cm powder experiments&igure 5). intensively sheared zones. Consequently, dilatancy ctosieet

Dilatancy along the main fault has been observed in alsurface becomes smaller with increasing obliquity. Relgasin
experiments with hemihydrate powdeFigure 5). The amount bends can remain open at depth as due to absence of tilted
and localization of dilatancy depends on obliquity, sintysi blocks little debris is lling them. This results in the (somkat
cohesion of the material, and presence or absence of tiltezkbl ~ counterintuitive) general trend that faults with intermedé to
Tilted blocks are typical features formed at the model swfac high obliquities show dilatancy at greater depths than I&disjoe
They are features developing at the hangingwall and tiltindaults and a high vertical permeability. In all experimerite area
toward the graben center. In high obliquity experimentgeti  fraction of dilatancy decreases with depth.
blocks are bound to transtensional areas (releasing bemtsjre Excavated fault planes show slickensides on the surfaces of
absent in strike-slip experiments. Tilted blocks form in diemt ~ shear fractures, tracing the moving direction of the hamyiall
amounts and sizes, show di erent amount of tilting as well adlock (Figure 7). Slickensides are observable in all experiments.
variable degrees of fragmentation. There is no clear melatiip  In strike slip experiments, they are observed from close to
between amount of tilt and amount of displacement. In manythe surface down to the bottom of the experiment. In dip-slip
low-obliquity experiments, the blocks rotate back toware th experiments, they only occur at depthss cm, as closer to the
hangingwall during late stages of deformation or collapge in surface only dilatant fractures occur. Size of the slickinslanes
dilatant faults. They always dip approximately at %0 the is variable along strike individual slip planes, and may eng
basement fault; we observe no variation of block orientatio between few millimeters to centimeters.
with increasing obliquity. In powder experiments, dilataatfts
particularly Il where tilted blocks collapse. Where no tite Sand-Powder Mixture Experiments
blocks form, wide dilatant fractures are present, and maydigles Results from 1:10 mixture experiments, scaled to weaker rocks
during the entire experiment. such as hyaloclastites or scoria, can be compared to powder

Increase of obliquity changes the amount and location oéxperimentsFEigure 8). Generally, the 1:10 mixture experiments
dilatant parts along the main fault. The higher the angledisplay similar surface structures as observed in experiments
of obliquity, the more dilatant releasing bends develop. Inwith hemihydrate powder only. These include the formation of
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FIGURE 6 | Excavated experiments. Two excavation techniques have beeapplied to visualize open fractures at depth. First, operrdctures were lled with dyed
sand, and the experiment was sliced from top to bottom.(A) Top view on surface structures of experiment with 10 cm powdethickness and 15 obliquity.
Down-thrown block at bottom, arrows indicate direction of novement. (B) Excavated experiment. Blue sand lled the open fractures at dpth. At 3.5cm wide open
fractures exist at depth. Tilted blocks at the hangingwall @llapsed and reduce area fraction of open gaps at the main fdt The antithetic fault remains open(C) Top
view of powder experiment with 20 cm powder thickness and 60 obliquity. (D) Surface excavated with vacuum cleaner. Vacuum cleaning redts in more rugged
surface as opposed to slicing, but small open fractures are mencumbered by the excavation process. Similar t¢B), the area fraction of open gaps is larger at the
antithetic fault, as the main fault is lled with debris of cd&psing tilted blocks.

