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This thesis examines the manner in which fault population systematics vary as a
function of rift obliquity and how fault populations evolve through time in oblique rift
zones. Rift obliquity is related to the acute angle, o, between the rift trend and the
displacement direction of the rift walls, so that the value of o is inverse to the degree of
obliquity. I used scaled experimental models to simulate fault growth in oblique rift zones
and analyzed photographs of the model surfaces to determine their fault population
statistics. First I examined a single displacement increment for a whole suite of models
where a is varied in 15° increments between 90° and 0°. Results show increases in the
range of azimuths as rift obliquity increases; the length of the longest faults, the sum of
fault lengths, and the width of the deformed zone all increase as rift obliquity decreases.
Major changes in fault population statistics occur between o = 45° and 30°, when the
stress state changes from both horizontal stresses being tensional to one becoming
compressional. Next I used scaled clay models to study the temporal evolution of fault

populations in experiments of moderately oblique (o= 60°) and highly oblique (o= 30°)
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conditions, with CAI formation earlier and in more restricted regions of the nebula and chondrule formation

later and more widespread.

il



Acknowledgements and Dedication

Completion of this thesis would not have been possible without the always careful
and caring guidance of Roy W. Schlische. I thank Roy for drawing me to Rutgers,
encouraging me to pursue my own interests during the development of this project and
supporting me every step of the way. I am especially grateful to Roy for traveling with
me to Iceland for three weeks of intense field work on Reykjanes Peninsula, for
introducing me to Martha Withjack and for teaching me the art of experimental clay
modeling. Roy, I can’t thank you enough for all you have done for me these past three
and a half years. Thank you for providing me with confidence-boosting pep talks when
they were needed most. Thank you most of all for being a wonderful human being and a
good friend. I look forward to continued collaborative work with you as my professional
career progresses.

I would like to thank the Rutgers members of my committee for supporting and
encouraging me from the very beginning of this project. In particular, I thank Peter Rona
for informing me about the RIDGE/NORDVULK Summer School on Mid-Ocean Ridge
Processes and for always making sure I was thinking about the right questions concerning
mid-ocean ridges. I thank Martha Withjack for sharing with me just a little of her
extensive knowledge about experimental modeling and oblique rifting, for arranging my
use of the Mobil modeling laboratory, for providing a role model as a successful and
competent woman geologist, for showing me the Witchita Mountains of Oklahoma and
for being a supportive friend and colleague. Special thanks go to Mike Carr for acting as

my surrogate advisor during Roy’s sabbatical year, for encouraging me in my

iv



volcanological pursuits, for always providing concise and honest constructive criticism,
for cheering me on in his own mysterious and subtle way, and for being a friend. Mike, I
am truly honored to have earned your respect and support. Thank you.

During the past year, Freysteinn Sigmundsson has played an instrumental role in
the completion of this thesis and in helping me to chart the future course of my career.
Freysteinn, thank you for teaching me to look at the Reykjanes Peninsula in a new way
and for providing me with such a welcoming environment in which to work. Your input
has been invaluable and your confidence in me has made the last stages of this project
just a little easier to bear.

I would like to thank the entire faculty of the Department of Geological Sciences
at Rutgers, New Brunswick for providing an atmosphere of collegiality and scientific
excellence in which to work. You have shown me that it is possible for a diverse group of
scientists to be supportive of each other and to find myriad ways to do collaborative work
without the fierce sense of competition that is all too common in the world of scientific
research. It has been an honor and a pleasure to be part of this department for three and a
half years and I owe you my gratitude for that. Special thanks are owed to Delores Daley
who always looked after me and made sure things were going smoothly. Thanks Dee and
Charlotte Holland for assisting me with grant proposals and filling out forms and for
always being so friendly and helpful.

Thanks are owed to the (former) Mobil Technology Company for allowing me
access to their modeling laboratory in Farmer’s Branch, Texas. Thanks to Gloria
Eisenstadt for sharing some of her time in the lab. Thanks to the American Association of

Petroleum Geologists, Geological Society of America and Sigma Xi for providing



financial support for two seasons of field work in Iceland. Thanks also to the National
Science Foundation for their support. Thanks to the U.S. Fulbright Commission for
bringing me to Iceland for these last six months, and to Stella Héalfdanarsdottir, director
of the Icelandic Fulbright Office, for smoothing the way for me here.

Many people have helped to improve the quality of this thesis. Special thanks go
to Karen Bemis for the countless hours she has spent with me discussing statistical and
analytical methods, for teaching me the secrets of Microsoft Excel, and for assisting me
in the use of MatLab. Thank you for the long walks we took and for being a valuable and
supportive friend. I am eternally grateful for that and more. Thanks go to Rolf
Ackermann for encouraging me to apply to Rutgers in the first place, and for the many
hours we spent discussing fault populations, experimental modeling and life as a grad
student. Thanks as well for the time you spent teaching and helping me in the modeling
lab in Dallas and for providing a comfortable and welcoming place to stay while
performing the modeling experiments. Jaime Whitlock has earned my gratitude for being
an outstanding field assistant and wonderful companion during three difficult weeks of
field work on Reykjanes Peninsula. Jaime, thanks for your keen eyes and unending
stamina, and for singing with me in the pouring rain. Thanks are owed to Kristjan
Semundsson for providing a vehicle for my use during two summer field seasons in
Iceland and for sharing his knowledge of Reykjanes Peninsula. Thanks as well to Gunna
and Lilja at Farfuglaheimalid Strénd in Innri-Njardvik, for providing a comfortable place
to live during those two summers and for giving me my first lessons in Icelandic. Eg tala
{slensku ntina. Thanks to Professor Robert Berk of the Department of Statistics at Rutgers

for taking the time to help me begin to understand the many implications and aspects of

vi



cumulative frequency distributions. Thanks also to Jyhming Shoung for the time he spent
struggling with my cumulative frequency data.

Many people deserve thanks for helping me keep my sanity at Rutgers. Thanks to
Lina Patino for helping me through the first rough year back in grad school and for a
friendship that provides constant intellectual stimulation and comraderie. Thanks to Tim
Reilly for a special friendship that I will always value. Thanks to Dan Deocampo, Ben
Cramer, Steph Gaswirth, and Cindy Liutkus for accepting me as a friend and for
enjoyable nights at Doll’s Place. Special thanks to Gabriela Hristescu for her support and
friendship and for being the best roommate ever for two years in a row.

Thank you to all of my friends and colieagues at the Nordic Volcanclogical
Institute in Reykjavik, for making me feel at home in Iceland and for supporting me and
cheering me on as I approached the “finish line”. Special thanks to Anna Eiriksdottir for
being my Christmas angel and my good friend.

Several friends deserve special thanks for encouraging me to begin this most
recent journey. Thanks to Martha Brackeen-Harris, Gretchen Hathaway, Beverly
Fitzsousa and Pat Clark for believing in me long before I believed in myself.

Finally, thanks to all of the members of my family who helped me in so many
ways, big and small, tangible and intangible, over these past four years since my return to
school. To my sons, Simon and Benjamin, thanks for your understanding and love. You
are my gold. To my father, Simon, thanks for hanging in there and cheering me on. To
my sisters, Lucy and Elvy, I hope you know how grateful I am for everything you have
done to help me. Thank you for being there. To Lee, Dennis, Allie, Jess, Jen, Julia,Mari,

Matt, Curt and baby Jessie. I love you all.

vil



This dissertation is dedicated to two very special people. To my mother, Sophie
Stepinoff, who taught me the most important things in life. Mom, I feel your presence
always. To my dear friend Kirby, the catalyst who set this work in motion. You showed
me the wonders of Iceland and inspired me to follow my dream. Your friendship and

support has meant so much to me.

viii



Table of Contents

G Y 3 2T T e R LTIt 1
Acknowledgements and Dedication. . .......c.ooiiii i
LT s ) T R X ERERTEET xil
LList OF TITUSTEATIONIS . .+ v v e vt enee ettt e et e e e ettt et e e et e e et xiit

Chapter 1 - Influence of rift obliquity on fault-population systematics: results of

experimental clay MOAEIS. ... ...veirriiiiei 1
Lol AT AT . - o e eeee e e e e e e e e e 1
1.2 TOTOAUCHION. « ovee e e ettt et et et et et et et e e e e e e 2
1.3, Experimental ProceUIe. .......oovuiiiiiitiiii i 4
1.4, DAt COTLECHION. .ot eer e ettt et ettt e e e e e e et e e et 5
ST D e YT PP R E 8
1.5.1. Description of fault trace maps........coooooiiiii 8
1.5.2. FaUlt EOMIEITY . ... eunt ittt ettt et 9
1.5.3. Spatial pattern of faults..........ooooiiii 10
1.5.4. Fault-related Sraill. .. ...i e et e ittt 12
1.5.5. Fanlt Iength. ..o 13
1.5.6. Cumulative Frequency of lengths. ... 15
6. DD ISCUSSIOT . + e e v en s en e et e e e e et et e e et et e et e e et e e e e 17
1.6.1. Fault HOKAGE. .. evuvneeit it 17
1.6.2. Spatial pattern of faults...........cooo 18
1.6.3. Cumulative frequency distribution. ... 20
1.6.4 . Geological examples: continental rifts..............oo 21



1.6.5 . Geological examples: oblique mid-ocean ridge segments ................... 22
1.7. Summary and ConclusiOnS. ... ..ottt 25

Chapter 2 - Nucleation, growth and linkage of faults in oblique rift zones: results from

experimental clay models....... ... 49
R B\ 111 v o1 SO PP 49
2.2 TEOAUCHION . - .ottt et e e e 49
2.3 IO et e 51
VN b 7 v NP 53
2 . 0= 00 53
22 0= 30 54
2.5. Discussion: Comparison of two models................oooi 56
2.5.1. Fault nucleation. ... ....oeevriiiim e e 56
2.5.2. Fault growth. ... 57
2.6. Summary and COMCIUSIONS. ... ...ttt ittt 60

Chapter 3 — Population systematics of fractures on the Reykjanes Peninsula, Iceland:

comparison with experimental clay models of oblique rifting.................... 76
3.1 ADSITACT. ..o 76
T 115 ¢ 16 1 (o1 3 o) « VN S P PR 76
3.3. Tectonic Setting and Geologic Background.................. 79
3, PTEVIOUS WoOTK . ottt e e e e 82
3.5, Data COllECHIOM. .ottt ittt e e e 83



3.5, 0. AT PROTOS. « .t 83

3.5.2, Field data. ..o e 85

BB, D ettt 86
3.6.1. Geological Descriptions. ... ....ooouiiiiiii 86
3.6.1.1.Vogar......c.oooiiii. e 86

3.6.1.2. GrindaviK. ..ot 88

3.6.1.3. Stora-Sandvik/Reykjanes. .........oooeeiiiiiiii i 88

3.6.2. Fracture azimuth. . ... 91

3.6.3. Fracture density. . ...eonnont it 92

3.6.4. Fracture length distribution. ... 93

3.6.5. Segment Iength. ... ..o 94

3.7. Comparison with models..... ... 95
3.7.1. Large-scale spacing of fiSSUre SWarms............ooooiieiiiiiiininaa.. 95

3.7.2 Spatial distribution of fractures.................co 97

ST D e s o) + DU OO PO 102
3.9. Summary and COonclUSIONS. . ... ...ttt 106
EPLLOZUE. ¢ o ettt 137
APPENAIX Al ottt 140
BIbIIOZIAPIY . ¢ ettt ettt e 142
CUTTICHIUM Vo, oottt et e e 151

xi



Lists of tables

Table 1. Differences between experimental model and Reykjanes Peninsula

X11



List of illustrations

Fig. 1.1. (a) Experimental apparatus. (b) Detail of apparatus surface........ooeeviiiiiinin 28
Fig. 1.2. Photographs of model surfaces showing lighting conditions....................... 29
Fig. 1.3. Fault trace maps for all models............oooo e 30
Fig. 1.4. Criteria for identifying segment DOUNAATIES. . ot ee e eiree et eaeanes 31
Fig. 1.5. Histograms of fault azimuth for all MOAEIS. ...t 32
Fig. 1.6. Fault length vs. azimuth for all models.............cooooii 33
Fig. 1.7. Variation in width of the deformed zone WITH Ol 34
Fig. 1.8. Bar graph of mean fault spacing and standard deviation of fault spacing.........35
Fig. 1.9. Examples of map patterns with different fractal dimensions.....................ee 36

Q

Fig. 1.10. Graph of the capacity dimension (D) and information dimension (D;) as a
FUNICHOM OF Qlr v vt e e et et e e et e e e e e et 37

Fig. 1.11. Graph showing how imposed extensional strain compares with fault related
ST TOT 00450 e et e e e 38

Fig. 1.12. (a) Diagram showing hanging-wall and footwall cutoffs along a segmented
fault. (b) Diagram defining fault tortuosity ... 39
Fig. 1.13. Variation of average tortuosity with ol............ooco 40
Fig. 1.14. Graphs showing how (2) the length of the fault at the 95th percentile of lengths
(b) summed fault length and (d) number of faults vary with a. (¢) summed
fault length per unit area. e) number of faults per unit area................o...e. 41
Fig. 1.15. Graphs showing cumulative frequency of lengths for whole faults and for fault

o142 L J O R R EERTERRRTEREETES 42

Xiii



F1

gQ

. 1.16. Graph showing variation in characteristic length (L) with o for whole faults

and Fatlt SEEMENTS. ... .vu et 43

Fig. 1.17. Graph showing how imposed extensional strain at the base of the model varies

with o at different displacement increments during fault population

VO IIOML. « o oot e et e e e e e e e e e e e 44

Fig. 1.18. Detail from a photograph of the a=45° model showing the zone of complex

faulting that forms where dip domains of opposite polarity meet................ 45

Fig. 1.19. Location map showing field examples of oblique rift zones...................... 46

Fig. 1.20. Comparison of map patterns of faults in oblique continental rift basins with

Fig. 1.21.

Fig. 2.1.
Fig. 2.2.
3.5cmo
Fig. 2.3.
Fig. 2.4.
Fig. 2.5.
Fig. 2.6.

Fig. 2.7.

Fig. 2.8.

fault trace map of our clay model...........o 47

Comparison of map patterns of faults on oblique mid-ocean ridge segments

with fault trace maps of our clay models.............o 48
Fault trace maps for o0 = 60°. ...t 62
Enlarged view of fault growth and linkage for oo = 60° model between 2.5 and
£ AISPIACEITIENE. L. et et ettt 64
Histograms of azimuths for o = 60° models...............oo 65
Plots of length vs. azimuth for ce = 60° models................. 66
Fault trace maps for oo =30° models.........o.ooi 67
Histograms of azimuths for o0 =30° models.............o 69
Enlarged view of fault growth and linkage for o = 30° model between 1.75 and
3.5 cm of dISPIACEIMENE. ..\ .uuent it 70
Plots of length vs. azimuth for oo = 30° models. ... 71

. Summary plot showing how the number of faults changes in each model with

X1



increasing diSplacement. ... ... oouiiuii i 72
Fig. 2.10. a) Summary plot showing how the summed length of faults changes through
time in each model. b) Summary plot showing how the 95th percentile of
lengths changes with increasing displacement in each model.................... 73
Fig. 2.12. Summary plot showing how tortuosity changes with increasing displacement
11 EACH THOEL. ot ettt et e e 74
Fig. 2.13. Cartoon demonstrating the style of fault growth in each model................... 75

Fig. 3.1. a) Map showing the location of Iceland along the Mid-Atlantic Ridge. b) Map

showing the geometry of ridge segments on leeland............oooooi 110
Fig. 3.2. Tectonic map of Reykjanes Peninstla. ...t 111
Fig. 3.3. Volcanic systems of Reykjanes Peninsula. ..o 112
Fig. 3.4. Shaded Digital Elevation Model of Reykjanes Peninsula.............o.ooiniins 113

Fig. 3.5. Map of Reykjanes Fissure Swarm, showing field locations from this study....114

Fig. 3.6. Histograms of azimuth for structures in the Reykjanes Fissure Swarm.........115
Fig. 3.7. Criterion used during field mapping at Molvik to distinguish an ordinary cooling

joint from a tectonic fracture. ... ......ooiiii i 116
Fig. 3.8. Fracture trace map for the Vogar PhotomoSaiC. . ..o.vini e 117

Fig. 3.9. Air photo sub-image of normal fault in the southwestern part of the Vogar
PROTOIMIOSAIC. « v ittt 118
Fig. 3.10. a) Field photo and b) air photo sub-image of fracture in the northeastern part of
the Vogar PhOLOMOSAIC. ... o.vvuir et ereer i 119
Fig. 3.11. Fracture trace map for the Grindavik photomosaiC. ..o 120

Fig. 3.12. a) Field photo of a typical normal fault in the area covered by the Grindavik

XV



photomosaic. b) Air photo sub-image from the Grindavik photomosiac
showing a typical array of fISSUFes.........ooooii i 121
Fig. 3.13. Fracture trace map for the Stora-Sandvik/Reykjanes photomosaic............. 122
Fig. 3.14. a) Field photo and b) air photo sub-image of complex interaction between
normal fault striking 080° and graben structure striking 040° at Stora-
SATIAVIK . oo et r ettt e e 123
Fig. 3.15. a) Map of right lateral oblique-slip fault at Reykjanes. b) Sub-image from
Stora-Sandvik/Reykjanes air photo showing segments 2 and 3 from map.
¢) Map of strike-slip fault in SISZ showing right-lateral offset of 2.4 m......124
Fig. 3.16. Histograms of azimuth for data from air photos and oo = 30° model........... 125
Fig. 3.17. Plots of length vs. azimuth for data from air photoS. ... 126
Fig. 3.18. a) Histogram of azimuths for data from Molvik. b) Plot of length vs. azimuth
for data from Molvik. ¢) Histogram of azimuth for fractures at Molvik greater
than 4 meters in length.. ... 127
Fig. 3.19. Graph showing fracture spacing and standard deviation of fracture spacing for
the Vogar photomOSaiC. . .....wuiunii e 128
Fig 3.20. Log-log plots of cumulative frequency of fracture lengths for data from air
photos and field data. ..o 129
Fig. 3.21. Plot of segment length vs. total fracture length for the three longest fractures on
EACH AIT PROTO. ..o . et et 130
Fig. 3.22. Tectonic map of Reykjanes Peninsula and fault trace map for o = 30° after 2.5
cm of displacement and rotated 15° clockwise. ... ... 131