are mainly restricted to a narrow band in the 1:10 mixture
experiments. In experiments with 30obliquity and higher,
underlapping fault segments do not link during early stagebef
experiment. Instead, they continue to grow subparallel tcheac
other, forming overlapping fault segments that are subsequentl
linked by the formation of a relay. During late stages of the
experiments, these relays are breached and a through-going
main fault forms Figure 8 see alsdSupplementary Videos.
Generally, in pure powder experiments, the nal geometry
of the main fault is established after 2mm displacement.
In 1:10 mixture experiments geometries change until
20 mm displacement.
FIGURE 7 | Slickensides on an excavated fault surface of a hemihydrate Similar to powder experiments’ in 1:10 mixture experiments
Zﬁgg;?eg:tssgfgf:fiis are best visible in the encircledrea, and absent in grabens develop between main and antithetic fault except at
P i high obliquities. Antithetic faults form generally after ©&-mm
displacement. The graben in 1:10 mixture experiments shows
a decrease in graben width with increasing obliquity at lower
cli s, tilted blocks, (breached) relays, dilatant faultsitithetic ~ obliquities as compared to powder experimenkg(re 9). At
faults, local areas of extension and compression as well-as dgher obliquities ¥ 45) 1:10 mixture experiments also show
échelon faults and R-shears. We observe the strain is morestraining and releasing bends, but apertures are muchlemal
localized in a narrow band around the basement fault tracethan in the pure powder experiments and the open parts are less
The inuence of obliquity on the geometry and curvature connected. The 751:10 mixture experiment shows a distinct
of the antithetic fault is much smaller as compared to theshear zone in its center without any openingidure 8). In
hemihydrate powder. Generally, dilatant parts in the 1:1Gummary, weaker material shows similar structural element
mixture experiment are quickly lled as the sidewalls rapidlybut observed geometries are often less pronounced than in
loose cohesion. powder experiments (e.g., smaller tilted blocks, narrow grabe
Like in the powder experiments, en-échelon fractures ar@ften features occur only transientlsgpplementary Video}
the rst observable structures at the surface. However,lavhi as sidewalls loose cohesion. Even small vibrations durieg th
in powder experiments fractures form over a large area thegxperiment can lead to a total disintegration of structures.
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FIGURE 8 | Comparison between experiments with different powder
thickness and material strength(A—C) Experiments with 0 obliquity. In 20 and
(Continued)

FIGURE 8 | 10 cm powder experiments, open fractures form on both sides 6
a central graben between main and antithetic fault. Tiltedlbcks from that may
collapse and |l parts of the fault with rubble. In weaker mateal (1:10 mixture)
open fractures are rapidly lled with material collapsing ém the sidewalls(C).
Vertical cliffs form, but open fractures are only sustainedlose to the surface.
(D-F) Experiments with 45 obliquity. A shallow and wide graben forms in the
20 cm powder experiment; the in uence of early en-échelon fratures is visible
in the hangingwall. Dilatant fractures at the surface areds continuous and
narrower as compared to the experiments with 0 obliquity. In the 10 cm and
1:10 mixture experiments, a narrow graben formgF). Rotated and collapsed
blocks oriented parallel to the basement fault are visiblaiall experiments.
Dilatant fracturing in the 1:10 mixture experiments is muclower than in
powder experiments. (G-I) Experiments with 75 obliquity. Typical strike-slip
structures occur and fault geometry is dominated by orientdon of R-shears.
Dilatancy in powder experiments is most pronounced at relesing bends.
Width of the fault zone decreases in the 1:10 mixture experiemts (1).

(Semi-) Quantitative Analysis

For quantitative analysis, we determine dilatancy, grabigthy
fracture distribution, sinuosity (de ned as the ratio of the
curvilinear length of the fault trace divided by fault lengtind
the shape and distribution of tilted blocks along strike thelf.
Results of quantitative analysis are providedrigure 9.

Graben width correlates with obliquity Fgure 9A).
With increasing obliquity, grabens rst tend to become
slightly wider before decreasing at obliquitiegl5 for 10cm
powder experiments, and obliquities60 for 20cm powder
experiments, respectively. Expectedly graben width is zero
for 90 obliquity, i.e., strike slip faulting without normal fault
component Figure 9).

To characterize fracture orientation, we report mean azimut
with respect to the basement fault and length. Orientation of
early fractures in dip slip experiments is dominantly parallel
to the basement fault, as expected. With increasing obliquity
en-échelon fractures form and the strike of the fractures
changes progressively, until it stabilizes at an angle of 15
5 with respect to the basement faulFigure 9B). At nal
stage of deformation and zero obliquity (dip-slip deformatjp
fractures longer than 6 mm are oriented parallel to the baggme
fault. Smaller fractures occur in all directions. With incse&y
obliquity, fewer small fractures are observed, particylarlthe
graben, and their orientation is more similar to that of theam
fault. Strike of fractures progressively changes with iasimy
obliquity, to a deviation of 20 from the basement fault
in strike slip experimentsKigure 90). This is consistent with
expected orientations of R-Shears. In all experiments, tea ar
between main and antithetic fault is progressively more fresxd
during the experiments. Therefore, mean fracture lengthsdus
change during the experiments.

A general decrease in fault dilatancy with increasing obtiqui
can be observed in all experimenEdures 9D,B. The thickness
of the powder layer does not change measured dilatancy,
as it depends on slip of the basement fault (as opposed to
graben width, which correlates with layer thickness). Sirfyl
dilatancy measured in pure powder experiments is comparable
to values in 1:10 mixture experiments, and depends on the
amount of horizontal displacement on the fault. However,
dilatancy determined at the surface is always higher than th
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FIGURE 9 | Quantitative evaluation of all experiment§A) Average graben width (i.e., the distance between the main tdt and the antithetic fault) for experiments with
10 and 20 cm powder thickness and 1:10 mixture experiments as function of obliquity. Graben width is constant or slighyl increasing for low to medium obliquities
and drops to zero at high obliquities. No graben forms in stke-slip experiments. Faults(A,C) are natural examples from IcelandRigure 13 ). (B) Orientation of initial
fractures for different obliquities as observed in experiemts, as measured after 2mm of displacement. Progressive @nge of strike direction can be seen until 45 ,
after which the orientation is roughly constant at an anglefal5 5 with respect to the basement fault. Red markers representsrécture orientation observed at an
evolving fault in Iceland(C) Orientation of fractures as observed after 24 mm of displac@ent in experiments. Mean strike values are variable, but aegeral trend with
increasing obliquity can be inferred. The values measured bur experiments are similar to values obtained from soft @y models {Vithjack and Jamison, 1986

(D) examples of dilatancy as determined in 10 cm powder experim@s. Top view of experiments, blue areas are dilatant part{E) Quanti cation of changes of
dilatancy with increasing obliquity. The general decreasy trend can be seen in all experiments. Dilatancy scales withorizontal displacement on the basement fault
(black dots).(F) Number of tilted blocks plotted vs. fault obliquity. A geneal decrease is observed. The size of tilted blocks remains awstant for low obliquities, but
decreases slightly when obliquity is larger than 45(G). This trend is less apparent for 1:10 mixture experimentgH) Fault sinuosity as a function of obliquity.