Fig. 3.23. Fault trace maps for the o = 30° model showing clustering..................... 132

XV



Fig. 3.24. Summary of tectonic trends for the o = 30° model and Reykjanes

ST e e 01 1T O SRR 133
Fig. 3.25. Close-up of flexure forming in the ¢ = 30° model.......ooii 134
Fig. 3.26. Detail from fault trace maps for the a. = 30° model between 2.25 and 3.5 cm of

displacement............................................; .............................. 135
Fig. 3.27. Photograph of a) a thin fissure-erupted lava flow (approximately 2000 ybp)

and b) a thick pahoehoe flow from the Sandfellshaed shield (approximately

12,500 ybp), both cut by a northeast striking normal fault........................ 136

XVii



Chapter 1 - Influence of rift obliquity on fault-population systematics:
results of experimental clay models'
1.1. Abstract

We use clay models te simulate how fault population systematics vary as a
function of rift obliquity. Rift obliquity is related to the acute angle, o, between the rift
trend and the displacement direction, so that the value of o is inverse to the degree of
obliquity. The range of azimuths in a fault population increases as rift obliquity increases
(i.e., as o decreases). The length of the longest faults, the sum of fault lengths, and the
width of the deformed zone all increase as rift obliquity decreases (i.e., as o increases).
The majority of faults in our models are segmented and have highly tortucus traces.
Tortuosity is maximum when o = 30° as segments of widely varying azimuth link during
fault growth. Significant changes occur in the fault patterns between o = 30°and o =
45°. At o, = 30° two fault populations of equal importance develop in the center of the
rift zone, one approximately rift-parallel and the other displacement-normal. Between o
= 30° and 45°, the number of faults more than doubles, and between o = 45° and 60°,
summed fault length more than doubles. Fault patterns for all models are fractal, with
fractal dimensions that increase with increasing o and that are comparable to those found
in the field. Fault populations are not multi-fractal because the cumulative frequency
distributions of fault lengths do not generally follow a power-law relationship. An
exponential distribution best describes the data for whole faults, with the characteristic

length increasing with increasing .. Segment lengths also follow an exponential

' This chapter is excerpted from Clifton, A.E., Schlische, R.W., Withjack, M.O. and Ackermann, R.V.,
2000, Influence of 1ift obliquity on fault-population systematics: results of experimental clay models.
Journal of Structural Geology (in press).



distribution with characteristic length varying very little with o.. The fault patterns mn our
models resemble the spatial pattern of brittle deformation observed at oblique mid-ocean
ridge segments and are similar in geometry to those in oblique continental rift basins. At
the rift margins, tensional stresses are modulated and reoriented by a secondary stress
field related to a change in boundary conditions, resulting in the formation of two distinct

sub-populations of faults during oblique rifting.

1. 2. Introduction

During the past 10 years, numerous studies have led to a new and better
understanding of how faults grow and how fault populations evolve in extensional
tectonic settings (Cowie and Scholz, 1992; Cowie et al., 1993a; Dawers, 1996;
Ackermann and Schlische, 1997; Ackermann et al., 1997; Cowie, 1998a). Most previous
studies have focused on simple orthogonal extension in order to determine the basic
mechanical processes at work during fault population evolution. This study applies many
of the same techniques to oblique extension. With oblique extension, the trend of the
deformed zone (referred to hereafter as rift trend) is oblique to the displacement direction.
The acute angle, o, between the rift trend and the displacement is inversely related to the
degree of obliquity, so that a highly oblique rift has a low value of o (Fig.1.1) (Withjack
and Jamison, 1986).

Quantifying brittle deformation during oblique extension is important to
understand how fracture populations evolve in a range of tectonic settings. Rift basins
commonly localize along a pre-existing tectonic fabric that is oriented obliquely to the

absolute displacement direction (e.g., Lindholm, 1978; Angelier and Bergerat, 1983;



Morley, 1995). Changes in the direction of plate motion may also impose oblique
spreading on mid-ocean ridge segments (e.g., Dauteuil and Brun, 1993). Field studies in
both continental and ocean-ridge environments describe a complex interaction between
displacement-normal and rift-parallel structures in oblique rift zones such as the Gulf of
California (Withjack and Jamison, 1986; Umhoefer and Stone, 1996), the Gulf of Aden
(Withjack and Jamison, 1986), the Hartford basin of eastern North America (Clifton,
1987; DeBoer and Clifton, 1988), the Malawi rift of east Africa (Chorowicz and Sorlein,
1992), the Reykjanes ridge south of Iceland ( Murton and Parson, 1993; McAllister et al.,
1995), the Mohns Ridge north of Jan Mayen (Dauteuil and Brun, 1996), and several
grabens in the northern North Sea (Faerseth et al., 1997). In rifts oriented sub-
perpendicular to the displacement direction, some fault populations have a fractal scaling
that can be described by a power-law size distribution (Cowie et al., 1993b). Studies by
Hatton et al. (1994) and Ackermann et al. (1997) indicate a lower and upper limit to
fractal scaling, respectively. Preliminary work on experimental models of oblique
extension suggest that the size distribution of faults varies with & (Clifton and Schlische,
1997; Clifton et al., 1998).

Although they are not perfectly scaled reproductions of geological conditions (e.g.
they are relatively homogeneous and isotropic whereas rock is relatively heterogenous
and anisotropic), results from analyses of experimental models can be used to guide and
support real world investigations. Experimental models are ideal for studying oblique
extension because the boundary conditions can be precisely known and controlled.
Experimental models allow us to observe and record the temporal evolution of

deformation, whereas in nature cnly the final deformation state is observable.



Experimental models also allow us to examine the entire (visible) population of faults
resulting from specific boundary conditions. Previous experimental modeling studies of
oblique extension have focused on the geometry and spatial distribution of the resulting
fault patterns in clay, sand, and sand over putty (Withjack and J amison, 1986; McClay
and White, 1995; Tron and Brun, 199, respectively). Fault geometries produced in these
experiments were quite similar despite differences in the modeling media and
experimental setup. This study quantifies changes in fault-population systematics as the
rift angle decreases from o = 90° (pure extension) to o = 0% (pure strike slip). We
obtained a large (>200) number of faults in each model, enabling us to accurately
characterize the fault populations by integrating data on strain accommodation, fauit

geometries, scaling relationships, and the size and spatial distribution of faults.

1.3. Experimental Procedure

The modeling apparatus (Fig. 1.1) has a stationary base plate and four vertical
walls, three fixed and cne moveable. The dimensions of the apparatus are approximately
61 cm x 60 cm prior to deformation. Following Withjack and Jamisen (1986), a metal
plate is attached to the moving wall. The geometry of the metal plate varies in the models
to simulate a range of oblique extension. In this series of models, the angle, o, between
the rift axis (oriented parallel to the edge of the metal base plate) and the direction of
displacement is varied in 15° increments between 0° (left-lateral strike slip) and 90° (pure
extension). A latex sheet 6 cm wide is centered over the edge of the metal plate and the
base plate and is securely attached. A 2.5 cm thick layer of wet clay overlies the metal

plate, latex sheet and base plate. The clay (40% water by weight) is composed of



powdered kaolin <0.1 mm in diameter. Its density is approximately 1.65 g/cm? | it has a

low cohesion (~50 Pa), and it has a coefficient of internal friction of about 0.5.
The cohesion and coefficient of internal friction of the wet clay are appropriate to

insure dynamic similarity between the models and natural analogs (e.g., Hubbert, 1937).
The cohesion of rock is about 104 to 105 greater than that of the modeling materials. The

dimensions of the model are scaled down by a factor of 104 to 10~ from those in the
real world, such that 1 cm in the models is equivalent to 100 to 1000 m in nature. The wet
clay represents strong rock that deforms by both distributed cataclasis and localized
cataclastic faulting (i.e., upper crustal conditions; Withjack and Callaway, 2000).

For each model run, the moving wall is displaced a total of 6 cm at a constant rate
of 3 cm/hr. As the wall moves, the attached metal plate also moves and the latex stretches
uniformly, imposing distributed deformation to the overlying layer of wet clay, and
producing a rift zone slightly wider than the latex sheet. We photographed the model
surface, using at least two different lighting directions, every 0.25 cm of displacement. In
this paper, we present results of the analysis at a single displacement increment (3.5 cm)

to determine how fault attributes vary with rift angle. The temporal evolution of the o0 =

30° and a = 60° models are discussed in Chapter 2.

1.4. Data collecticn

We selected a rectangular study area of 650 cm? centered on the rift zone for each
model. The size and position of the study area were chosen to eliminate edge effects
caused by the outer walls of the apparatus and the short ends of the latex shect. Defining

the edge effect was based solely on visual inspection. The edge effect was considered



absent or minimal when the fault pattern became consistent. Use of photographic images
of the model surfaces with two different lighting directions permitted accurate tracing of
both the hanging-wall and footwall cutoffs of brightly lit fault scarps (see Fig. 1.2). We
drew fault trace maps for each model at the 3.5 cm displacement increment (Fig. 1.3). At
this displacement, fault populations on all models are sufficiently large to perform
statistical analyses. Data collected from the fault trace maps for each o angle consist of
the fault trend (measured from tip to tip), tip-to-tip length, and fault trace perimeter.

In analyzing the images of the model surfaces, as is also true in interpretting field
and seismic data, determining the true length of faults can be problematic. In our
experiments the uncertainty is primarily a result of photo graphic resolution which leads
to three problems: 1) Faults smaller than 0.2 to 0.3 cm in length do not show up clearly
on the images so that data for cumulative frequency of fault lengths are truncated at the
small end. 2) On the black and white images, fault scarps facing the lighting direction
appear white, whereas the area around the majority of fault tips appears gray. In many
cases, we interpret the aureole of light gray at the fault tip as either a damage zone or a
fold propagating in advance of the fault (Fig. 4d). The transition from white fault tip to
gray aureole is commonly subtle on the images, indicating that a portion of the dataset for
fault lengths is censored. However, in the majority of cases, using images from both
lighting directions enabled us to confidently identify fault tips. 3) Image quality varies
somewhat from one model run to the next and even within the study area of a given
model. Where hanging-wall blocks have experienced considerable rotation or where
grabens have formed on the model, some areas are in shadow from both lighting

directions and small faults cannot be seen.



Uncertainty is greatest when determining the lengths of faults on the a<15°

models. The predominantly strike-slip faults in these models have significantly less
vertical displacement than the normal faults, making them more difficult to distinguish on
the images. Therefore, it is quite possible that faults on these models were undersampled
at all scales. As is also the case with field data, there is no way to be certain that we are
sampling the maximum dimension of any given fault, and it is likely that some faults that
are smaller than the thickness of the model have not yet broken through to the surface.

Observation of the models as they evolved confirmed that most faults grow
primarily by linkage. As a result, the majority of faults in this study are segmented (e.g.,
Trudgill and Cartwright, 1994). During the generation of fault trace maps, segment
boundaries were identified using the following criteria: 1) abrupt changes in fault strike
(Fig. 1.4d), 2) abrupt changes in fault displacement profiles resulting in displacement
deficit in the middle of a fault (Fig. 1.4c), 3) abandoned splays (Fig. 1.4b), and 4)
stranded footwall or hanging-wall rider blocks (Fig. 1.4a). Any of these criteria alone,
except for the first criteria, can indicate a segment boundary. Inspection of images from
consecutive displacement increments shows that, when faults grow by tip propagation,
the fault tip may bend into the damage zone and abrupt changes in strike commonly
result. Therefore, the first criterion must be used in conjunction with other criteria. Field
and laboratory studies (e.g. Schlische and Anders, 1996; Withjack, unpublished data)
indicate that the displacement deficit incurred during fault linkage 1s commonly
preserved during subsequent fault growth. Consequently, we were able to identify fault
segment boundaries with 2 high degree of confidence.

Sense of slip along faults in the models was determined qualitatively by visual



inspection during growth of the models and by offset of passive markers (e.g., linear
scrape marks and air bubbles) on the model surface. A system of strain markers (e.g., a
grid) was not placed on the model surfaces because previous work had indicated that they
commonly act as anisotropies that influence the direction of fault propagation. During
growth of the models, it was occassionally possible to see slickenlines on fault surfaces.

Unfortunately, these do not show up on the photographic images.

1.5. Data
1.5.1. Description of fault trace maps

The pattern of faulting changes considerably as the rift zone becomes increasingly
oblique, with the most noticeable change occuring between o = 45° and 30° (Fig. 1.3).
However, there are many similarities in all of the fault-trace maps. Most faults exhibit
the characteristics associated with segmented fault systems (e.g., Trudgill and Cartwright,
1994: Cartwright et al., 1995), including flat displacement profiles (3 in Fig. 1.4d), many
abandoned splays (Fig. 1.4b), stranded rider blocks (Fig. 1.4a), and tortuous fault traces.
Relay ramps are evident where fault tips approach each other, and horst and graben
structures are also common. In most models, faults form clearly recognizable dip
domains in which faults with a uniform dip direction are clustered together. At the
boundaries of dip domains, the fault patterns become complex, resembling the
accommodation zones described in the Gulf of Suez (e.g., Moustafa, 1996) and Mid-

Atlantic Ridge (Mutter and Karson, 1992).
On all maps for o >45°, faults along the borders of the rift form a distinct zone

separated in space from faults within the rift. These border-zone faults have a trend that



is slightly oblique to rift-parallel, whereas faults within the rift trend slightly oblique to
the displacement-normal direction. This pattern of faulting is similar to that described at
oblique mid-ocean ridge segments such as the Mohns Ridge (Dauteuil and Brun, 1996)

and the Reykjanes Ridge (McAllister et al., 1995).

1.5.2. Fault geometry

The most obvious difference between oblique and orthogonal rift zones is the
range of fault azimuths. We measured azimuth tip-to-tip for all continuous fault traces
and obtained results that were consistent with the findings of Withjack and Jamison
(1986). Our models confirm that, as o decreases from 90°, the range of fault azimuths
increases steadily, with the greatest change occurring once again between a = 45° and
30°. Also, the predominant fault trend shifts gradually from displacement-normal to
oblique with respect to both the displacement direction and the rift trend (see Fig. 1.5).
When o = 45°, the predominant fault trend lies exactly halfway between the rift trend and
the displacement-normal trend. A major change occurs at o = 30°, where two distinct
peaks appear in the histogram of azimuths, indicating that there are two discrete

subpopulations of faults, one approximately displacement-normal and the other striking
rift-subparallel (i.e., <20° oblique to the rift trend). This also represents a change in the

type of faulting, from exclusively dip-slip to a combination of dip-slip, oblique-slip and
strike-slip faulting. As o decreases from 30° towards 0°, the distance between the peaks

increases, and the relative proportion of strike-slip faulting increases.

For o >45°, the longest faults have an azimuth that coincides with the peak of the
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histogram (Fig. 1.6) whereas the shortest faults span the entire range of azimuths within
the model. For o = 30° and 15°, the longest faults have a displacement-normal trend
whereas most rift-subparallel faults are short. For o = 0°, the longest faults are
approximately rift-parallel whereas the short faults range in azimuth from 000° (1.e.,

displacement-normal) tc 345°.

1.5.3. Spatial pattern of faults

Between o = 45° and a = 90°, faults with a rift-subparallel trend are found
primarily at the rift margins. As a approaches 90°, these faults begin to link to form
long, en-echelon border-fault arrays. At o = 90°, a single border fault has formed (Fig.
1.3). Between o = 45° and o = 75°, faults in the center of the 1ift zone have a trend that

is oblique to displacement-normal. The obliquity of that trend decreases as o approaches
90°. For o < 30°, rift-subparallel faults that strike < 20° oblique to the rift trend are

predominant both in the center of the rift and at the rift margins, and displacement-
normal faults cross the rift zone. As o increases, the width of the deformed zone at the
surface of the model increases (Fig. 1.7).

We measured fault spacing along scanlines oriented parallel to the displacement
direction for models of o = 45° through 90° (Fig. 1.8). Brittle deformation in these
models is dominated by faulting along displacement-normal faults. Results show that
mean fault spacing increases with oo. The most likely reason for this is that the longer
faults in the less oblique models have larger stress-reduction shadows (e.g., Ackermann

and Schlische, 1997) in which new faults cannot form. The standard deviation of spacing
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also increases, indicating that spacing becomes somewhat less regular as o increases. For
all models, the standard deviation is close to or greater than the mean. The high standard
deviation is primarily a result of a zone of no faulting which lies between faults on the rift
borders and those in the center of the rift.