horizontal displacement at the basement fault. This is aitiexc Closely linked to the amount of dilatancy is the number of
observation, as it implies it is not straightforward to deteémne tilted blocks along the main faultigure 9. We counted the
the amount of fault slip by measuring dilatancy. As observesiumber and measured sizes of tilted blocks in 10cm powder,
in the sliced experiments, dilatancy deceases with inargasi 20 cm powder and 1:10 mixture experiments. The number of
obliquity, as it is successively more concentrated in sdtgp tilted blocks decreases with increasing obliquity. 1:10tumé
bends in strike slip setting. experiments show consistently more tilted blocks as compared
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to pure powder experiments. This is because the lower cohesidhe fault) form to a depth of 5-9 cm in hemihydrate powder.
of the material results in fractionation of the blocks dugin Down to this depth no slickensides were observed. Below this,
the experiment. The size of tilted blocks is constant for lowin the hybrid fracture zone, open fractures occur together
obliquities, but decreases at obliquitiegl5 . This trend is less with slickensided patches. Using our scaling relationshiyg t
apparent for 1:10 mixture experiments; size of tilted blocks irfailure mode transition in the Iceland basalts occurs at tept
1:10 mixture experiments is lower than in powder experimentsof 250-450 m, possibly down to 1.5-2km for stronger intact
Blocks are largest at low obliquities and in 20cm powderock (see details on scaling in t&eipplementary Data Sheet)1l
experimentsfigure 9G). During progressive deformation, tilted Considering a tensile strength of 6 MPa and a mean density
blocks are successively disintegrated. Consequentlyaloene  of 2,400 kg/mi, Acocella et al. (2003galculate the depth of
of open voids at the nal stage of deformation is lower the morefailure mode transition to occur between 260 and 780 m, which
tilted blocks formed. is similar to our results. Depth of open fractures are compaabl
We determined sinuosity (dened as the ratio of theto estimates ofGudmundsson (1992)Acocella et al. (2003)
curvilinear length of the fault and its length) of the main Grantand Kattenhorn (2004orHardy (2013)who predict open
fault in all experiments from mapping fault traceBigure 9H).  fractures in basalts to occur down to depths of up to 800 m, c.
In powder experiments with 10cm powder thickness, fault00m, and several hundred meters, respectively, depending on
sinuosity increases for obliquities from 0 to 60ollowed by a tensile strength and rock density.
decrease. This pattern evolves because early fractures @ind th In our hemihydrate powder models, dilatant jogs still exist
linkage in uence sinuosity (see also above). In low obligui at the base of the box, i.e., at a depth of 20 centimeters,
experiments, early fractures are oriented approximately pral independent of fault kinematics. For intact basalt rock,sthi
to the basement fault, resulting in a main fault with low sosity ~ suggests that in dilatant jogs in normal faults may exist down
after early fracture linkage. With increasing obliquity;échelon  to depths of 5km and possibly deeper. Weak materials such as
fractures form, progressively deviating from basementfgtike  hyaloclastite or scoria are not able to sustain open fractuaes
(Figure 9B). Linkage leads to successively higher sinuosity of thihese depths. Consequently, depending on the material iedolv
mature fault. At obliquities of 60and higher, initial fractures in the faulting process, as well as its degree of fragmentation
are crosscut by the later main fault, resulting in a sinuosit and weathering, di erent depths of failure mode transition yna
decrease. In experiments with 20cm powder thickness, theccur in nature. Interlayering of weak and strong materias
decrease occurs already at 4%r 1:10 mixture experiments, often observed in rift systems, will result in a complex falur
sinuosity of experiments with low obliquity is higher than mode transition zone that can be spread out over hundreds of
observed in powder experiments. Despite these general trendseters Emart and Ferrill, 2008
considerable variation of sinuosity can be observed in the The observation of dilatancy is consistent with ndings
repeated experimentgigure 9H). This is because local material of earlier studies, using hemihydrate powder and a dip-slip
heterogeneities in uence fault geometry. This implies that  experimental setup Holland et al., 2006; van Gent et al.,
individual faults, sinuosity is not always a good measure t@010; Kettermann et al., 20)L6This study shows additionally
determine fault obliquity. In summary, our analyses showthat obliquity in uences the location of dilatant patches at
the angle of obliquity in uences fault geometry systemaltic ~ depth and at the surface. While dip-slip experiments show a
Parameters particularly indicative for obliquity are oriation  continuous connection of open fractures at the surfacekestslip
of initial fractures, graben width, dilatancy at the sudaand at experiments show open fractures only in releasing bends afyeer
depth, and number of tilted blocks. In this study, we focus thos dilatancy at the surface reduces approximately linearly with
on dilatant structures, as other parameters have been studiéncreasing obliquity for the same slip vectdtfigure 9B. In dip

earlier (see e.ghcocella, 201for a recent review). slip experiments, tilted blocks form, which are later disgreged
and Il the open fractures with rubble. With increasing oblidyj
DISCUSSION smaller tilted blocks form, and they have not been obsernedi
strike slip experiments. Hence, the open fractures are ned Il
Analog Models with collapsing material.

A general observation in our experiments is that the geometry Our models build on previous work that showed how
of the fault is strongly aected by the orientation of the obliquity in uences rift geometries at crustal to outcropade.
initial fractures. Location, orientation and densitiy af-€chelon Discrete element models bipeng et al. (2018)show how
fractures then aects the formation of tilted blocks, grabenfracture patterns at the surface are aected by a pre-existing
geometry, and fault sinuosity in the massively dilatant &on weakness. Based on analog modéfshjack and Jamison (1986)
The location of initial fractures is strongly dependent orcdb predict maximum extension direction at oblique rifts (which i
heterogeneities in the model material, and this has alsa been perpendicular to orientation of early en-échelon fracturesp
in DEM models @be et al., 2011 In the natural prototype, this function of the angle between rift trend and displacement & th
corresponds to the state of jointing in the basalio(land et al., rift walls. This relationship has been corroborated in claydels
201). This implies that much of the variability of fractures is and eld data in Iceland Clifton and Schlische, 20)3and is
controlled by heterogeneities in the model material. also observed in our experimentSigures 9B,G. Furthermore,

In our experiments, the deepest open fractures that cait has been suggested that fault sinuosity depends on obliquity,
be followed along strike (i.e., the massively dilatant pdrt oand reaches a maximum at 6@bliquity (Clifton et al., 200}
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This agrees with ndings of our study-gure 9H). However, our 30% obliquity to spreading direction of the mid ocean ridge
experiments show that fault sinuosity is variable, and degend Gudmundsson, 1987; Grant and Kattenhorn, 2004; Clifton and
on location of early fractures, their position with respectth@  Kattenhorn, 2006; Villemin and Bergerat, 201Fhe northern
basement fault, and fault linkage processes. Particulatly e and western rift zones are dominated by axial spreadiigglier
fracture localization depends on small scale heterogeseitind et al., 1997; Friese, 2008; Sonnette et al., 2010; Hjattiardo
fault linkage processes do not depend on obliquity but on thest al., 2012 In Thingvellir, located in the western rift zone,
local stress eld and its variation (e.@¢/lans eld and Cartwright,  the rift axis trends approximately normal to the plate spreading
2001; Clifton and Kattenhorn, 20)6as well as on the amount direction at 30. Similarly, the Kraa ssure swarm and the
of stretching fcocella et al., 2005seeFossen and Rotevatn Theistareykir ssure swarm of the northern volcanic zone aftso
(2016)for a review. Sinuosity values obtained in our experimentslominated by axial rift. Faults observed in Iceland show déer
vary between 1.05 and 1.16. For clay experimenii§pn et al. amounts of dilatancy, ranging from several tens of meterso
(2000)obtained values between 1.4 and 2.26. The higher valussale. Vertical depths of dilatant fractures measurablaeneld

are a result of two linking fault populations, whereas in ourcan be>40m, before the open fractures are lled with water,
experiments sinuosity mostly depends on linkage of en-échelcaeolian sand, or rubblé-(gure 11). Vertical walls show lava ows
fractures. As observed in our experiments and reported fronwith columnar joints and di erent degrees of fracturing, and
eld data (e.g.MacDonald et al., 1979; Kureth and Rea, 1)981 weathering intensity varies. Particularly for large opeysirit is
sinuosity of the fracture zone in transform settings cotdro challenging to correlate geometries at the surface. Chignbito
formation of releasing and restraining bends along the tfaul the open fractures allows correlations in deeper sectionsighlo

which in turn in uence dilatancy at depth. all faults, tilted blocks occur, with lengths ranging froewf to
_ several hundreds of meters. As in our analog models, collgpsin
Oblique Faults on Iceland of the blocks into the open fractures can be observed. Relays