The software package Benoit (TruSoft International, 1997) was used to
investigate how the fractal dimension of the map pattern varies with ¢, and to determine
whether the spatial patterns of faults in this study are multifractal. The fractal dimension
is a quantification of the degree to which the map pattern is space-filling. A single
straight line on a map would yield a fractal dimension of 1, whereas a completely filled
map would yield a fractal dimension of 2 (Fig. 1.9). Benoit uses a box counting
algorithm, which counts the number of boxes necessary to cover a dataset of points
(pixels). Box size is varied geometrically within a range determined by the smallest and
the largest distance between points on the fault maps. The program calculates two fractal
dimensions, the capacity dimension D, which simply counts the number of occupied
boxes, and the information dimension, D;, which is D, weighted by the normalized mass
of points (pixels) present in each box. The log of the box size is then plotted against the
log of the number of occupied boxes (or the weighted number of occupied boxes). If the
data fall on a straight line, the map pattern is considered to be fractal and the slope of that
line is the fractal dimension. Values for D, and D; in this study (Fig. 1.10) fall between
1.35 and 1.64, consistent with values found for fault patterns in the field (Aviles et al.,
1987; Okubo and Aki, 1987; Hirata, 1989). Both D. and D; increase between o = 0° and

o = 45°, reflecting the fact that the fault maps become increasingly space-filling. Above

o = 45° values of D, and D; level off at 1.62 and 1.64, respectively, consistent with a
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theoretical D value of 1.65 derived by Takayasu (1986) for a percolating crack network
and an upper limit of D = 1.6 for branching fault networks in central Japan (Hirata,
1989).

Multifractality is an indicator of spatial clustering. Cowie et al. (1995) describe a
multifractal set as one which has a power-law cumulative frequency of lengths
superimposed on a fractal map pattern. The closer in value that D, and D; are, the less
multifractal the data are considered. Our oblique models cannot be considered
multifractal because D, and D; are nearly equal for all values of o (see Fig. 1.10). This 1s
consistent with our results for cumulative frequency distribution of fault lengths (see

section 1.5.6).

1.5.4. Fault-related strain
We measured fault-related strain for models of a > 45° along scan-lines oriented

parallel to the displacement direction at the model surface. The width of each fault
polygon is approximately equivalent to the heave on the fault. Thus, the sum of the

widths of the fault polygons can be used to calculate fault-related strain. However, for
models with strike-slip faults, (o < 30°), the assumption that fault heave is related to

strain is not valid.
The amount of extensional strain imposed at the base of our models varies
according to:
€ = (d/u) sina ()
(Withjack and Jamison, 1986), where € x represents extensional strain in the

displacement direction, u is the original width of the rift and d is the distance that the rift



edge has been displaced. Despite the increase in imposed strain with increasing o, the
amount of strain attributable at the surface to brittle faulting remains almost constant and
only represents between 30% and 50% of the imposed strain (Fig. 1.11). These results are
consistent with conclusions of Kautz and Sclater (1988), who observed that as much as
50% or more of strain is accommodated by faults that fall below the resolution of
detection methods. They suggest that the amount of “hidden extension” is a function of
both the minimum amount of observable slip and the grain size of the deformed material.
In our clay models, this represents over two orders of magnitude of fault size on which
slip is occurring below the detection limit. Our results suggest that the amount of hidden
extension is greater in rifts with higher a values, but it is not clear whether this 1s due to
differences in the amount of extensional strain, differences in fault geometry or both.

Future work is required to seek the answer.

1.5.5. Fault length

Any continuous fault trace on the model surface is considered to be a single fault
whose length can be measured as either trace length or tip-to-tip length (Fig.1.12a). The
measurement of trace length is more sensitive to resolution than the tip-to-tip length.
Therefore, all length measurements in this study are made tip-to-tip. The ratio between
fault trace length and tip-to-tip length is defined here as fault tortuosity (Fig. 1.12b).
Tortuosity values fall between 1 for a perfectly straight line, and infinity for an infinitely
tortucus fault trace. It is a function of both the degree of fault linkage and the variation

of azimuth within the total population. With the exception of o = 0°, tortuosity tends to

increase with fault length within a given model. Average tortuosity is maximum when o
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=30° (Fig. 1.13). In this model, extensional strain is accommodated by two sub-
populations of oblique-slip normal faults which interact, particularly in the center of the
rift, by linking to form long, zigzag faults. Despite the fact that the range of azimuths 1s
even greater in the o = 15° and 0° models, the two sub-populations do not link to the
same degree. Instead, strain is partitioned between two sets of predominantly strike-slip
faults.

Several parameters related to fault length clearly vary with o, but each in a
different manner (Fig.1.14). The length of the fault at the 95™ percentile of all lengths
(Los) increases steadily from o = 0° to 90°. Summed fault length rises steeply to a
maximum value at o = 45° and then levels off. Data for the number of faults in each
model rises and falls apparently unsystematically. When these parameters are
normalized by the study area affected by faulting, changes in summed fault length and
number of faults follow the same pattern, indicating that they are closely related. The o =
0° model has an anomalously high number of faults, due to the highly discontinuous
nature of the strike-slip faults that occur in a very narrow deformed zone. Between o =
15° and 90°, both the number of faults and summed fault length increase to 2 maximum
at o = 45°, then decrease for o = 60° and 75° before increasing again at o = 90°. This
pattern is most likely related to varying degrees of nucleation vs. linkage as o increases.
Faults nucleate more slowly in the highly oblique models, while at the same time, linkage
is limited by fault geometry. Conversely, faults nucleate readily in the less oblique
models whereas most fault growth is accomplished by linkage. In these models, rift
geometry is the primary factor limiting fault growth. When o = 90° (i.e., pure orthogonal

rifting), fault growth is relatively unrestricted.
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1.5.6. Cumulative Frequency of lengths
Fault-scaling relationships have been used to estimate the relative numbers of

faults that fall below the resolution of detection methods, to determine the aggregate
properties of fault populations, to understand the process of fault population evolution in
space and time, and to infer aspects of the underlying physical process of fault growth
(Cowie et al., 1996). Previous workers have proposed that an exponential distribution of
sizes with the form

N(L) = Npe™* 2)
characterizes fault populations both at the earliest stages of their evolution, when
nucleation of new faults exceeds growth of existing faults (Cowie et al., 1995) and again
after the largest faults have exceeded the thickness of the brittle layer (Ackermann et al.,
1997). N is the total number of faults with dimensions greater than or equal to some
length (L), Ny is the total number of measurements, and A is a scaling parameter that is
the inverse of the characteristic length (L.) . Between those extremes, a power-law
distribution of sizes is expected such that

N(L)=aL* (3)
where a is related to the total number of measurements and C is the power-law exponent.
A power-law distribution of sizes is indicative of self-similar fault growth and scaling
(Main, 1996). Sornette et al. (1990), Cowie et al. (1995) and Cladouhos and Marrett
(1996) suggested that the power-law exponent of a given fault population should decrease
as the population evolves and large faults accommodate increasingly more strain.

We eliminated measurements at the small end of the dataset (left-hand truncation
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of Pickering et al., 1995), recognizing that too many small faults fall below the resolution
of the imaging technique, and plotted the data in log-linear space. For models of a=30°

we are confident that long faults were thoroughly sampled and that, therefore, these data

should not be considered censored. There is greater uncertainty of this for models of
a<15° because of the lack of vertical offset along strike-slip faults. Cumulative

frequency plots for all values of o show that all of our data are better fit by an
exponential distribution than by a power-law, with the possible exception of a=60° and
90° (Fig.1.15). However, even for those models, a power-law distribution does not
describe the whole data set. In fact, there appears to be a bimodal distribution that may
indicate two sub-populations that scale differently. Wojtal (1996) and Ackermann and
Schlische (1997) also observed two fault subpopulations in outcrop studies that appear to
be scaling differently. On the same plots, we show the cumulative frequency for fault
segments (as determined by the criteria described in section 1.3). These data are fit very
well by an exponential distribution for all values of .

Not surprisingly, L. for whole faults increases with increasing o in the same
manner as does Los (see Fig.1.16). Alternatively, L. for fault segments remains
approximately the same for all values of «.. Some studies suggest that segment length is
controlled by mechanical layer thickness (Jackson and White, 1989; Scholz and
Contreras, 1998). Our results suggest that one or more of the boundary conditions or
material properties may control the length of fault segments, but it is fault geometry that

controls how those segments link to form longer faults.
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1.6. Discussion
1.6.1. Fault linkage

Withjack and Jamison (1986) determined, both empirically and analytically, how
stress and strain states vary with rift obliquity. In the analytical models, for all values of

o, two of the principal stresses are horizontal and one is vertical. One of the horizontal

principal stresses is tensional, and as o increases from 0° to 90°, the angle between the

rift trend and the principal stress also increases. For a=45°, both of the horizontal

principal stresses are tensional (the vertical principal stress is always 0); for c<30°, one
of the horizontal principal stresses is tensional whereas the other principal horizontal
stress is compressional. Such stress states explain why so many of the major changes
occur between o = 30° and o = 45°. They also provide an explanation for fault geometry
and for the variation in the number and length of faults with a.. The clay, like rock, is
weaker under tension than compression. When o < 30°, the models are in compression
and it is more difficult for faults to nucleate and lengthen. Hence, fault number and
summed fault length are expected to be low. When o > 45°, both horizontal stresses are
tensional and faults can nucleate and grow more easily. The transition from a domain of
dip-slip, oblique-slip and strike-slip faulting to one of purely dip-slip faulting occurs at o
= 45° (see Fig. 1.14). Whereas the number of faults is maximum at o = 45° and
decreases when o = 60°, fault length (Los) almost doubles. We believe this occurs as

extensional strain reaches a critical threshold after which growth by linkage dominates

over growth by tip propagation, and fault nucleation either decreases considerably or
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ends all together. Rifts that are less oblique (i.e., have a higher value of o) have more
extensional strain at a given displacement increment than highly oblique rifts (i.e., having

a lower value of a; see Fig. 1.17). By the displacement increment analyzed in this study,
models for o = 60° have experienced enough extension to have passed this threshold.

The kinematics of faulting in each model also has an influence on how much
linkage can occur. Faults are overwhelmingly dip-slip in these models, with little
evidence of oblique-slip (i.e., slickenlines on fault surfaces show only dip-slip motion).
For ¢ = 0° and 15° faults are predominantly conjugate strike-slip faults, with rift-
subparallel faults having left-lateral offset and displacement-normal faults having right-
lateral offset. These faults cannot share a slip vector and, therefore, truncate against one
another and do not interact. In the few instances where the two sub-populations of faults
interact and link in the o = 15° model, a significant dip-slip component develops cnce
linkage has occurred and the now normal fault exhibits a near right-angle bend. It s
unclear why this should happen in a predominantly strike-slip model. One possibility is
that, during linkage, faults rotate tc an orientation more favorable for dip-slip motion. For
o = 30°, rift-subparallel faults exhibit left-oblique slip, whereas displacement-normal
faults exhibit right-oblique slip. The geometry and kinematics of these faults allows
some dip-slip motion to continue after they link. Faults in this model are highly complex

and anastomosing, with many right-angle bends.

1.6.2. Spatial pattern of faults
Despite the lack of pre-existing anisotropy in our models, faults spontaneously

develop in domains of uniform dip. Small faults are more abundant in the zone where
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faults of opposing dips have met. This can be seen best in our o = 45° model (Fig. 1.18).
The most likely explanation for this apparent clustering is as follows: As the fault
population evolves, small faults grow by tip propagation until they interact with other
faults and link to form longer faults which continue growing. However, when the tips of
faults having opposing dips meet, many of the faults lock, unable to gain either length or
displacement. New faults must then nucleate in order to take up the continued strain
imposed on the model.

The azimuths of small faults at a given o span the full range of the population, yet
the longest faults all have the dominant trend. Possible explanations include the
following: 1) small faults form with a wide distribution of azimuths but only those which
are favorably oriented grow to significant length; 2) at low a values, faults rotate about a
vertical axis as they lengthen; 3) small faults with a rift-parallel orientation form late
during population evolution and do not have a chance to grow longer; or 4) small faults
of every orientation link up and attain an “average” azimuth as they lengthen. We
suspect that all of these play a part. Evidence for the fourth alternative comes from the
fact that the range of azimuth for segments is greater than that for whole faults. The fact
that fault tortuosity has a general tendency to increase with fault length further supports
this hypothesis.

Tn general, small faults tend to cluster both around fault tips and at the rift
margins on all models where 0.=30°. Small faults that form at the rift margins are

associated with a flexure that forms in the clay above the boundary between the latex
sheet and the metal plate. This flexure becomes more pronounced as extension progresses

and the center of the rift zone thins and subsides. The pattern of faulting at the rift
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margins in our oblique models is in fact similar to the secondary fault pattern produced
by oblique-slip over a master fault. Using experimental models, Schlische et al. (1999)
observed this pattern develop as faults cut an extensienal forced fold (monoclinal flexure)
which forms over a basement fault experiencing oblique-slip. These authors noted that
relay ramps between the faults are not breached until displacement on the master fault is
large. Thus, the faults do not lengthen by linkage and remain short as a result. We believe

the same thing is happening in our models, but on a smaller scale at the rift margin.

1.6.3. Cumulative frequency distribution
Before fitting our cumulative frequency distributions, we eliminated truncated

data at the small size end of the distribution. We are confident that our data for models of
o.>30° do not suffer from censoring at the large end of fault sizes. Because we are

sampling experimental models in which we can see the entire population (above the
imaging resolution), we know that there are no faults larger than the ones we can see and
that we are sampling all faults present. The only faults that were not included in the
analyses are those that formed in the area affected by boundary conditions at the edges of
the apparatus. We believe that the manner in which the number of long faults in our
models decreases is a result of boundary conditions imposed by the geometry of the rift.
It is notable that, except for in the o = 90° model, the longest faults stop lengthening well
before reaching the edge of the model and that the length of the longest faults increases
with . In fact, it is the geometry of the rift zone which limits fault length. If faults trend
obliquely to the rift axis they either stop lengthening or begin to curve when they reach

the rift valley walls. This may explain why a power-law size distribution is not
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appropriate for our data and perhaps not appropriate for fault populations in all oblique
rift zones. It may also be the reason why it is the high end of our data that diverges most
from the best-fit exponential curve (see Fig. 1.15).

In oblique rift zones, the geometry of the rift and the resulting trends of the faults
have the greatest influence on how faults link. Therefore, it is not surprising that the
cumulative frequency distribution of lengths varies with rift obliquity. The fact that
characteristic length (L) for fault segments does not change significantly with o implies
that it is indeed how these segments combine which determines the cumulative frequency
distribution for whole faults. An exponential distribution fits our data for fault segments
significantly better than data for whole faults. Davy (1993) describes a similar
relationship in the San Andreas fault system where he found that small fault “strands™
related to the larger fault system follow an exponential distribution whereas the fault

system as a whole does not.

1.6.4 . Geological examples: continental rifts

Withjack and Jamison (1986) applied results of their experimental and analytical
models to successfully explain fault patterns in the Gulf of Aden and the Gulf of
California. Additional, more recent detailed field data from the Gulf of California (e.g.,
Umbhoefer and Stone, 1996) provided additional support of those models. Fault patterns
similar to those in our models occur in continental rift zones that have localized along
pre-existing tectonic trends oblique to the direction of absolute plate motion. The
locations discussed below are shown in Figure 1.19. The Connecticut Valley rift basin

localized along a northerly trending tectonic grain during Triassic rifting, when
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displacement between North America and Africa was approximately NW-SE (e.g.,
Withjack et al., 1998; Fig. 1.20a). Two trends of normal faults were identified in the
basin fill adjacent to the northerly trending border fault, one approximately 20° oblique to
the trend of the border fault and the other approximately displacement normal (Clifton,
1987). De Boer and Clifton (1988) proposed that more northerly trending faults formed
above weaknesses in the basement early in the basin history, and rotated slightly in
response to far-field stresses as they propagated upward into the basin fill. More
northeasterly trending, displacement-normal faults developed later, in the basin fill, and
became the predominant fault trend in the center of the basin.

Feerseth et al. (1997) offered a similar interpretation of the fault pattern in the
northern North Sea (Fig.1.20b), where basins localized along northerly trending Permian
structures during NW-SE extension in the Jurassic. Early basin-parallel faults formed
coevally with small northeast- trending faults, but a northeast-trending fault set
predominates later in basin evolution. Ferseth et al. (1997) reject the notion that a change
in stress direction is required to produce the two sets of faults present in the northern
North Sea. Our models support their conclusion. When rotated into the same orientation
as these basins, the fault geometry in our «=75° model looks similar to both of the above
examples. Once again, it is a difference in boundary conditions between the rift margin
and the center of the rift zone that results in two fault sets forming during oblique

extension.

1.6.5 . Geological examples: oblique mid-ocean ridge segments

Scaled physical models have been used to interpret the geometry and evolution of
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fracture populations that form on mid-ocean ridges during oblique extension. Dauteuil
and Brun (1993, 1996) compafed their sand over putty models to the Mohns Ridge,
which is 45° oblique to the spreading direction. Applegate and Shor (1994) compared
their fracture data for the Reykjanes Ridge to the clay models of oblique rifting of
Withjack and Jamison (1986) and the sand-over-putty models of Tron and Brun (1991).
All authors noted that the scaled models accurately predict the fault geometry that 1s
present on these oblique ridge segments. Tuckwell et al. (1996) note that a transtensional
model, supported by the clay models of Withjack and Jamison (1986), best matches the
features of oblique ridge segments on slow-spreading ridges.

The fault patterns on our models compare well with fault patterns described on
oblique mid-ocean ridge segments. Our models represent distributed deformation of a
relatively thin brittle layer above a narrow discontinuity that deforms continuously. This
is analogous to the deformation observed at mid-ocean ridges which comprises normal
faults, opening mode fissures, and dike-induced grabens narrowly distributed over a
volcanic zone. Although all brittle deformation in our models is accommodated by
normal faults, the geometry and distribution of fractures is comparable to that at ridges.
Although the models cannot reproduce the deformation resulting from magma injection,
they can predict the fracture pattern that results exclusively from far-field tectonic
stresses (see Chapter 3). The models are particularly useful analogues for slow-spreading
ridges, where faulting contributes significantly to extension (Cowie et al., 1993a).