The results of our study may be applied to faults on Icelandnd breached relays are common. Similar to our analog models,
located on the Mid Atlantic Ridge. Iceland is the only place orantithetic faults can be observed, with less vertical theowd
Earth where a mid ocean ridge is exposed above sea levelhatop dilatancy as compared to the main fault. In the Western Rift
extensional plate boundary separating the North AmericaneplatZone, newly developing faults exist, showing en-échelonifrast
and the Eurasian plate. The reason for the aerial exposureeof tlas observed in our models. 1:10 mixture experiments may be
Mid Atlantic Ridge in Iceland is the presence of a mantle plumegompared to mechanically weaker rock, such as hyaloclastite
the Icelandic hotspotiaban et al., 2002 This mantle plume ignimbrites or tu layers exposed in Iceland. These rocks are
is the cause for increased volcanic activity and a wider,enorcapable of supporting vertical cli s but are much more prone to
complex deformation zone compared to oceanic plate boundarieseathering. In weathered parts, no tilted blocks are preserved
where no plume activity occurs, as the relative movement ef thand dilatant sections are often lled with rubble.
plate boundary with respect to the Icelandic hotspot leadsftori  To quantitatively compare our analog models with nature,
jumps and unstable boundarieBifarsson, 2008 we focused on the Northern and Western Rift Zones, which
The mid-Atlantic ridge breaks up into a series of more ofo er exquisite outcrop conditions and good accessibilityfdalts
less obligue segments on the Icelandic main laRijre 10. (Figure 11). We used unmanned aerial vehicles to photograph
Zones of active rifting in Iceland are indicated by increhse the faults and successively create a digital elevation haide-
volcanic activity. Some of the rifting segments are purelyl5cm resolutionFigure 12). Intotal, we cover an area of roughly
divergent and characterized by normal faulting and ssgrin 12 km?2. Details on data gathering and DEM building are prodide
This type of fracturing and volcanism is observed inthe Nerth  in the Supplementary Data Sheet.IThese high-resolution data
Volcanic Zone, and in two sub-parallel rift zones in Southsets enable us to characterize fault geometries in the madlels
Iceland, the Western and Eastern Volcanic Zones, respégctivethe decimeter scale. The average graben width represents the
Other segments of the rift are transform zones charactdriae mean distance between the bounding faults, measured along
strike-slip movement, such as the South Iceland SeismieZorscanlines between the manually mapped graben boundaries in
connecting the Western and Eastern Volcanic Zones, and thiatervals of 1 m orthogonally to the average fault strike. Axsgdf
Tjornes Fracture Zone in the North of Iceland. Additionally obliquity are calculated from the opening width and horizaht
oblique segments such as the Reykjanes Volcanic Belt adisplacement of associated features along the fault. Theestrik
characterized by interlinked volcanism and strike-sliplfing  values for the faults and en-échelon fractures were catxlilas
(e.g.Einarsson, 2008; Savry and Cafion-Tapia, 024 Iceland  linear directional mean from the vectors of the fault traces.
dilatant faults similar to those observed along all mid atea We chose three faults, where geometries of dilatant frestur
ridges are spectacularly exposed (eRupeck et al.,, 20)/ on both sides can be correlated to determine obliquity. Fault A
Figure 11 It has been shown that these dilatant faults controlis located in the Kra a Fissure Swarm (Kelduhver are) of the
uid pathways and geothermal anomalie&/@lter et al., 2018 Northern Rift Zone, near the Asbyrgi canyon. Faults B and C
The Reykjanes Peninsula is situated in the south-westerre on the Reykjanes Peninsula in the Western Rift Zone. Fault B
most part of Iceland Figure 10. It is the direct prolongation belongs to the Reykjanes and Fault C to the Vogar ssure swarms,
of the Reykjanes ridge, i.e., the region where the mid-Aitant respectively. Five en-échelon fractures were identi ed gf@ault
ridge hits land. It is the only onshore oblique rift segmerit o A (in Asbyrgi), intersecting the main fault at an angle of 2bwo
the mid-Atlantic ridge, with the plate boundary oriented at antithetic faults are present, and the respective graberhsidte
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FIGURE 10 | Geological map of Iceland including main fault strucutres ahvolcanic belts. RR, Reykjanes Ridge; RP, Reykjanes Peniis; RVB, Reykjanes Volcanic
Belt; WVZ, EVZ, and NVZ, Western, Eastern and Northern Vole Zone; TFZ, Tjornes Fracture Zone; Thyv, Thingvellir. Gegical map modi ed after Johannesson
(2014). Rift zones fromThordarson and Larsen (2007)GPS data from Arnadattir et al. (2008) stress data from Heidbach et al. (2016)