Dauteuil and Brun (1996) described a pattern of complex, wavy and anastomosing
faults in the axial valley of the Mchns Ridge in the Nerth Atlantic (o = 45° to 50°). They

noted that faults along the rift valley walls are short and slightly oblique to the rift trend,
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whereas faults in the rift valley are longer, less complex and trend normal to the
spreading direction. They also described “spindle” and “y-type” connections resulting
from linkage of faults with different azimuths. They interpret the en-echelon pattern of
faults at the valley walls as evidence of strike-slip displacement but present ne evidence
of actual offset. Our o = 45° model has similar fault geometries, with short faults
trending slightly oblique to rift-parallel on the margins of the deformed zone and longer
displacement-normal faults in the center of the rift zone. The greatest complexity occurs
where these two fault sets interact near the southern (lower) rift margin (see Fig. 1.21a
and b). Faults at the rift margin exhibit en-echelon geometry, but all displacement is pure
dip-slip. In fact, there 1s no evidence of strike-slip displacement anywhere in this model.
McAllister et al. (1995) described a wide distribution of fault azimuths along the
Reykjanes Ridge (o= 60° to 65°) with a spatial distribution of faults similar to our o =
60° model (Fig. 1.21c and d). Faults within the rift valley trend nearly normal to the
spreading direction whereas faults along the rift walls are long and trend parallel to the
rift axis. Histograms of fault trends on the Reykjanes Ridge (McAllister et al., 1995; see
their Fig.10) show that faults at the rift margin have a wider range of azimuth than faults
in the center of the rift, and that many faults are oblique to the rift trend. The authors
suggested that faults form in the center of the rift as a result of plate-spreading stresses,
whereas, on the edge of the rift, they form under a distinct stress system oriented
perpendicular to the rift axis. They proposed that this stress develops as a result of
lithospheric cooling away from the ridge axis. In our models, the zone of faulting at the
rift margin has a rift-parallel trend, and the longest faults in this zone do indeed have a

rift-parallel trend. However, the majority of faults are short and trend as much as 10°
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oblique to the rift axis. We believe that they are forming as a result of a secondary stress
system localized along the flexure that develops where the latex sheet is joined to the
metal plate (i.e., where boundary conditions have changed). We agree that lithospheric
cooling and resulting gravitational effects are probably responsible for the fault pattern at
the walls of the Reykjanes and Mohns Ridges. We suggest that stresses related to plate
motion are modulated and reoriented by a secondary stress field related to changes in
topography and crustal rheology at the rift valley walls. It is the interaction of these two
stress systems that causes faults to strike oblique to the rift trend rather than parallel to it

(see Chapter 3 for further discussion).

1.7. Summary and Cenclusions

Clay experimental models have been used to simulate fault population systematics
in oblique rift zones. The following parameters of fault populations vary systematically
with rift obliquity:

1) The range of fault azimuths increases as rift obliquity increases (i.c., as o
decreases). For values of «>45°, faults at the rift margin are slightly oblique to the rift
trend, whereas faults in the center of the rift are slightly oblique to the displacement-
normal direction. All faults experience dip slip. When a < 30°, two fault populations of

equal importance develop in the center of the rift: one approximately rift parallel and the
other approximately displacement normal. Faults in these models experience dip-slip,
oblique-slip and strike-slip motion.

2) The fractal dimension of the spatial pattern of faults increases as & increases

and is comparable to values derived analytically (Takayasu, 1986) and measured in the
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field (Hirata, 1989).

3) The length of the longest faults and the width of the deformed zone both

increase as o INCreases.
4) The cumulative frequency distribution of fault lengths varies with oo. The cumulative
frequency does not follow a power-law for any of our models, with the possible
exception of o = 90°. An exponential distribution best describes our data for whole fault
and fault segment lengths. L, for whole faults increases as o increases, but L. for fault
segments remains relatively unchanged.

Several parameters vary due to fault linkage:

1) For all oblique rifts dominated by normal faulting, fault tortuosity increases
with fault length. This is a result of linkage between short fault segments with a broad
range of azimuths.

2) Fault tortuosity is maximum when o = 30° as two subpopulations of faults link.

3) The greatest increase in fault number, at o = 45°, is followed by almost as great
a decrease at o = 60° and is coincident with the greatest increase in the length of the
longest faults. This change occurs after a critical strain threshold is reached.
Subsequently, most fault growth is accomplished by linkage. Simultaneous increase in
fault length and decrease in fault number characterize such an event.

Many of the characteristics of fault populations that we observe in our models
have been described at oblique segments of the Mid-Atlantic Ridge, including the Mohns
Ridge and the Reykjanes Ridge. A secondary stress system forms at the rift margins in
response to a change in boundary conditions. Interaction of two stress systems causes

faults in that zone to stike oblique to the rift trend, whereas faults that are approximately
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displacement-normal form in the center of the rift zone. Our models reproduce the
geometry of faults described in continental rift zones such as the Connecticut basin and
the basins of the northern North sea, which localized along pre-existing tectonic trends
oblique to the direction of displacement. Our models also provide good analogs for
characterizing brittle deformation at mid-ocean ridges where homogeneous, relatively
thin crust is being deformed by tensional forces in a confined rift zone where the
spreading vector is known. The geometry and spatial distribution of faults in oblique rift
zones are predictable and are a function of the angle between the rift trend and the
direction of displacement. The characteristic length of fault segments that form in the rift

does not vary with ¢, but the manner in which those segments link to form longer faults

is a function of rift cbliquity.
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Fig. 1.1. (a) Experimental apparatus. (b) Detail of apparatus surface with-
out clay layer, showing that o is defined as the acute angle between the
rift axis and the displacement direction (Withjack and Jamison, 1986).
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Fig. 2. Photographs of the surface of model o=30° shown for two different lighting
directions. Brightly lit fault scarps face the lighting direction. The moving wall is to the
right. Thick lines on model surface are trowel marks.
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Fig. 1.3. Fault trace maps. Black fault surfaces face the moving wall and dip to the
right. Gray faults face away from the moving wall and dip to the left.



Fig. 1.4. Criteria for identifying segment boundaries: (a) abandoned rider
block; (b) abandoned splay; (c) displacement deficit in the center of the
fault trace; (d) trace of a long fault for which 1 denotes gray aureoles at
two fault tips, 2 denotes a change in strike that may be due to tip propaga-
tion rather than linkage and 3 denotes a part of the fault trace with a flat
displacement profile.

31



N= o
Frequency R —“—— D Frequency

32

NR o __ pFrequency N R-o_D
125 |y = 9Q° I 125] o = 7E° ' 125 |y = 60° i
o 358° a=75 007°
0 100 gl
100 100 007°
751 75 “ 75
501 50 50
25 25 25
0 . ‘ 0 o . . 0 . L
570300°330° 0° 30° 60° 90° 270300°330° 0° 30° 60° 90° 270300°330° 0° 30° 60° 90°
Azimuth Azimuth Azimuth
Frequency N R-0.p Frequency N R-%-D
125]0, = 45° 125]y = 30° R
100 022° 100
75 75
032° /) D
50 50, ‘
25 25
270800°330° 0° 30° 60° 90° 270300°330° 0° 30° 60° 90°
Azimuth Azimuth
Frequency N ROp Frequency N R=D
125|0 = 15° 1250, = 0°
100 100
75 75
358°
50 358° 50
25 ;g\. 25
o § i = 0Bm et N
1 70300°350° 0° 30° 60° go° 270300°330° 0° 30° 60° 50°
AZimuth Azimuth

Fig. 1.5. Histograms of fault azimuth for all models. R is the trend of the rift axis
for each o angle; D is the trend of the displacement direction, defined as 090°; N
is the displacement-normal direction defined as 000°
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Fig. 1.7. Variation with o in width of the deformed zone at
the clay surface (black squares) and at the base of the model
(open diamonds) .
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Fig. 1.9. Examples of map patterns with different fractal dimensions.
Redrawn from Ackermann et al. (2000, in review)
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Fig. 1.10. Graph of the capacity dimension (D) and the information dimension

(D;) as a function of o, as calculated by Benoit software.



38

strain
0.7

—=— imposed extensional strain
06 1 — fault-related strain

0.5 -
0.4
03 3
0.2 1

0.1

0 : : .
30° 45° 60° 75° 90°
o

Fig. 1.11. Graph showing how imposed extensional strain in the displace-
ment direction (square symbols) compares with fault related strain
(diamond symbols) for o 2 30°.
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Fig. 1.12. (a) Diagram showing hanging-wall and footwall cutoffs along a seg-
mented fault. L1 and L2 are tip-to-tip lengths of individual segments, whereas L is
the tip-to-tip length of the entire fault. s is the segment boundary. Note that tip-to-
tip lengths and azimuths of segments do not equal that for the entire structure.
Note too that the trace lengths defined by the hanging-wall and footwall cutoffs
are significantly longer than tip-to-tip lengths. Note displacement deficit at s.

(b) Diagram defining fault tortuosity as the ratio of fault trace length to tip-to-tip
length.
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lengths, (b) summed fault length, and (d) number of faults vary with o. (¢) Summed

fault length per unit area. €) number of faults per unit area. See text for discussion.
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Length (cm)

Fig. 1.15. Graphs showing cumulative frequency of lengths for whole faults (open
circles) and for fault segments (crosses). a - e, g and h are log-linear plots show-
ing exponential fits. f and i are log-log plots showing power-law fits.
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Fig. 1.16. Graph showing variation in characteristic length (L) with o for

whole faults (large squares) and fault segments (small circles).
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Fig. 1.17. Graph showing how imposed horizontal extensicnal strain in the dis-
placement direction at the base of the model varies with o at different displace-
ment increments during fault population evolution.
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Fig. 1.18. Detail from a photograph of the 0i=45° model showing the zone
of complex faulting that forms where dip domains of opposite polarity
meet.
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fault - scarp facing southeast
fault - scarp facing northwest
minor fault

o = 609

Fig. 1.21. Comparison of map patterns of faults on oblique mid-ocean ridge seg-
ments with fault trace maps of our clay models. (a) Faults on the Mohns Ridge
(redrawn from Dauteuil and Brun, 1996). (b) Fault trace map for a0 = 45°. (c¢) Faults
on a small section of the Reykjanes Ridge (redrawn from McAllister et al., 1995).
(d) Fault trace map for o = 60°. All maps are oriented so that the spreading
(displacement) direction is perpendicular to the side of the box.
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Chapter 2- Nucleation, growth and linkage of faults in oblique rift zones: results from
experimental clay models
2.1. Abstract
I have used scaled clay models to study the temporal evolution of fault

populations in experiments of moderately oblique (o= 60°) and highly oblique (o= 30°)
distributed extension, where o is defined as the angle between the rift axis and the
direction of displacement of the moving wall. The degree of rift obliquity places
constraints on the style of fault growth from the earliest stages of fault population
evolution. Brittle deformation begins with the nucleation of small isolated faults around
random heterogeneities in the clay. They in turn enhance the nucleation of diffuse
clusters of new faults whose geometry determines the style of subsequent fault growth.
In the o = 30° model, clusters of displacement-normal faults form parallel arrays, leading
to fault growth dominated by tip propagation and along-strike linkage until maximum
length (controlled by the width of the deformed zone) is achieved. Subsequent growth of
rift-subparallel faults leads to a phase of growth characterized by linkage and formation
of complex, branching faults with high tortuosity. In the ot = 60° model, clusters form in
a stepping geometry leading to growth dominated by linkage. Faults nucleate and grow

more rapidly, and their growth is less restricted in the moderately oblique model.

2.2. Intreduction
The scale of geologic time is such that we can rarely, if ever, observe a geologic
process in its entirety. The events that collectively contribute to the evolution of a

geologic system occur far too slowly, or result from too many successive rapid events
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with long recurrence intervals. Thus, we need to infer what those events have been from
the geologic record and modern analogues. A clearer understanding of these events with
respect to the evolution of fault systems has immediate relevance for earthquake hazard
assessment and prediction, understanding fault sealing, fluid flow and depositional
patters. There is a growing realization among researchers that examining the entire fault
population in a given area (e.g. a plate boundary segment) can greatly enhance our
understanding of the behavior of a specific fault (Cowie, 1998a; Main, 1996; Cowie et
al., 1995). In particular, considerable research in seismology during the past eight years
has focused on fault interaction as a triggering mechanism for earthquakes (e.g.J aume
and Sykes, 1992; Bowman et al., 1998; Freed and Lin, 1998; Hardebeck et al., 1998;
Gupta and Scholz, 2000).

Scaled experimental models are ideal for studying the temporal evolution of
geologic systems, because we know the boundary conditions and can observe a process
from start to finish. With scaled clay models of brittle deformation, we can observe the
entire visible population of faults that form in response to a particular stress system and
chart the nucleation, growth and interaction of faults as the population evolves. Results
from analyses of the models can then be used to guide and support investigations in real-
world settings.

Ackermann et al. (1997; submitted) used scaled clay models of simple orthogonal
extension to study the effect of certain boundary conditions on the evolution of fault
populations. These studies quantified the effect of mechanical-layer thickness and width
of the deforming zone on the evolution of fault population systematics in extensional

tectonic settings and support the conclusions of field studies (e.g., Scholz and Contreras,
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1998). This chapter examines the effect of rift obliquity on the evolution of fault
populations in extensional settings. Rift obliquity is related to the angle, a, between the
rift trend and the direction of displacement of the rift walls (Withjack and Jamison,
1986), so that the value of o is inversely related to the degree of obliquity. Work in
oblique rift zones around the world (e.g., Umhoefer and Stone, 1996; Chorowitz and
Sorlein, 1992; Dauteuil and Brun, 1996; Applegate and Shor, 1994) as well as scaled
modeling experiments (e.g., Withjack and Jamison, 1986; Tron and Brun, 1991; McClay
and White, 1995; Clifton et al., 2000) have shown how rift obliquity affects fault
geometry and spatial distribution. However, little is known about what role this parameter
plays in the temporal evolution of fault populations. In particular, this study examines
how fault nucleation, growth and interaction vary with o by comparing modeling results

from a moderately oblique rift (o= 60°) and a highly oblique rift (o = 30°).

2.3. Methods

The experimental modeling technique used in this study 1s fully described in
Chapter 1 (see Section 1.2 and Fig.1.1). Models were subjected to different combinations
of extension and shear by changing the orientation of a metal base plate attached to a
moving wall which was extended at a constant rate of 3 cm/hour. A 6 cm wide latex sheet
was taped so that it straddled the metal base plate and a stationary plate beneath it so that,
when the moving wall was extended, it imposed distributed deformation to the overlying
2.5 cm thick layer of wet clay. In order to record the temporal evolution of the fault
population, a camera was mounted over the model surface; photographs were taken after

every 0.25 cm of displacement of the moving wall, from time O until the end of the model
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run (after 5 cm of displacement; i.e. 1.5 hours). The camera was positioned over the
center of the model so that the entire deformed zone could be photographed. Two lighting
directions 180° apart were used to fully define fault scarps with a general dip direction
toward and away from the moving wall.

Images were scanned and analyzed using the same techniques described in
Chapter 1 (see Section 1.3). Care was taken to use the same study area for each
displacement increment. Fault trace maps were drawn by tracing polygons around the
horizontal projections of the hanging-wall and footwall cutoffs on the top surface of the
models. Fault trace maps for one increment were overlain on images of the next
increment to correctly position the study area boundaries and to ensure consistency in
identifying faults. This technique eliminated some of the uncertainties inherent in
analyzing a model at a single displacement increment (see Section 1.3). Charting the
growth of each fault made it easier to identify fault tips and to distinguish a fault from a
possible flaw on the image. The images analyzed here include those taken between 1 cm
of displacement (when faults first appear on the models) and the 3.5 cm displacement
increment used to analyze the entire o suite in Chapter 1.

Data consist of the number of faults visible on the model surface, fault trend
(measured tip-to-tip), fault-trace perimeter, and tip-to-tip fault length (fault trace length is
approximated by one half of the fault trace perimeter). Terms used to describe the models
are defined as follows. The area of the model directly above the latex sheet is considered
the rift zone. The deforming zone is wider than the latex sheet and includes the entire
area where faulting has occurred. The zone of faulting outboard of the latex sheet is

considered the rift margin.
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2.4. Data
24.1. a=60°

For the o = 60° experiment (Fig. 2.1), faults begin to nucleate around random
flaws (most likely small air bubbles) in the clay. The first faults to appear at the model
surface are located in the center of the zone of deformation and all but one dip away from
the moving wall (left-dipping). Many fractures begin as opening-mode cracks but evolve
into normal faults by 1.25 cm of displacement. These first faults are relatively straight,
isolated structures. As extension continues, new faults tend to nucleate close to these first
faults, forming three diffuse clusters in the center of the rift. At 2.0 cm of displacement,
faults appear at the rift margin closest to the moving wall. Most of these are left-dipping
and are separated by a gap of 1 to 2 cm from faults in the rift zone. Coevally, right-
dipping faults appear in significant numbers inside the rift zone. By 2.25 cm of
displacement, distinct domains in which dip direction is uniform develop and maintain
themselves throughout the rest of the model run. In general, faults dip inward toward the
center of the rift zone, which is the area of maximum thinning and subsidence of the clay.
After 2.5 cm of displacement, the number of new faults nucleating within the rift zone
decreases dramatically; deformation is dominated by faults that lengthen along strike,
gain displacement, and link with other faults (Fig. 2.2). Fault nucleation also decreases at
this point along the rift margin closest to the moving wall. However, faults first appear on
the margin farthest from the moving wall at 2.75 cm of displacement. Throughout the rest
of the model run, new faults continue to nucleate along both margins as older faults

lengthen. By 3.5 cm of displacement, the rift margin closest to the moving wall is
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characterized by many long, relatively straight faults that have a rift-parallel trend. Faults
on the opposite margin are shorter and strike oblique to the trend of the rift zone, but they
form an en-echelon array that is rift-parallel.

Histograms of azimuths for the o = 60° model (Fig. 2.3) show that most of the
first faults to form have a displacement-normal trend. However, even at this early stage in
the model’s evolution, there are a significant number of faults oblique to that trend. By
1.75 cm of displacement, the peak of the histogram is oblique to the displacement-normal
trend and remains there throughout the model run. Almost from the beginning, the
histogram is skewed towards the rift trend, and this skewness becomes more pronounced
as extension proceeds. Plots of length vs. azimuth (Fig. 2.4) show that most faults with a
rift-subparallel trend are short whereas the longest faults have a strike that is oblique to
the displacement-normal direction, as is the case for the peak of the histogram of fault
trends. The appearance of more rift-subparallel faults at 2.5 cm of displacement is a result

of continued fault nucleation at the rift margins (see above).

2.4.2. = 30°

In the o = 30° experiment (Fig. 2.5), faults do not begin to appear at the model
surface in significant numbers until 1.5 cm of displacement. From the very beginning,
two sets of faults are evident. One set strikes in the displacement-normal direction and
exhibits right-lateral oblique slip. The other set strikes in the rift-subparallel direction and
exhibits left-lateral oblique slip. As in the o = 60° model, most of the first faults dip away
from the moving wall. However, in contrast to the o = 60° model, none of the faults

appear to begin as opening-mode fractures. Also, unlike the oo = 60° model, the zone of
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deformation starts out wider than the latex sheet, and faults appear to be more uniformly
distributed across the width of the deformation zone. These first faults are relatively
straight and have sub-vertical dips, initially showing only a small component of dip slip.
By 2.0 cm of displacement, it is apparent that faults at the rift margin have a
different strike than the majority of faults in the rift center. All faults at the margin have a
strike that is oblique to the rift-parallel trend, whereas the great majority of faults in the
center of the rift have a strike that is displacement-normal. A subtle clustering also
becomes apparent by 2.0 cm of displacement, particularly for displacement-normal faults
(see section 3.7.1 in Chapter 3). Histograms of azimuth (Fig. 2.6) show a sudden increase
in the number of of rift-subparallel faults by 2.5 cm of displacement. By 2.75 cm of
displacement, the rift-subparallel faults form a distinct peak on the histogram; by 3.0 cm
of displacement, they become more numerous than displacement-normal faults. Most
faults with this trend are along the rift margins; however, by 2.5 cm of displacement,
many are also present in the center of the rift zone. At first they tend to be short, isolated
structures that fill the spaces between displacement-normal faults. As they increase in
number, they begin to interact with displacement-normal faults, forming complex,
anastomosing or branching structures (Fig. 2.7). During linkage, some rotate into an
orientation that is perpendicular to the direction of maximum horizontal extension
(Enmax)- Once in this orientation, they gain displacement rapidly (see fault shown in black
in Fig. 2.7; also see section 3.7.2. in Chapter 3 for further discussion). Plots of length vs.
azimuth (Fig. 2.8) reflect this interaction of two fault sets. By 3.25 cm of displacement,
faults with a strike intermediate between rift-parallel and displacement-normal increase

both in number and length as a result of linkage between these two sub-populations.
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As in the oo = 60° model, faults on the rift margin closest to the moving wall
develop first. However, unlike the oo = 60° model, they continue to nucleate throughout
the model run and retain an average strike that is 20° oblique to the rift trend. Most fault
growth on the rift margin is accomplished by tip propagation rather than linkage, so that

faults here remain relatively short compared to those within the rift zone.

2.5. Discussion: Comparison of two models
The evolution of fault populations in these two models, one moderately oblique
(o = 60°) and the other highly oblique (o = 30°), is quite different, and the differences are

clearly attributable to rift geometry.

2.5.1. Fault nucleation

Because most fault nucleation occurs at some depth within the model, it cannot be
observed. Therefore, the first appearance of a fault at the surface of the model lags behind
nucleation by an unknown amount of time. For purposes of this study, I assume that the
rate of appearance of new faults at the surface is proportional to the rate of fault
nucleation. In both models, the number of faults generally increases with increasing
displacement of the moving wall (Fig. 2.9). However, the rate of increase for the o = 60°
model is much more variable than for the oo = 30° model. The number of faults on the a
= 30° model increases rather steadily through time, with the exception of a large jump
(>100% increase) between 2.25 and 2.5 cm of displacement. In contrast, after 1.75 cm of
displacement, the number of faults increases by 300% in the o = 60° model. Subsequent

to this event, the rate of nucleation decreases, and, at 2.5 cm of displacement, it levels off.



57

This reflects a significant fault linkage event (see below). An increase in fault nucleation
after 3.0 cm of displacement is confined to the rift margins (see above). At the same time,
faults continue to nucleate at a steady rate in the o = 30° model, although increasingly

more nucleation occurs on the rift margins as extension progresses.

2.5.2. Fault growth

The rate of fault growth is reflected in the summed length (XL) of faults and
changes in the length of faults at the 95™ percentile of length for all faults in the model
(Los; Fig. 2.11). Up until 1.75 cm of displacement, L and Los for the o = 30° model are
approximately equal to the same data for o = 60°. As extension proceeds, the rate of
fault growth in both models becomes more rapid as a critical strain threshold is reached.
This increase begins sooner and occurs at a higher rate in the oo = 60° model. L and Los
for this model follow a more or less parallel trend of steady increase.

For the o = 30° model, ZL increases steadily throughout the model run, but Los
approaches its maximum value after only 2.5 cm of displacement. As discussed in
Chapter 1 (Clifton et al., 2000), the angle of rift obliquity constrains the maximum length
that faults can attain within the rift zone. In the early stages of evolution of the o = 30°
model, faults with a displacement-normal trend cluster in parallel arrays. These become
the longest faults on the model, but their growth is limited by the width of the rift zone. In
fact, they can only become slightly longer than the width of the rift zone. These
displacement-normal faults grow by tip propagation and along-strike linkage until, at 2.5
cm of displacement, they reach the edge of the rift zone where further growth is inhibited.

Tt is only at this point that rift-parallel faults start to increase rapidly in number (see Fig.
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2.6). The length of these faults is in turn limited by the presence of the long
displacement-normal faults that span the width of the rift. Rift-parallel faults fill the gaps
between clusters of displacement-normal faults and commonly terminate against them. In
many cases, the two sets link to form complex, branching structures (Fig. 2.7). The tip-to-
tip lengths of these complex faults is considerably shorter than their trace length, placing
another constraint on maximum fault length. Fault tortuosity (ratio of trace length to tip-
to-tip length) increases markedly for the o = 30° model as displacement increases (Fig.
2.12).

Fault growth in the o = 60° model is much less restricted. Up until 1.75 cm of
displacement, growth is accomplished by tip propagation of small faults. However,
because the faults in this model form diffuse clusters, they do not have to attain a very
great length before linkage can begin. Through most of the model’s evolution, growth is
accomplished primarily by linkage of en echelon or stepping (en bayonet) arrays of
faults. Faults that nucleate in parallel arrays, on the other hand, grow mainly by tip
propagation and tend to remain relatively short (see Fig. 2.2). Therefore, tortuosity values
do not increase very much during the course of extension (Fig.2.12). Fault geometry 1s
such that the maximum attainable fault length is more than three times the width of the
rift zone. By 2.5 cm of displacement, deformation becomes concentrated on these long
faults, and nucleation of new faults is inhibited.

The growth of normal faults in extensional settings has been described as a four-
step process (Peacock and Sanderson, 1991) that begins with isolated fault segments
which do not overlap or interact. Segments begin to lengthen and interact via relay

structures that comprise a zone of deformation connecting the footwall of one fault to the
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hanging-wall of the other. As fault growth continues, relay ramps start to break down
when small oblique transfer faults form along them. Eventually, a ramp is breached by a
transfer fault and linkage is complete. Beyond a critical separation distance, relay ramps
do not form and fault segments cannot interact (Trudgill and Cartwright,1994). The
growth of segments which overlap by more than a certain amount will be limited (Aydin
and Schultz, 1990). Fault growth is enhanced at the inward tips of underlapping
segments, but even a small overlap will reduce the propagation tendency of fault
segments (Willemse, 1997). Gupta and Scholz (2000) demonstrate that fault growth will
cease on one segment when its tip propagates into the zone of maximum stress drop of
the other segment.

The results presented here suggest that fault interaction begins at the earliest
stages of fault population evolution, when the presence of the first faults appears to
enhance nucleation of nearby faults. This effect is more pronounced and is evident sooner
on the less oblique o = 60° model. Once diffuse clusters of small faults have formed in
this model, their growth procedes in a manner similar to that descibed above. Fault tip
zones interact via relay structures in the clay, but in most cases ramp breach is
accomplished not by the formation of transfer faults but by the tip of one segment
curving into either the hanging-wall or footwall of the other. Clusters of parallel faults
form on the a = 30° model after about 2.0 cm of displacement. According to the fault
growth models described above, not only should they not form, but their growth should
be severely limited by their high percentage of overlap. Instead, these groups of parallel
faults lengthen until their growth is stopped only when they reach the rift margin. Results

of 3-D boundary element modeling (Willemse, 1997) suggest that overlapping faults can
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continue to grow if their down-dip height is small relative to their lengths. In the case of

the oo = 30° model, maximum down-dip height is only 25% of maximum fault length.

2.6. Summary and conclusions

For both models examined in this study, fault population evolution begins with
the nucleation of small isolated faults around random heterogeneities in the modeling
medium. These first faults appear to enhance the nucleation of new faults close by so that
a loose clustering evolves fairly early in the evolution of the fault population. However,
the influence of rift obliquity is important even at this earliest stage. Clusters in the o =
30° model consist of a parallel arrangement of displacement-normal faults, whereas in the
o = 60° model the clusters consist of faults arranged in a stepping fashion. This
difference determines the style of growth that predominates in the model (Fig. 2.13).

Displacement-normal faults on the o = 30° model grow primarily by tip-
propagation, with some along-strike linkage, until they span the width of the rift zone.
Once those faults can no longer lengthen, the rift-subparallel faults begin to form in
significant numbers, and linkage becomes an important mode of fault growth. Faults on
the oo = 60° model have to grow very little before they begin to overlap and form en-
echelon arrays. This geometry enhances fault interaction and growth by linkage, and it is
at this point (1.75 cm of displacement) that fault growth increases markedly. Deformation
becomes localized on these long faults and nucleation of new faults slows down or ceases
entirely.

Fault growth also differs on the rift margins of these two models. Fault geometry

on the o = 60° model leads to linkage of faults that are no more than 10° oblique to the
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rift trend. These become long, rift-parallel faults as extension continues. In contrast,
faults on the margin of the o = 30° model form about 20° oblique to the rift trend and
tend to remain short. In conclusion, the angle of rift obliquity places constraints on the

style of fault growth from the carliest stages of fault population evolution.
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Fig. 2.1 - Fault trace maps for o =
60°. Polygons show the horizontal
projections of the hanging-wall and
footwall cutoffs on the top surface of
the model. Moving wall is located
towards the right. Grey faults dip
away from and black faults dip
towards the moving wall. Fault trace
map for the 1.0 cm displacement
increment is not shown because
faults are too small to be seen at this
scale.
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Fig. 2.1. continued
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d=15 d=175

4 cm

d=2.0 d=2.25

Fig. 2.5 - Fault trace maps for o = 30°
models. Polygons show the horizontal
projections of the hanging-wall and foot-
wall cutoffs on the top surface of the
model. Moving wall is located towards
the right. Grey faults dip away from and
black faults dip towards the moving wall .
Fault trace map for the 1.0 and 1.25 cm
displacement increment are not shown
because faults are too small to be seen at
this scale.
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Fig. 2.7 - Enlarged view of fault growth and linkage for o = 30° model between 1.75
and 3.5 cm of displacement. Faults with the same color fill pattern link to form longer
faults. Faults with black border and no fill pattern grow by tip propagation. Arrow
shown at 1.75 cm of displacement shows the displacement direction. Arrow shown at
3.5 cm of displacement shows the direction of maximum horizontal extension (Ey,pay)-
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Fig. 2.10 - a) Summary plot showing how the summed length of faults changes
through time in each model. Data are normalized by the area of the deformed zone.
b) Summary plot showing how the 95th percentile of lengths changes with increas-
ing displacement in each model.
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Chapter 3 — Population systematics of fractures in the Reykjanes Fissure Swarm, SW
Iceland: comparison with experimental clay models of oblique rifting
3.1. Abstract
Population systematics for the Reykjanes Fissure Swarm suggest that fractures are

unevenly distributed in time and space in this volcanic zone. Along the margin, fractures
are long, highly segmented fissures and normal faults with offset on the order of several
meters and an average strike 20° oblique to the trend of the plate boundary (rift axis). In
the center of the zone of active volcanism, fractures are generally shorter, straighter,
fewer in number and strike approximately perpendicular to the direction of maximum
horizontal extension (parallel to the trend of eruptive fissures). Right-lateral oblique-slip
faults striking in the spreading-normal direction are present in the center of the rift zone.
Results from a scaled experimental model suggest that a significant change in fracture
strike at the rift margins is due to the presence of a secondary stress field at the boundary
between a weak (highly stretched) and strong (unstretched) crust. The model confirms
that right-lateral oblique- or strike-slip faults accommodate a significant amount of left

lateral shear across oblique rift zones.

3.2. Introduction

The Mid-Atlantic Ridge (MAR) defines the boundary between the North
American and European plates. Its topography is usually quite rough, with high rift
mountains bordering a down-faulted median rift valley (e.g., Vogt, 1986). However, the
rift valley gradually disappears as the ridge approaches the major hot spots of the Azores

and Iceland. Global studies of mid-ocean ridges have revealed that major differences in
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ridge morphology can often be attributed to spreading rate. However, overall magma
budget (Sempere et al., 1990) and segment orientation with respect to the direction of
plate motion (Taylor et al., 1994) also play critical roles in determining the structural
architecture of a particular ridge segment.

The segment of the MAR north of the Charlie Gibbs Fracture Zone (CGFZ in Fig. 3.1) is
known as the Reykjanes Ridge. North of latitude 57°N, the ridge bends and takes on a
trend of 035° so that it is oblique to the direction of plate motion which varies along the
length of the ridge from 096° to 100° (DeMets et al., 1994). The acute angle, o , between
the rift trend and the direction of plate motion is approximately 60°. At latitude 58°30°N,
the topography of the ridge becomes smoother and its median valley disappears, due to a
change in lithospheric theology and an increased magma supply as the ridge approaches
the Iceland mantle plume (Malinverno, 1993). At latitude 63°48°N, the ridge comes
onshore at Reykjanes Peninsula, Iceland. Here it bends sharply to the east so that it
becomes approximately 30° oblique to the direction of plate motion.

Our understanding of how Reykjanes Peninsula fits into the plate tectonic model has
evolved considerably, as the model itself has evolved, over the past thirty years. Because
of its geometry with respect to adjacent portions of the MAR, early researchers
(e.g.Ward, 1971, Courtillot et al., 1974) believed the peninsula to be a transform fault,
but problems arose with that model when no through-going strike-slip fault could be
found. Nakamura (1970) was one of the first researchers to suggest that it is an oblique
rift zone. Based on the geometry of en-echelon extensional structures examined both in
the field and with air photos, he proposed that the rift zone undergoes equal amounts of

extension and shear, perhaps discontinuously in the short term, but accomplishing the
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“average” plate motion in the long term. The tectonic setting and state of stress are now
fairly well established and characteristics of both transform and ridge segment are
evident. Still unclear are some of the dynamics of this zone, how faulting and magmatism
are related in time and space on the Peninsula, how the structures we see at the surface
are related to the processes that formed them and what role ridge geometry (i.e., the angle
of rift obliquity) plays in the tectonic development of a spreading segment.

Scaled physical models have been used to interpret the geometry and evolution of
fracture populations that form on mid-ocean ridges during oblique extension. Dauteuil
and Brun (1993, 1996) compared their sand over putty models to the Mohns Ridge,
which is 45° oblique to the spreading direction. Applegate and Shor (1994) compared
their fracture data for the Reykjanes Ridge to the clay models of oblique rifting of
Withjack and Jamison (1986) and the sand-over-putty models of Tron and Brun (1991).
All authors noted that the scaled models accurately predict the fault geometry that is
present on these oblique ridge segments. The o0 = 30° model produced in this study,
discussed at length in Chapters 1 and 2, is a good experimental analogue for the
Reykjanes Peninsula. The models represent distributed deformation of a thin brittle layer
above a narrow zone in the substrate that deforms ductilely, analogous to the deformation
on the peninsula. Although the models cannot reproduce the deformation resulting from
magma injection, they can predict the fracture pattern that results exclusively from far-
field tectonic stresses in the absence of magma.

A goal of this study is to determine how the fissure swarms on Reykjanes Peninsula have
formed and evolved, by examining the population systematics of fractures in the

Reykjanes fissure swarm at different scales and in lava flows of different ages. By then
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comparing field data to the experimental model data, we can distinguish the deformation
that results principally from remote plate stresses from the deformation related mainly to
local, magmatic phenomena. The geometry, evolution and spatial distribution of fractures
that form in the experimental model can be used to better understand the structures we

see on the Reykjanes Peninsula and the sequence of events that generated them.

3.3. Tectonic Setting and Geologic Background

The center of the Iceland mantle plume lies under the Vatnajokull glacier (Wolfe, et al.,
1997) and probably has a major influence on the geometry of the plate boundary in
Iceland (see Fig. 3.1). The plate motion direction varies in Iceland from 102.74° at
Reykjanes Peninsula to 106.21° along the Northern Volcanic Zone according to the
NUVEL-1A model (DeMets et al., 1994). According to the classification of Macdonald
(1998), the volcanic zones in Iceland are second-order ridge segments that are
approximately 100 km in length and separated from each other by either a segment
overlap or a change in strike direction (“rift valley jog”). Each segment has a different
orientation with respect to the direction of plate motion and each has a unique character.
Along with differences in their magma budget, their differing orientations can account for
many of the structural differences between these ridge segments.