285 m for the proximal and 363 m for the distal fault. To quantif with results from analog modeld=igure 9). This suggests that
obliquity, we inspected geometries of the adjacent faultglanstructures are not only qualitatively but also quantitatve
traces and connected matching features. Fault A has an anglemparable, and thus the structures we observe at depth in our
of obliquity of 41 (Figure 12. (The general extension direction analog models are also present in the faults on Iceland. That
in the area is orthogonal.) The 33&verage strike direction of surface structures in the eld and the models are quantiaity
Fault B has been calculated from a vector from fault tip tdtfau comparable suggests structures at depth observed in the smmodel
tip of the analyzed segment. The initial en-échelon fraesur are also present in natur€igure 13shows a conceptual model
were mapped as straight lines from fault tip to fault tip, from of geometries at faults with di erent obliquities, summarigi
which the mean strike direction of all en-échelon fractuvess robust features of the models. In dip slip deformation, tilte
calculated. Average en-échelon direction is.4Vhus, the en- blocks form and dilatancy occurs at the main and the antiihet
échelon fractures are oriented in an acute angle of 1&53he fault. Early fractures are oriented parallel to the main failted
main fault. For fault C (Vogar) the mean graben width of 422 mblocks may collapse, lling open fractures. Because at atitithe
has been measured from the main fault in the SE toward the neXaults tilted blocks are rare, open fractures remain opemBel
antithetic fault Figure 12. The fault traces have been mappeddepth of 6-8cm, the volume of open fractures decreases and
and projected toward the adjacent fault trace to illustrates th they are often not connected. This depth of open fractures is
fault has no oblique slip component. Measurements of grabeoonsistent with predictions from the Mohr-Coulomb diagram
width and orientation of early fractures are in good agreaeime and natural data from fractured rocksG(dmundsson, 1992;
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FIGURE 11 | Field sites on Iceland that may be compared to our analog mods! Field impressions show exceptional outcrop conditions bthe rift system, allowing for
high-resolution mapping of structures close to the surfaceApertures of open fractures at the surface range from few cnto several tens of meters, as for instance
observed at the famous world heritage site of Thingvellir. @relating both sides of the open fracture is commonly possie at fractures of widths of 10 meters or less.
Fractures are partly lled with rubble. Image 4 was taken with a unmanned aerial vehicle. Note the tilted block in foregroud of image 4.

Acocella et al., 2003; Trippanera et al., 20The open fractures decrease of dilatancy with depth, partly because of collapsing
are partly lled with debris from collapsing tilted blocks. In tilted blocks. Strike-slip faults do show a much weaker trenal
strike-slip kinematics, dilatancy is constrained to reieg bends. dilatant patches occur close to the surface and at depth.
This results in lower connectivity of open fractures at theface. This model may be applied to Iceland. We show that faults
Open fractures are present also at depths greater thaere dilatant to depths of several hundred meters. At depths
predicted by standard mechanical models, reaching the baselow 450m transition to shear fracturing occurs, and more
of our experiments. This implies the failure mode transitionintermittent dilatant fractures may exist at depths of at tease
from dilatant to shear fracturing is a complex zone that maykilometer. Fractures may be well-connected at depth, ancelarg
extend to depths of at least 1 km. Open fractures at depth areaves may exist. At faults with an obligue component such as
not connected along strike, but are separated by shear fieetu observed in the Northern Rift Zone and the Reykjanes Peninsula
In our analog models this is witnessed by slickensides on thepen fractures also exist at deep levels. However, theitufiac
fault surfaces. During oblique slip early fractures areoteéd at network is less well-connected. Partly the faults may be more
an angle to the main fault, which is increasing with incregsi permeable at depth, as rubble llings are less common. These
obliquity. This results in increasing sinuosity and possibly ndings extend our previous knowledge on the fault systems in
decrease of connectivity of open fractures. Tilted blocks arkeeland and other rift zonesFH{gure 14). Close to the surface
smaller with increasing obliquity and are absent in stritgp  and down to depths of at least 450 m but as deep as the critical
experiments. This in uences the distribution of open fractar depth of 800m Gudmundsson, 1992; Acocella et al., 2003
because collapsing tilted blocks Il open voids at depth. Relgas exclusively mode one fractures form. Below this, the failure
bends close to the surface and at depth can remain open whemgode transition to shear fracturing occurs. Our experiments
less tilted blocks are present. Dip-slip faults feature a puoiwed  show this is a complex zone in which locally open fractures
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FIGURE 12 | High resolution digital elevation models of the selected el sites where obliquity can be determined. FaulfA) shows two antithetic faulty that can be
used for determining graben width. Insets 1 and 2 show how botHracture surfaces can be linked. Faul{B) shows a series of early fractures and their angle to the
main fault. Early fractures are indicative for fault oblidty. Fault(C) shows no obliquity, as determined by matching the respecti¥ fracture surfaces on both sides.