A major ridge jump approximately 6-7 million years ago initiated active spreading on
Reykjanes Peninsula (Saemundsson, 1979; Johannesson, 1980). A narrow zone of
seismicity having an average trend of 075° runs along the length of the peninsula and has
been used to define the active plate boundary (Klein et al., 1977; Einarsson, 1991). This

zone intersects fissure swarms near the zone of maximum volcanic production and seems
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to control the location of geothermal areas on the peninsula (Einarsson, 1991). The
peninsula is characterized by arrays of eruptive fissures, spaced on average
approximately 5 km apart, and having an average strike of 040° (Fig. 3.2). These have
been described in the literature as comprising four distinct volcanic systems (Fig. 3.3;
Einarsson and Saemundsson, 1987), each with their own magma supply and high
temperature geothermal system.

Sub-glacial and sub-aerial (post-glacial) fissure eruptions have formed prominent NE-
trending ridges and crater rows that dominate the topography of the peninsula (Fig. 3.4).
Sub-glacial eruptions produce ridges of hyaloclastite that bear an unmistakable
resemblance in volume, height and aspect ratio to the Axial Volcanic Ridges (AVRs) that
have been described along the Reykjanes Ridge (Murton and Parson, 1993; Searle et al.,
1998). A number of table mountains and hyaloclastite cones, products of sub-glacial
eruptions from isolated vents, are also present on the peninsula and closely resemble the
small seamounts that have been mapped on the MAR. Early post-glacial basaltic (large
volume) and picritic (small volume) shield volcanoes have also played a major role in
surfacing this ridge segment with voluminous pahoehoe lava flows, which both cover and
are covered by the products of fissure eruptions. Shield volcanoes and eruptive fissures
have been active on the peninsula during the Holocene, but the last known eruption was
in the fourteenth century (Saemundsson, 1995).

Deformation on the peninsula (Fig. 3.2) is accommodated by extensional features that
include normal faults, opening mode fissures, and small graben structures (25 to 40
meters wide) that have been closely associated with the eruptive fissures and used to

define the boundaries of volcanic systems (see Fig. 3.3; Saemundsson, 1979;
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Gudmundsson, 1980). The base of the seismogenic zone is between 5 and 11 km on the
Peninsula (Einarsson, 1991) and most seismicity occurs at depths from 1to5 km. A
narrow zone of seismicity 2 to 5 km wide, characterized by predominantly strike-slip
focal mechanisms and extending the entire length of the peninsula, was identified by
Einarsson (1991) as the currently active plate boundary. In the eastern part of the
Reykjanes Peninsula, seismicity is characterized by focal mechanisms indicating right-
lateral strike-slip faulting on N-S planes or left-lateral strike-slip faulting on E-W planes.
However, seismicity on the western part of the peninsula is principally characterized by
normal faulting on NE-striking planes (Einarsson, 1991). During a large earthquake
swarm in 1972, focal mechanisms ranged from normal to oblique to strike-slip faulting
(Klein et al., 1977). Geodetic measurements between 1986 and 1998 (Sturkell et al.,
1994; Hreinsdottir et al., 1999) show that left-lateral shear is currently accumulating on
the peninsula. Data from Satellite Radar Interferometry support this and indicate that
below a depth of 5 km plate motion is accommodated by continuous ductile deformation
(Vadon and Sigmundsson, 1997).

The Reykjanes fissure swarm (RFS) is located in westernmost Reykjanes Peninsula (Fig.
3.5). It includes three en-echelon sets of eruptive fissures spaced between 2 and 3 km
apart. They are, from west to east, the Stampar, Eldvorp and Sundhnukur (after Jonsson,
1978) eruptive fissures, all of which have been active in historic time. Normal faults,
hybrid fractures and opening-mode fissures are associated with the eruptive fissures, but
most occur on the edges of the area of eruptive activity. This fissure swarm was chosen
for study because of the excellent exposures of fractures in sparsely vegetated post-

glacial lavas and easy accessibility to large numbers of fractures. Farther to the east,



above. He suggested that fractures originally formed during the Pleistocene from cyclic
loading and unloading due to glaciation over weak, thin crust. He believed that most
major faults formed in early post-glacial time, after the final retreat of the glaciers, and
that virtually all faulting since then has involved reactivation of these same structures.
Based primarily on detailed mapping of fractures at the Vogar graben, he outlined a
process for the growth of post-glacial fractures that involved en echelon columnar joints
opening above buried Pleistocene faults, then lengthening by tip propagation and linkage,

and finally propagating to a depth at which they become normal faults.

3.5. Data collection

Data for fracture lengths and azimuths were collected both from air photos and in
the field. The areas of Vogar, Grindavik and Stora-Sandvik/Reykjanes were chosen to
examine based on availability of photos and accessibility to the field areas. Fracture

spacing was measured only in one area.

3.5.1. Air photos
Air photos for all three areas were scanned and analyzed using ERDAS Imagine
software (see appendix A). Resolution of the photos was 1 meter per pixel. I used the
orthorectified air photos to generate fracture maps from which I was able to measure
tip-to-tip azimuth and tip-to-tip length with accuracy on the order of meters. To check
the accuracy of measurements made from the air photos, a selection of measurements
were checked in the field with tape and compass. Using the air photos, 1 made an initial

attempt to distinguish true normal faults from hybrid fractures and opening mode
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much of the activity from eruptive fissures was sub-glacial, resulting in rugged
topography and significant post-glacial sedimentary cover that pose problems for field
work. The fractures analyzed in this study intersect lava flows ranging in age from 12,500
to 600 years BP (Saemundsson, 1995) allowing a first-order determination of the

temporal evolution of the fracture population.

3.4. Previous Work

Kazuaki Nakamura (1970) conducted the first systematic study of fractures on
Reykjanes Peninsula using air photos at a scale of 1:36000 and extensive field
measurements. He was struck by the abundance of en-echelon extensional structures and
noted that those having a lefi-stepping geometry trend more casterly whereas those with a
right-stepping geometry trend more northerly. His histograms of azimuths (Fig. 3.6) show
a difference of 30° between left-stepping and right-stepping fractures. The histograms
overlap (dashed line) along what he calls the “general trend” (represented by the average
trend of crater rows). He also noted that non-eruptive fissures cut older rocks than the
crater rows and that displacement along faults is greatest in the oldest rocks, outside the
sone of active volcanism. Based on these observations, he concluded the Reykjanes
Peninsula to be an oblique rift zone experiencing equal amounts of strike-slip and dilation
over time.

During the 1980’s, Agust Gudmundsson published several papers on the
formation of fractures on Reykanes Peninsula (Gudmundsson, 1980, 1986, 19872,
1987b). He proposed that the fissure swarms formed when glacial rebound triggered

inflation of elliptical magma chambers causing uplift and bending of the brittle crust
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fissures, but subsequent fieldwork proved that many structures are in fact complex
combinations of all three modes of rupture. In addition, some of the smaller features
that I had determined to be fissures from the air photos alone, turned out to be small-
displacement normal faults when examined in the field. Therefore, fractures of different
mode are treated in this study as one statistical population, and data for all modes are
combined. This is justified for several reasons. Based on his study of Tertiary and
Pleistocene faults in Iceland, Gudmundsson (1992) has suggested that the large-scale
tension fractures which form near or at the free surface propagate downward to a depth
of 400 m, at which point they turn into normal faults. Field relationships point to the
fact that all of these fractures form closely in time and space in response to the same
stress system. In addition, field evidence from this study indicates that faults and
fissures interact throughout their growth and often link to form complex structures.

For purposes of this study, I have used the same criterion as Gudmundsson
(1987a), whereby any continuous trace of ground rupture is considered an individual
fracture. By following the fracture trace at the pixel level, I was able to identify fracture
tips with confidence in most cases. Fractures as short as 4 meters in length and less than
1 m wide are clearly resolvable on the air photos; field checking confirmed the
accuracy of measurements within 1 m (50 cm at either tip). In spite of the high
resolution of the photos, it is certain that small fractures were inevitably missed in areas
of particularly thick moss and grasses and in areas of windblown sand.

Most of the longest structures exhibit the characteristics of segmented fault systems
(e.g., Trudgill and Cartwright, 1994; see Chapter 1). Many large structures that have

been mapped as single fractures at the regional scale (e.g., Saemundsson and Einarsson,
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1980) are in fact made up of shorter segments which either overlap or are arranged
along strike with gaps of a few meters between them. 1 attempted to identify segment
boundaries along several “major” fractures (greater than 400 meters in length) visible
on the air photos for each sub-area. Criteria developed for use with clay models in
Chapter 1 were used to identify segment boundaries on the air photos as follows: 1)
abrupt changes in fracture strike (>10° of azimuth), 2) abrupt, noticeable changes in
fault displacement profiles, 3) abandoned splays, and 4) stranded footwall or hanging-
wall rider blocks. Field checking showed that segment boundaries were identified
correctly in most cases, but scarp degradation occasionally made it difficult to

determine if a location was truly a segment boundary.

3.5.2. Field data

Molvik is a small graben directly south of the Eldvorp eruptive fissure and is
included on the Stora-Sandvik/Reykanes air photo (number 4 on Fig.3.5). An Electronic
Total Station was used to map the topography of this graben and all visible fractures
around three normal faults, using the equipment and procedure described in Schlische
and Ackermann (1998). The three normal faults are propagating through a ponded lava
flow. The smooth, relatively unvegetated surface of the ponded flow allowed even the
smallest cracks to be easily visible. This was particularly true in a wide relay ramp that
had developed between two of the faults. Accuracy of the instrument is at the millimeter
scale; however, strong winds and slippery rock surfaces at the field site made it
impossible to hold the prism pole steady at all times. This error is difficult to quantify and

varied from day to day with the weather conditions, but it is thought to be <2 cm.
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For this location, fractures were classified as either fault, fissure or generic fracture based
on the following definitions. If shear displacement was more than 5 centimeters and was
continuous along the trace of the fracture, it was identified as a fault. If there was no
perceptible, continuous shear displacement and aperture was greater than 5 millimeters, a
fracture was identified as a fissure. Any other continuous “crack” was considered a
generic fracture. Fractures were distinguished from columnar cooling joints mainly by
their continuity (Fig. 3.7). Fractures surrounding columnar joints were not measured.
However, if a fracture followed three or more contiguous columns along strike, it was
measured and, depending on its aperture was classified as either a fissure or generic

fracture.

3.6. Data

3.6.1. Geological Descriptions

3.6.1.1.Vogar

The area referred to as the Vogar graben lies near the village of Vogar, along the
northern coast of western Reykjanes Peninsula (Fig. 3.8). It is on the northwestern edge
of the Reykjanes fissure swarm, outside the area of eruptive fissures. It lies mostly within
a single compound lava flow erupted from the Thrainsskjoldur shield about 12,500 years
BP (Saemundsson, 1995). The study area is approximately 37 square kilometers and was
analyzed using air photos at a scale of 1:25,000.

The graben structure is only present in the northern part of the map area, where the fault
known as Hrafnagja defines its northwest boundary. The graben axis trends northeasterly.

From Hrafnagja to the southwest, the graben both deepens and widens to a maximum
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width of 2 km where it becomes covered by early Holocene lavas and historic lavas from
the Eldvorp crater row. Therefore, its southern extent cannot be defined. The graben
structure narrows and shallows to the northeast and dies out approximately 5 km
northeast of the turnoff to the village of Vogar along Road 41. The remainder of the map
area consists of tilted fault blocks with steeply dipping faults facing to the northwest,
away from the rift center.

All fractures examined in this area cut early post-glacial Thrainsskjoldur shield lavas.
Field evidence confirms that fractures in the southwestern part of this study area were
present when the Thrainsskjoldur lavas were erupted, and that, at least in that part of the
graben, little movement has occurred along those fractures since the eruption of those
lavas. Here, pahoehoe flows drape long, smooth, curvilinear fault scarps along which any
possible evidence of segment linkage has been either eroded or covered up (Fig. 3.9).
These faults bound a small inlier of interglacial shield lavas. The presence of pillow
breccia and scoria at the base of the fault scarp shown in Figure 3.9 indicate that lava
flowed over the fault and into a lake. Several small, fault-bounded lakes are currently
present here. Subsidence along faults in the northeastern part of the study area, on the
other hand, has been significant since early post-glacial times. The longer fractures here
are complex, highly segmented faults that change character frequently along strike and
commonly display a zigzag geometry (Fig. 3.10). Maximum throw measured in this study
along a single normal fault is 18 m and average throw for all normal faults in the graben

is 4.7 m (Gudmundsson, 1986).

3.6.1.2. Grindavik
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The area referred to here as Grindavik (Fig. 3.11) lies just to the west and
outside of the town of Grindavik, along the south coast of Reykjanes Peninsula in the
southeastern part of the Reykjanes Fissure Swarm. Air photos of this area are at a scale of
1:14,400 and cover an area of 11square kilometers. Fractures here are exposed mainly in
pahoehoe lavas of the Sandfellshaed shield (12,500 years BP; Saemundsson, 1995). The
map area lies to the southeast of the Eldvorp crater row and to the southwest of the
Sundhnukur eruptive fissures. Very few fractures are present in the Eldvorp lavas. Most
of the structures in this area are opening-mode fissures with considerable horizontal
opening in many places. Normal faults are present (Fig. 3.12) as well, but they are
generally short, discontinous and exhibit small vertical offset. Fractures in the map area
are of two types. Either they are long, straight, isolated structures or they form complex

arrays with parallel, en-echelon and along-strike arrangement in close proximity.

3.6.1.3. Stora-Sandvik/Reykjanes

This area (Fig. 3.13) covers almost the entire southwestern tip of the
Reykjanes Peninsula, known as Reykjanes, and the area called Stora-Sandvik, along the
west coast of the peninsula. It includes the Stampar eruptive fissure and part of the Elvorp
fissure system as well as the northwestern margin of the rift zone. The area was examined
using air photos at a scale of 1:36,000 covering an area of 58.5 square kilometers.
Fractures here cut seven different lava flows ranging in age from 12,500 to 600 years BP
(Saemundsson, 1995). For purposes of this study they have been grouped into flows
younger than 3000 years BP, between 3000 and 8000 years BP, and older than 8060

years BP. The nature of the fractures in this area varies ccensiderably from one place to
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the next. Fractures at Stora-Sandvik lie at the westernmost edge of the fissure swarm and
cut early post-glacial pahoehoe shield lavas. Normal faults here have displacement of
several meters, but true displacement is difficult or impossible to determine becaﬁse of
the presence of abundant windblown sand. In fact, dune structures are common in this
area and frequently seem to follow the same trend as many faults, perhaps obscuring fault
scarps in places. Narrow graben structures up to 40 meters wide are common in this
location. Most trend in a northeasterly direction and many interact with ENE-striking
normal faults resulting in very complex, zigzag structures at Stora-Sandvik (Fig. 3.14).

The Stampar eruptive fissure lies in the western part of the map area and strikes
035°. The Eldvorp crater row lies 5.6 km to the east and has a strike of 045°. Both were
active during historic time, between 600 and 800 years BP (Saemundsson, 1995).
Fractures near each of these eruptive fissures strike approximately parallel to the crater
TOWS.

Two of the longer faults on this map cut lava flows of different ages. The
Haleyabunga-Klufningahraun Fault and the Tjaldstaedisg] a-Haugsvordurgja Fault each
cut three distinct flow units. The former shows evidence of reactivation as recently as 800
years BP and the latter was reactivated at least as recently as 2000 years BP.

Also in this study area are two faults that exhibit evidence of right-lateral oblique-
slip motion. These lie between Reykjanes and Molvik in Figure 3.13 and are shown in
bold. In spite of the rarity of these structures, they appear to play an important role n
strain accommodation on the peninsula, so it is worth describing one of them in detail.
The more easterly of these two faults was mapped by traditional field methods (with tape

and compass) for this study (Fig. 3.15a) The fault trends 610° and is 927 meters in length
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where mapped. In general, it appears to be made up of a series of elliptical mounds or
push-up structures consisting of blocks of broken lava, each trending in a NW direction,
commonly separated by small gashes or normal fault segments trending NE. All normal
fault segments exhibit down-to-the-east displacement. However, most normal
displacement is minimal (< 1 m). The exception is at the northern end of the fault where
the dominant mode of faulting is dip slip. The geometry of the push-ups and gashes is
consistent with a right-lateral sense of motion (Fig.3.15 b).

The nature of the fault changes along strike so that there are three segments with
different characteristics. Segment 1 is approximately 325 m in length. It begins at the
edge of a younger lava flow, so may extend farther to the south, having been buried in
part by that flow. At the southernmost end is a very large mound several meters high and
quite elongated in the northwesterly direction. The next mound is S-shaped and
narrower, but quite long compared to the other mounds on this segment. The rest of the
segment consists of four small, rounded mounds separated either by a gash (opening-
mode fissure) or a normal fault with small displacement. This segment ends at a diffuse
area of normal faulting, about 80 m along strike. Segment 2 is approximately 235 m in
length and is made up of several closely spaced mounds arranged in a row along strike.
Each mound is highly elongate, some exhibiting distinct S-shape. Mounds are low and
indistinct in places, and at the north end of this segment they step gradually to the left
(NW). Segment 3 is 294 m in length and is made up predominantly of normal fault
segments with significantly more dip-slip displacement than elsewhere on this fault.

Although it was clear that maximum displacement occurred at this point on the fault, it
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could not be measured accurately due to windblown sand filling the depression in the
hanging wall. Location of maximum displacement is about 170 m along the segment.
Although no evidence of lateral offset could be determined along this particular
fault, the pattern and trends of alternating mounds and gashes is similar to that described
along historically active right-lateral strike-slip faults in the SISZ (e.g., Bjarnasson et al.,
1993 see Fig. 3.15b). In several locations in the eastern part of Reykjanes Peninsula,
offset has been determined to be right-lateral strike-slip on similar structures (Eyolfsson,

1998: Einarsson et al., in prep).

3.6.2. Fracture azimuth

For the Vogar area, 586 fractures were mapped from the air photos. The range of
azimuths for all fractures at Vogar is from 019.6° to 089.6°, with a mean of 051.1° and a
standard deviation of 11.5°. Fracture azimuths exhibit a normal distribution with the great
majority between 050° and 060° (Fig. 3.16). Fractures less than 200 m in length span the
entire range of azimuth, but fractures greater than 600 m in length strike between 040°
and 060° (Fig. 3.17). The three longest fractures in the study strike between 055° and
060°.

At Grindavik, 291 fractures were mapped, with a range of azimuths from 005.9°
to 068.8°, a mean of 037° and a standard deviation of 10°. Fracture azimuths also show a
normal distribution, but with the great majority striking between 035° and 040° (Fig.
3.16). Fractures less than 100 m in length span the entire range, but those above 100 m

strike between 020° and 050° (Fig. 3.17).
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In the Stora-Sandvik/Reykjanes area, 320 fractures were mapped. The range of
azimuths is from 358.2° to 127°, with a mean of 042° and a standard deviation of 13.2°.
The peak of the histogram (Fig.3.16) falls at 040°, but the distribution of azimuths is not
normal. Rather, it is skewed towards a more easterly trend, with greater than 70% of the
fractures having a strike above 040°. This represents the large number of fractures in
Stora-Sandvik area relative to the rest of the map. There is no apparent correlation
between fracture length and azimuth (Fig. 3.17).

At Molvik, 764 fractures were mapped, with azimuths ranging from 005° to 180°;
the overwhelming majority strike between 010° and 040° (Fig. 3.18a). Most fractures are
under 5 m in length and these span the full 180° of azimuth (Fig. 3.18b). Azimuths for
fractures greater than 4 m long (Fig. 3.18c) show a well-defined peak between 010° and
015° and another smaller peak between 025° and 030°. Thus, although fractures may
form initially in any orientation, only those that are suitably oriented will lengthen. All

fractures greater than 10 m in length strike between 020° and 040°.

3.6.3. Fracture density

Fracture spacing at Vogar and Grindavik was measured from the air photos along
transects spaced 500 m apart and oriented perpendicular to the average trend of fractures
in each area. Measurements at Grindavik were made on only a relatively small area of the
air photo because young lavas from Eldvorp divide this area in the middle so that spacing
across the entire photo would not reflect true fracture spacing. Average spacing measured
at Grindavik 1s 229 m, but the standard deviation is 245 m, indicating a very irregular

spacing. At Vogar, fracture spacing is scmewhat variable from northeast to southwest
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(Fig. 3.19). Average spacing across the entire area is 343 m and the standard deviation is
258 m, indicating a slightly more regular spacing. At Grindavik the number of fractures

per unit area averaged over the entire air photo is 26.45/ km2 in contrast to15.75/ km2 at

Vogar. However, total fracture length per unit area at Vogar is 1813 meters/km2 whereas

at Grindavik 1t is 1025 meters/ kmz. This is a reflection of the amount of fracture linkage
that has occurred at Vogar relative to Grindavik. The longest single fracture measured at
Vogar is 1358 m in length, whereas at Grindavik the longest single fracture is 548 m.
Fracture spacing and density values are meaningless for the Stora-Sandvik map because
this area is so spatially variable, and lava flows younger than 3000 years BP cover almost

the entire central part of the map.

3.6.4. Fracture length distribution

Fault and fracture population studies at mid-ocean ridges (e.g. Carbotte and
Macdonald, 1994; Cowie et al., 1993a), unlike those in continental settings (e.g.,
Cladouhos and Marrett, 1996), have concluded that the cumulative frequency distribution
of fracture lengths is exponential. In contrast, Gudmundsson (1987) found that a power-
law distribution fit his data for fractures on Reykjanes Peninsula. Cowie (1998b)
suggests that this discrepency arises because power-law (fractal) distributions in mid-
ocean ridge settings only apply to areas smaller than the width of the active rift zone.
Experimental models conducted by Ackermann et al. (1997, 2000) have shown that a
transition from a power-law to an exponential distribution may occur during the evelution

of a population of fractures once the largest fractures have entirely ruptured through the
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progresses, evidence of earlier linkage events becomes obscured by scarp degradation.
Alternatively, longer fractures may form from longer segments because they are forming
within a thicker layer. The depth to the brittle-ductile transition varies across the

peninsula and could be significantly different in each sub-area of this study.

3.7. Comparison with models

Several aspects of the deformation seen on Reykjanes Peninsula are also seen in
scaled experimental models of oblique deformation (See Chapters 1 and 2 for full
explanation of the models). Because we know the boundary conditions of the models and
can observe the evolution of their deformation, they provide a comparison with and an
opportunity to explain some of the structures that are characteristic of oblique extensional
environments in the real world. A fault trace map for the o = 30° model (Fig. 3.22) after
2.5 centimeters of displacement (22 % extension) and rotated into the same attitude as
Reykjanes Peninsula, looks similar to the Reykjanes Peninsula map (Fig. 3.2). In
particular, the spatial distribution of fractures and the general geometry of fractures can

be compared.

3.7.1. Large-scale spacing of fissure swarms

Researchers in Iceland have long recognized that fractures and eruptive fissures
in the neo-volcanic zones are arranged in clusters that they have called swarms, each
associated with a central volcano containing a high temperature geothermal field and at
least some rhyolitic magma. Together these make up a volcanic system (e.g.

Saemundsson, 1979). On Reykjanes Peninsula, three fissure swarms have been
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recognized, but none are associated with a central volcano (sensu stricto) (see Fig. 3.3).
The Hengill swarm does have a central volcano and is located at the junction between
Reykjanes Peninsula, the SISZ and the Western Volcanic Zone. The most obvious
characteristic of the spatial distribution of fractures on Reykanes Peninsula is the very
regular spacing of these swarms. The area between them is relatively free of fractures,
even in the oldest lava flows. Why this should be is not agreed upon. Some prefer a
model in which the wavelength of mantle upwelling controls the spacing of volcanic
systems (e.g. Sigurdsson and Sparks, 1978; Ryan, 1990). Volcanic activity then generates
the faults and fissures that make up the swarm. Others prefer a model whereby magma
ascent into the upper crust is focused by extension due to faulting at slow spreading
ridges. The process may be modulated, but not controlled, by mantle upwelling causing
thermal perturbations in the ‘crust and raising the depth of the brittle/ductile transition
(e.g., Mutter and Karson, 1992).

On the a = 30° model used in this study (at 2.5 cm of displacement), a clustering
of fractures is perceptible, though not immediately obvious. However, when we look at
the model in earlier stages of its evolution, a pattern emerges (Fig. 3.23). Results of
Chapter 2 indicate that a loose clustering of displacement-normal faults forms very early
around the first faults to nucleate, probably due to stress enhancement in the tip zones of
these small isolated fractures. At 2.0 cm of displacement, seven small clusters can be
seen. These gradually grow and merge to become six and then finally four large clusters
at the 2.5 cm displacement increment. These clusters form spontaneously without any
pre-existing anisotropies in the modeling medium and without the presence of magma.

The areas between the clusters are relatively devoid of faults. These results support a
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model of tectonic focusing of magma by faulting and provide a possible explanation for

the development of fissure swarms on Reykjanes Peninsula.

3.7.2 Spatial distribution of fractures

Tectonic trends on Reykjanes Peninsula and in the models are summarized in
Figure 3.24. If we look in detail at the strike of fractures in the RFS (Fig. 3.2), we see that
there is a significant difference in the strike of fractures in the zone of eruptive fissures
(within the dashed lines) and those outside of that zone. Experimental models of oblique
rifting show how this tectonic pattern can develop. The fault trace map for the model
(Fig. 3.22) shows a similar spatial distribution, and a histogram of azimuth for faults
along the model rift margin compares well with that of fractures from Vogar (Fig. 3.16).

On Reykjanes Peninsula normal faults and non-eruptive fissures along the margin
of the zone of active volcanism strike approximately 20° oblique to the trend of the plate
boundary. Mid-ocean ridge researchers have described a similar pattern along the Mohns
Ridge (Dauteuil and Brun, 1996) and Reykjanes Ridge (Applegate and Shor, 1994).
Searle et al. (1998) and Tuckwell et al. (1998) have suggested that these faults nucleate
and grow in the axial zone of the rift, but rotate toward a more rift-parallel trend as they
migrate to the rift margin. Our models indicate that such rotation is not necessary to form
these rift-subparallel faults.

Jeffris and Voight (1980) found a similar pattern in two sets of fractures in
Tertiary and Plio-Pleistocene rocks that have long since migrated out of the neo-volcanic
zone north of Reykjavik. They used the mineralogy of vein-filling material to determine

that the different fracture sets formed at the same time, during active rifting, and
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concluded that there is a change in stress between the “flank zone” and the “active zone”.
They attribute the change to thermal contraction and bending of the crust. Tuckwell et al.
(1998) propose a model whereby this stress is generated by gravitational forces due to a
density increase of the crust as it cools. Both models involve a change in stress state
induced by a change in crustal properties at the structural boundary between weak crust
in the axial zone and stronger crust on the margins.

The results of our modeling experiments support this conclusion. Along the
margins of the deformed zone in the model, in the area outboard of the latex sheet,
normal faults form approximately 20° oblique to the trend of the deformed zone. A closer
look at the model surface (Fig.3.25) shows that a flexure forms at the boundary between
the latex sheet and the rigid metal plate. As extension proceeds, a topographic gradient
develops between the thinned clay over the highly stretched latex substrate under the nft
zone and the thicker clay over the rigid subtrate at the rift margin. As a consequence, the
stress state in the clay over the rigid metal plate differs from that over the stretched latex
sheet. Normal faults develop along the flexure in response to this change in stress, and
because of the oblique geometry of the models, they form oblique to both the rift trend
and the normal to Epmax. These faults form relatively late in the model evolution and
continue to nucleate and lengthen after fault growth has ceased within the rift zone (see
Chapter 2). Additional work is required to determine exactly what the stress state is in the
zone of flexure.

A small but significant number of strike-slip faults have been mapped on Reykjanes
Peninsula (Sigurdsson, 1985), and at least two of them are present on the Stora-

Sandvik/Reykjanes air photo (see section 3.6.1). These occur in the center of the rift zone
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and strike sub-parallel to the spreading-normal direction, between 010° and 015°. Farther
east on the Peninsula, Einarsson et al. (in prep) have been mapping many of these north-
northeast trending, right-lateral strike-slip faults and have interpreted them to be a
continuation of the South Iceland Seismic Zone. On Reykjanes Peninsula, these faults
appear to be restricted to the zone of active volcanism in the center of the rift, and some
are seen intersecting or terminating at volcanic vents (Eyjolfsson, 1998). The
westernmost strike-slip fault on the Stora-Sandvik/Reykjanes air photo terminates at the
vent called Melur. The fault mapped for this study (Fig. 3.15a) and discussed in section
3.6.1 exhibits a significant component of dip-slip and should in fact be considered an
oblique-slip fault with a right-lateral component of motion.

The term “bookshelf” faulting has been used to denote shear deformation accommodated
by an array of faults trending perpendicular to the shear direction (Sigmundsson et al.,
1995). This style of deformation has been proposed to explain north-trending right-
lateral strike-slip faults that have been mapped in the South Iceland Seismic Zone (e.g.
Einarsson and Eiriksson, 1982; Bjarnasson et al., 1993). These faults are responsible for
large (M>7) historic earthquakes that have occurred every 45 to 112 years since the time
of Icelandic settlement 1000 years ago. The SISZ is an east-west trending transform zone
that connects the Reykjanes Peninsula and the Eastern Volcanic Zone in South Iceland.
GPS measurements confirm that left-lateral strain is accumulating along this zone
(Sigmundsson et al., 1995), but no through-going transform fault has ever been mapped
here. Hackman et al. (1990) used a boundary element model to confirm that north-
trending faults can accommodate this left-lateral strain 1f they are 10 to 15 km long.

Similar faults that have been mapped on Reykjanes Peninsula are much shorter than 10



100

km, but this difference can be accounted for by the decrease in depth to the brittle-ductile
transition when going west from the SISZ into the rift zone.

Bookshelf faulting also occurs in our models. The most prominent structures in the center
of the model rift zone are right-lateral oblique-slip faults that strike parallel to the
spreading-normal direction. These faults are the longest structures on the model, but do
not extend beyond the boundaries of the latex sheet. They are also the most abundant
structures on the model early in its development. Also present in the rift center in the
models, but absent on the map of Reykjanes Peninsula, are left oblique-slip faults striking
sub-parallel to the rift trend. These are shorter and less numerous than the right oblique-
slip faults until after 3.0 cm of extension (see Chapter 2). As extension continues, these
faults become longer and more abundant and accommodate an increasingly greater
proportion of strain in the center of the rift zone (see Figs. 2.6 and 2.8). Einarsson and
Firiksson (1982) suggested that the lack of east-west trending left-lateral faults in the
South Iceland Seismic Zone is due to the transient nature of the zone as it migrates
southward in response to ridge propagation. The same explanation may not apply to the
Reykjanes Peninsula as it has been an active spreading center for 6 to 7 million years, but
it is not clear how much time would be needed for left-lateral faults to develop in this rift
zone.

In the center of the rift zone on Reykjanes the predominant strike of eruptive fissures,
non-eruptive fissures and normal faults is perpendicular to v, the direction of maximum
horizontal extension (Epmax) (Fig.3.16). Notice that Epmax is not parallel to the spreading
direction (Fig.3.24). Withjack and Jamison (1986) determined that oblique rifting

combines both extension and shear, the relative contributions of which are controlled by
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the acute angle, o, between the rift trend and the direction of displacement of the rift

walls. As a decreases from 90°, y rotates towards the rift trend according to the equation:

y= 90° - 1/2 tan "'(cot o) 4)

This analytical model predicts that Epmax will be 60° clockwise from the rift trend when
a = 30°. For Reykjanes, the average trend of eruptive fissures suggests that the direction
of Ejymax 18 55° clockwise from rift trend.

There are very few structures in the center of the model rift that strike perpendicular to
Enmax at this point in its evolution. However, with continued extension, high-
displacement normal faults do form along this trend (Fig. 3.26). As short left oblique-slip
faults link up, some of them rotate until they are perpendicular to Eppax. Once in this
orientation, they gain displacement quickly and become very large normal faults.
Tuckwell et al. (1998) have proposed a similar mechanism of linkage for the origin of
eruptive fissures along the Reykjanes Ridge. Because magma is not present in the clay
models, these structures become normal faults and not eruptive fissures. With the stress
perturbation caused by the presence of magma, it is easy to see how these large structures

could become sites of eruption.

3.8. Discussion
There are, of course, several important differences between the experimental
models and Reykjanes Peninsula (Table 1). Most are attributable to the presence of

magma in the latter and its absence in the former. One significant difference that may not
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relate to the presence of magma is the absence of left lateral oblique- or strike-slip faults
on Reykjanes Peninsula. In fhe experimental models, these faults do not become
numerous until right lateral oblique-slip faults have reached their maximum length. The
only place where east-west striking faults were seen during this study is Stora-Sandvik.
There is no question that faults with this strike form a distinct sub-population in that
location, but there is no evidence of any lateral offset along them. It is possible that small
cast-west striking oblique-slip faults are present on Reykjanes Peninsula but their
presence has not been noticed, either because their surface expression is too subtle or
because they have been covered by young flows.

A comparison of the pattern of fractures in Vogar with those in Grindavik (Figs.
3.8 and 3.11 respectively) shows that there are obvious differences, not only in the
predominant strike direction but also in the degree of development of fractures. Fractures
in Vogar tend to be long, complex, anastomosing structures made up of many hard- and
soft-linked segments with a wide range of azimuth. The average length of fracture
segments is also greater at Vogar than at Grindavik, and most of the normal faults there
have high displacement. Fractures in Grindavik, on the other hand, are shorter, straighter
and more discontinuous. Few normal faults are present, but those that are have low
displacement (e.g. Fig. 3.12). The longest structures in the area are relatively wide arrays
of parallel and en echelon opening mode fissures.
Total fracture length per unit area is 40 percent greater in Vogar than in Grindavik, even
though fractures in both areas are cutting similar age, early post-glacial shield lavas. A
map of the Stora-Sandvik/ Reykjanes area (Fig. 3.13) shows the absence of large

numbers of faults and fractures in the youngest lavas. This has often been attributed to the
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fact that old faults are being covered by fresh lava flows (Wright, 1998; Rubin, 1990).
This is undoubtedly true to some extent, as young flows drape old faults in several
locations, and, in a few cases, old faults propagate through the youngest flows (Fig. 3.27).
However, low fracture density in the oldest (early post-glacial) lavas at Grindavik
compared with high fracture density in similar age lavas at Vogar implies that fractures
are not evenly distributed within the rift zone either in space or time, thus making it
difficult to determine whether or not faults are being covered in the center of the rift
zone. In spite of being in the zone of active volcanism for more than 10,000 years, there
are relatively few fractures at Grindavik, even in the youngest lavas. They are in the zone
of active volcanism where the brittle crust is weak and thin. The strike of most fractures
here parallels that of eruptive fissures, suggesting that their origin is related to volcanic
activity. Fracture development in the Grindavik area is probably related to dike injection
events during activity at the Sundhnukur eruptive fissure which lies along strike just a
few kilometers to the northeast. If another eruption occurs in this location it is possible
that growth of fractures at Grindavik would be a consequence. However, it is just as
likely that this area will either be covered with fresh lava flows or rafted unchanged out
of the zone of active volcanism.