may be maintained to depths of at least 1km, however irio the dike system that accommodates rift extension, as has
dilatant jogs. The deepest possible occurrence of open festurbeen suggested by eld studies in di erent rift system&Dile
has yet to be determined. This depth is not only controlledet al., 2012; Phillips et al., 201as well as and analog models
by mechanical stratigraphy resulting from interlayeringlafa  (Trippanera et al., 2014; Galland et al., 20Njodeling of dike
ows and ash and scoria layers; lava ows themselves havetrusion into cohesive powders shows that surface fracture
di erent strengths depending on their degree of fracturingdan propagate from top to bottom, growing toward the upward-
jointing. Furthermore, the occurrence of open fracturesepth  propagating dike Abdelmalak et al., 20)2 Strain analysis of
depends on uid pressureTownend and Zoback, 20p0in  the experiments show that at the tip of the dike shear bands
cohesive carbonates dilatant open fractures have beenvassar form which connect to the surface fault during later stages
depths of several kilometers, associated with high uid press  of the experiments Abdelmalak et al., 20)2Field evidence
(Hilgers et al., 2006; Grobe et al., 2n1We are not aware of for these processes is rare, as outcrops are very limited.
uid pressure data from Iceland measured at depthskm and  In Iceland, few outcrops of the deeper section of the rift
consequently as of now the depth below which open fractures caystem exists on the east coast of the Trollaskagi Peninsula i
be maintained remains speculative. North Iceland Gudmundsson, 20Q00Here, primarily dikes and
Below the complex zone of failure mode transition onlynormal faults have been observed. In some areas the faults are
shear fracturing can occur. Ultimately, the faults are carted only observed in the shallow part of the lithological column
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FIGURE 13 | Generic model of the observed structures depending on obligity. (A) Dip slip deformation. A graben develops and tilted blocks fon. Dilatancy is large
close to the surface and decreases with depth. Fractures sike roughly parallel to the basement fault. In the graben, feaures perpendicular to the fault form
occasionally. Sinuosity of the main fault is low. Open fraotes are connected along the entire fault(B) Oblique slip deformation. Graben is less wide, and tilted btks
are smaller. Sinuosity is high and in uenced by early en-échen fractures. Dilatancy occurs close to the surface and at epth. Red lines show slickensides on the fault
surface. (C) Strike-slip faulting. No graben is present, and dilatancysibound to Riedl Shears and releasing bends. This leads to pentially higher dilatancy at depth as
compared to dip-slip faulting.

FIGURE 14 | (A) Conceptual model of the results applied to a rift (not to scal). In the uppermost section down to a depth of up to 800 m only datant fractures occur
in cohesive rocks. Below this critical depth, transition tshear fracturing can be observed. Dilatant parts of the fatire isolated patches. Location of these patches
depends on the heterogeneity and mechanical stratigraphyfathe rock column. At greater depths elevated pore pressuresnay result in Mode 1 fracturing. The depth
below which only shear fracturing can occur is unknown. If exnsion is large enough the surface fracture connects with thdike system at depth and may guide
magma ascent. This can result in ssure eruptions and lava owslling the MDF (B).

(Acocella and Trippanera, 20).6These may represent areasCONCLUSIONS

where the connection between the feeder dike and fracture

has not yet been established, or where rifting was fast eémoudn this study, we studied the in uence of fault obliquity on flau
that a new dike formed before fracture and dike connectedevolution and geometry in extensional settings, using cokes
However, as soon as the dike and fracture connect, dikeowders. Our analog models o er a quantitative evaluation of
propagation will be guided by the fractureViggee et al., how changes in the kinematic boundary conditions in uences
2016. Our models suggest that dike propagation a within thefault zone evolution in 3D. We conclude from our analog
failure mode transition zone may be guided by occurrencdnodels that evolution of fault geometry, formation of tilted
of open fractures in the subsurfacéigure 14. This may blocks, graben geometry and fault sinuosity are prescribed
help understanding how dikes propagate through the fracture@lready during the earliest stages of deformation and a resul
crust. Additionally these ndings may help guiding geothal ~ Progressive linkage of early fractures. The most importantespe

exploration in the area, as the fracture pattern in uencesof this study is the variability of dilatant fractures dewetd
uid ux. during di erent slip obliquity. In particular our models shothat
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Dilatancy changes progressively with increasing obliquityAUTHOR CONTRIBUTIONS
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