The presence of magma at shallow crustal levels in Iceland perturbs the
magnitude of the stress field and allows dikes to form episodically, perpendicular to the
direction of Bpmax. Studies conducted during the Krafla eruptions in northern Iceland
during the 1970’s and 1980’s (e.g., Einarsson and Brandsdottir, 1980; Rubin, 1990)

showed the direct relationship between dike injection and faulting. Based on their
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morphology and spatial distribution, many of the structures mapped during this study are
believed to be a result of similar but smaller scale dike injection events.

At Molvik, it is possible to determine a sequence of events that shows this
relationship of faulting to volcanism in the center of the neo-volcanic zone. Detailed
mapping by Whitlock (1999) indicates that most, and perhaps all, of the faulting in this
graben occurred during a sequence of at least three eruptions from a single vent close to
the Eldvorp eruptive fissure. Displacement along a given fault in the graben is no more
than 1.5 m, and individual fault segments are on the order of 100 m long. Graben width is
approximately 25 m.

Graben structures at Stora-Sandvik have similar dimensions, although some are as
wide as 40 m and are several meters deep. Such narrow graben structures have been
mapped along the Juan deFuca Ridge (Chadwick and Embley, 1998). Pollard et al. (1983)
have shown that graben width is a function of the depth of the dike tip at the time faulting
occurs. Chadwick and Embley (1998) suggest that narrow grabens result when the
ambient tectonic stress field is not so close to failure. During the 1974 to 1984 events at
Krafla, 250 years worth of tensional strain had accumulated since the last volcanic event
and the crust was near to failure when dike injection occurred. Consequently, graben
faults could form while the dike tip was still at depth, as only a small stress perturbation
was necessary to allow faulting. Some grabens formed during diking events at Krafla
were greater than 1 km wide (Rubin, 1992). After many diking events, compressive stress
may increase around the dike faster than it can be accommodated by extension due to
plate motion (Rubin, 1990). Chadwick and Embley (1998) propese that narrow grabens

along the Juan deFuca Ridge are a result of the compressive stress that builds up there
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due to frequent diking events. This is a plausible explanation for the narrow grabens at
Stora-Sandvik because they are numerous in this particular location and may be a result
of a series of diking events that were closely spaced in time.

An alternative, or perhaps additional, explanation is afforded by the oblique
orientation of the rift zone on Reykjanes Peninsula. If graben width is truly a reflection of
the ambient state of stress before dike injection, then it implies that extensional faulting is
difficult on Reykjanes. In a rift zone oriented 30° oblique to the spreading direction, the
secondary horizontal strain is contractional and deformation is dominated by oblique-slip
and strike-slip faulting (Withjack and Jamison, 1986). The temporal evolution of the o =
30° models in this study show that it is harder for faults to nucleate and grow in this
strain state (see Chapter 2) and that most faults in the center of the model rift are oblique-
slip faults. If it is harder for normal faults to form, it is likely that it is also harder for
magma to rise. The same explanation may be invoked to account for the lack of true
central volcanoes on Reykjanes Peninsula.

Nakamura (1970) proposed that, as an oblique rift zone, Reykjanes Peninsula
experienced equal amounts of extension and shear. In fact, this is not far from what
geodetic data indicates. On Reykjanes Peninsula, GPS measurements during the period
from 1993 to 1998 indicate that left-lateral shear is presently accumulating at a rate of —
0.2 pstrain/yr (Hreinsdottir, 1999). This accounts for 1.3 cm/year of plate velocity in the
average direction of 095°, which is a major component of the 1.85 cm/year spreading
velocity and 103° spreading direction determined by the NUVEL-1A model for this plate
boundary. Hreinsdottir (1999) concludes that episodic activity in the volcanic systems

can account for the “missing” plate motion and that, on a long time scale, the average
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plate motion would equal that determined by the NUVEL-1A model. When magma is not
present in the system, left-lateral shear is accommodated primarily by right-lateral strike-
slip or oblique-slip faults. When magma is present extension occurs along eruptive
fissures and normal faults in the fissure swarms. The results of this study support her
conclusions. The models also show that fault growth along the rift margins occurs
throughout rifting. This suggests that faults in areas like Vogar and Stora-Sandvik may

be active even when there 1s no magma present.

3.9. Summary and Conclusions
Analysis of air photos and field data have been used to characterize the fracture
population of the Reykjanes Fissure Swarm and the spatial distribution of fractures on
Reykjanes Peninsula. Comparison with scaled clay models of oblique deformation is
useful in interpreting the data. Data are summarized as follows:
1) Eruptive fissures form perpendicular to the direction of maximum horizontal
extension (Enmax ) and occur in the axial zone of the rift.
2) Fractures in the zone of active volcanism are few, and most trend sub-parallel to
the strike of nearby eruptive fissures. Fractures here consist primarily of short
segments in parallel or en echelon arrays.
3) Right lateral strike-slip or oblique-slip faults are confined to a narrow zone in the
center of the rift.
4) Fracture density is highest at the rift margins. Fractures here curve towards a rift
sub-parallel trend and have an average strike that is 20° oblique to the rift trend.
Normal faults are more common here and tend to form long, complex structures with

a wide range of azimuth and high displacement.
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Differences in the fracture pattern between the model and Reykjanes Peninsula
are attributable to the presence of magma in the latter and its absence in the former. The
presence of magma in the axial zone of the rift allows dikes to form episodically,
perpendicular to the direction of maximum horizontal extension. Narrow grabens and
faults form sub-parallel to the dikes. However, the highly oblique orientation of this ridge
segment makes it difficult for dikes to reach the surface and probably inhibits the
development of central volcanoes on Reykjanes Peninsula.

The clay models confirm that right-lateral oblique or strike-slip faults
accommodate significant strain in a stress system dominated by left lateral shear when
deformation is distributed across an oblique rift zone. Although only two right lateral
oblique-slip faults have been mapped in the Reykjanes fissure swarm, evidence from
farther east on the Peninsula indicates that they are more common than previously
thought (Einarsson et al., in prep.). Because the surface expression of these faults is so
subtle, it is expected that more of them exist but have not yet been recognized in the field.
It is likely that these faults play an important role in accommodating left-lateral strain on
Reykjanes Peninsula. Left-lateral oblique slip faults form in the model but are absent on
Reykjanes Peninsula. It is possible that the presence small east-west striking oblique-slip
faults has not been noticed, either because their surface expression is too subtle or
because they have been covered by young flows.

Experimental clay models predict a significant change in fault strike at the
margins of oblique ridge segments, as stresses related to plate motion are modulated and
reoriented by a secondary stress field related to changes in topography and crustal

rheology. A change in fault strike in the northern part of the Reykjanes Fissure Swarm
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marks the boundary between a thin brittle layer over a hot, weak lower crust and a thicker
brittle layer over a cooler, stronger lower crust. Eruptive fissures, non-eruptive fissures
and normal faults form perpendicular to Eymax Where crust is bottest and weakest (e.g.,
near Grindavik), whereas large normal faults and non-eruptive fissures form at the rift

margin where the crust is stronger and colder (e.g., Vogar).
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Models

Reykjanes Peninsula

Right — lateral faults

Long oblique-slip structures
cross the rift center

Small number of strike-slip
structures confined to a narrow

zone in the rift center

Left-lateral faults

Comparatively short oblique-
shp structures in the rift center

None mapped, but focal
mechanisms have been
determined for a few faults

Rift parallel structures

Left-lateral oblique slip faults
(see above)

Few mapped

Structures
perpendicular to Epmax

Rare, high-displacement
normal faults form late in
model evolution

Eruptive fissures, non-eruptive
fissures and normal faults
within the active volcanic zone

Structures 20° oblique
to the rift trend

Form outboard of the latex
sheet.

Form outside of the zone of
active volcanism

Table 1
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i Jer W I | [16° W ]
Fig. 3.1 - a) Map showing the location of Iceland along the Mid-Atlantic Ridge. CGFZ
is Charlie Gibbs Fracture Zone. b) Map showing the geometry of ridge segments on
Iceland. RR = Reykjanes Ridge; RP = Reykjanes Peninsula; WVZ = Western volcanic
zone; EVZ = Bastern volcanic Zone; NVZ = Northern volcanic zone; arrows show the
direction of plate motion according to NUVEL-1A; areas shown in white are covered
by glaciers. (modified from Einarsson and Saemundsson, 1987)
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[ 425 | 450 1475 km

Fig. 3.3 - Volcanic systems of Reykjanes Peninsula. Areas shown in light grey
outline the volcanic systems including fissure swarms. Circles outline the area of
maximum volcanic production for each volcanic system. Redrawn from Einarsson
and Saemundsson, 1987.
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Fig. 3.5 - Map of Reykjanes Fissure Swarm, showing field locations from this
study. Boxes surround the approximate areas included on the air photos. 1is Vogar,
2 is Grindik, The box surrounding 3 and 4 is the area shown on the Stora-
Sandvik/Reykjanes air photo. 3 is Stora-Sandvik and 4 is Molvik. Th is the Thrains-
skjoldur shield volcano. Sh is the Sandfellsheid shield volcano.
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Fig. 3.6 - Histograms of azimuth for structures in the Reykjanes Fissure Swarm,
from Nakamura (1970).
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Fig. 3.7 - Criterion used during field mapping at Molvik to distinguish an ordi-
nary cooling joint (a) from a tectonic fracture (b). See text for further discussion.
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Fig. 3.9 - Air photo sub-image of normal fault in the southwestern part of the Vogar
photomosaic. Note the highly curvilinear fault trace. See text for further discussion.
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Fig. 3.10 - a) Field
photo and b) air photo
sub-image of fracture in
the northeastern part of
the Vogar photomosaic.
Note the highly seg-
mented character of this
fracture and >10 degree
strike difference
between two overlap-
ping segments shown in
the field photo. Seg-
ments | and 2 marked in
both images. Field
photo taken from loca-
tion marked x on air
photo. Note the abrupt
change in displacement
at location marked y
(width of shadow is pro-
portional to
displacement).
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Fig. 3.12 - a) Field photo of a typi-
cal normal fault in the area covered
by the Grindavik photomosaic.

b) Air photo sub-image from the
Grindavik photomosiac showing a
typical array of fissures.
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Fig. 3.14 - a) Field photo and b) air photo sub-image of complex interaction between
normal fault striking 080° and graben structure striking 040° at Stora-Sandvik. Field
shot taken from location marked x on the air photo. Note other narrow graben structures
on the air photo. See text for discussion.
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Fig. 3.15 - a) Map of right lateral oblique-slip fault at Reykjanes. b) Sub-image from
Stora-Sandvik/Reykjanes air photo showing segments 2 and 3 from map. ¢) Map of

strike-slip fault in SISZ showing right-lateral offset of 2.4 m (redrawn from Bjarnason

et al., 1993).
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Fig. 3.16. Histograms of azimuth for data from air photos and o = 30° model. N is the
displacement-normal direction, S, is the direction of the minimum horizontal stress

within the rift zone (perpendicular to E; ) and R is the trend of the rift zone.
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Fig. 3.19 - Graph showing fracture spacing and standard deviation of fracture spacing
for the Vogar photomosaic. Measurements were made along 11 transects oriented
perpendicular to the average trend of fissures, and spaced approximately 500 meters
apart.
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Fig. 3.21 - Plot of segment length vs. total fracture length for the three long-
est fractures on each air photo.
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Fig. 3.22 - Tectonic map of Reykjanes Peninsula and fault trace map for oo = 30° after
2.5 cm of displacement and rotated 15° clockwise. Arrows show the displacement
direction. Dashed lines mark approximate locations of the edge of the zone of volcanic
acitivity and the latex sheet respectively. Symbols on Reykjanes map same as in Fig.3.2
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Fig. 3.23 Fault trace maps for the & = 30° model at 2.0, 2.25 and 2.5 cm of
displacement. Ellipses surround clusters of faults. See text for further discussion.
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Fig. 3.25 - Close-up of flexure forming in the o= 30° model. Dashed
lines enclose the area of flexure on the bottom half of the rift zone.
Flexure is less well developed on the top half and does not show up
well on the photo show here.
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Fig. 3.26 - Detail from fault trace maps for the & = 30° model between
2.25 and 3.5 c¢m of displacement. Shown in black are left lateral oblique-
slip faults linking and rotating to become large-displacement normal
faults. Faults shown in grey do not grow significantly during the same

time period.
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Fig. 3.27 - Photograph of a) a thin fissure-erupted lava flow (approximately
2000 ybp) and b) a thick pahoehoe flow from the Sandfellshaed shield
(approximately 12,500 ybp), both cut by a northeast striking normal fault.
Field evidence indicates the fault was present when flow b) erupted and was
subsequently reactivated.
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Epilogue

No scientific research is ever complete, and this body of work 1s no exception.
Many questions have been raised as a result of this study and possibilities for future work
are plentiful. Results of Chapter 1 suggest that one or more of the constant boundary
conditions in the modeling process is controlling the characteristic length of fault
segments, whereas rift obliquity controls how segments link. Boundary conditions that
can be tested include width of the latex sheet, rate of displacement of the moving wall,
thickness of the clay layer and strength of the clay. The latter can be accomplished by
using the same batch of clay for all experiments, but varying the amount of water added
for each model.

The discrepancy between imposed extensional strain and fault related strain
remains puzzling, and further investigation using the experimental models can be done.
More accurate measurements of fault dip could be obtained if it were possible to calibrate
images of the model surface. This would also make it possible to determine how
length/displacement scaling varies with a. It would be of interest to see how the
proportion of “hidden extension” changes during the evolution of the medel. It would
also be useful to run layered models and examine serial sections, both horizontal and
vertical, to look for small faults that have not propagated to the surface and te look at
continuous deformation related to folding.

Results of Chapter 2 suggest that faults tend to cluster very early during fault
nucleation, but it is not clear whether this is always true or if it was only a random

occurrence in these particular models. Existing photographs of other models should be
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examined to see if this is a common occurrence, and a way to better quantify the amount
of clustering should be developed. If clustering is indeed a common occurrence in all of
the models, then we need to determine whether or not it is due to unwanted edge effects

at the base of the model, such as folding of the latex sheet during extension. In addition,
data from Chapter 2 can be used to determine how cumulative size distributions change

with strain.

Several aspects of the work from Chapter 3 bear further investigation. Detailed
data from this study come only from one of the fissure swarms on Reykjanes Peninsula. It
would be of great importance to see if and how fracture population systematics vary
along the axis of the Peninsula. It would also be useful to conduct similar studies in some
of the other, less oblique volcanic zones in Iceland. Work in Iceland has shown that
bookshelf faulting accommodates significant left-lateral strain both on Reykjanes
Peninsula and in the South Iceland Seismic Zone. By varying the thickness of the clay
layer in experimental models, we can try to answer the question why right-lateral strike
slip faults are shorter on Reykjanes Peninsula than they are in the South Iceland Seismic
Zone. We can also test to see whether the width of the deforming zone plays any role in
the formation of these bookshelf faults.

Data from Chapter 3 indicate that the size distribution of faults differs between
the margin and the center of oblique rifts. Fault trace maps from this study can be used to
test this by separately analyzing data from faults on the margins and those in the center of

the rift.
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These are only a few of the many possibilities afforded by using experimental
models of oblique rifting. The amount of work that remains to be done could provide data

for countless dissertations.



140

APPENDIX A

Procedure for Orthorectification of Air Photos

The first step in the process was to make a Digital Elevation Model (DEM) of the
area covered by the air photos. Digitized topographic maps in ArcInfo format were
obtained from Landmelingar Islands, The Icelandic Geodetic Survey. Only the 20-meter
contours had correct elevation values. The 5-meter contours were incomplete and had not
been assigned elevation values.

For the Vogar area, I cleaned up and assigned elevation values to all 5-meter
contours, using Arclnfo software (Arc Info version 7.2 ESRI Corporation) and a paper
map as reference, so that a high resolution DEM could be made. For the other two photo
pairs I deleted the 5-meter contour lines and used only 20-meter contours to make the
DEM. This was justified because the study areas have generally low topographic relief
and little accuracy would be gained by digitizing the 5-meter contours. I used the
TOPOGRID aml script within ArcInfo to make the DEM. Drainage features were not
taken into account and the grid output cell size used was 10 meters per pixel. The DEM
was then imported into ERDAS Imagine for use in the orthorectification process.
Topographic maps at a scale of 1:25000 were obtained from the Iceland Geodetic Survey
and scanned on a flat bedscanner for all three field areas. Only the parts of the map that
included the study area were scanned. Scanned maps were then georeferenced by
keyboarding in ground contrel points (GCPs) that consisted of coordinates that were

clearly marked on the map grid. A second order polynomial model was used to resample
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the image. The map projection used by Landmelingar for their 1:25000 maps is

Transverse Mercator Gauss-Kreuger, and the Spheroid is International 1909.

Black and white air photos obtained from Landmaelingar Islands were scanned at 600 dp1
on a flatbed scanner and saved as TIFF files. These were imported into ERDAS Imagine
(version 8.3.1. ERDAS Inc. Atlanta, Ga.) and opened as Imagine raster files.

I followed the step by step procedure outlined for rectifying camera images in the
Imagine Tour Guide (1997) manual on page 215. I used a minimum of eight ground
control points for each photo and sampled the image with a second order polynomial
camera model. Output cell size was 1 meter per pixel. GCPs were collected from the
scanned topographic map. Whenever possible, easily identified man-made features were
used as GCPs. However, there are few man-made features in this part of Iceland, so that
most GCPs were, by necessity, distinctive topographic features.

Once orthorectified, the two photos were made into a photo-mosaic following the

procedure outlined in the Imagine Tour Guide (1997) on p. 235
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