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Abstract 

The geometry and kinematics of map scale faults are the record of tectonic mountain building 

processes. This study focuses upon three distinct faults in three distinct orogens, the Alpi Apuane 

detachment in the Northern Apennines, the Mid-Bosnian Schist detachment in the internal 

Dinarides, and Saddle Mountains fault in eastern Washington.   

Mountain building in the Central Mediterranean is controlled by convergence between the 

African and Eurasian continental plates, yet local kinematics and structural trends owe their 

genesis to a complicated interplay between discrete and often poorly defined continental and 

Oceanic fragments. The Peri-Adriatic sub-region of the Central Mediterranean is dominated by 

the Adria continental micro-plate; interaction between Adria and neighboring plates has given 

rise to the Eastern Alps, Apennines, Dinarides and Albanides. Of particular interest is a contrast 

in the role of extension along the convergent margins of the Adria plate. Along the western 

margin of Adria, subduction of Adria lithosphere beneath the Apennines has maintained syn-

convergence extension from at least middle Miocene to the present; this process is manifested as 

a sustained cycle of burial, metamorphism, and subsequent exhumation along normal faults of 

Adria crust, and overlying fore-deep sediments. In the Dinarides, along the eastern margin of 

Adria, Jurassic-Eocene subduction of the distal oceanic portion of the Adria plate beneath 

Eurasia was concluded by collision and a change in subduction dynamics as the thick continental 

Adria lithosphere entered the subduction zone. In the first two chapters of this study I use field, 

microstructural, and thermochronometric techniques to determine the nature of shear zone 

tectonites and the thermal conditions during normal faulting in the Apennines, and the polarity 

and timing of slip along a detachment that cut to at least the middle crust in the internal 

Dinarides.  



 

 

The third chapter of this study focuses upon elucidating the kinematics of fault slip using sub-

surface seismic data within the Yakima fold-and-thrust belt in eastern Washington. In areas of 

active shortening, assessment of seismic hazards is difficult without a-priori knowledge of fault 

geometry. I determined geometric aspects of the Saddle Mountains anticline from a seismic 

reflection profile, and using kinematic forward modeling techniques, inverted for kinematically 

viable end member fault geometries representative of extant geometric models currently in use 

for seismic hazard assessment.     
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Chapter 1: Syn-convergence extension and mid-crustal exhumation 

in the Internal Dinarides; Bosnia-Herzegovina 

1.1 Introduction  

The MBSM are one of a series of crystalline orogen-parallel Paleozoic bodies in the Internal 

Dinarides, which form a constituent of the Dinaric Neotethys passive margin tectonostratigraphic 

nappe (Fig. 1.1). The MBSM are bounded along the NE and SE margins by an ENE dipping 

fault, which likely extends along the entire eastern margin where it is concealed by deformed 

Oligocene-Miocene sediments of the Zenica-Visoko-Sarajevo Basin (Fig. 1.2). Where the fault 

boundary is exposed, it has been mapped as a thrust fault (e.g., Vujnovic 1980; Jovanoviĺ et al., 

1977) with a top-to-the-SW shear sense, consistent with the overall structural pattern of Dinaric 

fold-and-thrust belt architecture and previous interpretations of the MBSM as a fault bounded 

nappe. However, the stratigraphic juxtaposition across the fault is such that Cretaceous hanging-

wall sedimentary rocks are in direct contact with Paleozoic basement; several kilometers of 

Mesozoic stratigraphic section are missing, a relationship that might be more readily associated 

with normal slip. We provide field observations and thermochronometric evidence that the 

MBSM bounding fault is a normal fault that penetrated to the middle crust, and that was active 

during the transition from oceanic to continental subduction along the internal Dinarides 

Neotethys margin.   

1.2 Geologic background 

The Dinarides are a southwest-vergent nappe-stack which can be roughly divided into three 

distinct tectonostratigraphic units; from structurally highest to lowest these include: the ophiolite 

nappe, the passive margin nappe, and the External Dinarides fold-and-thrust belt (Fig. 1.1).  The 

latter fold-and-thrust belt is composed of Adria derived platform carbonates. This succession of 
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increasingly continental imbricated tectonostratigraphic nappes records late Jurassic to Eocene 

closure of the Meliata-Maliac-Vardar branch of the Neotethys ocean (Schmid et al., 2008). The 

transition from oceanic subduction to continental collision along the Adriatic portion of the 

Eurasian margin occurred in Paleogene time (Pamiĺ 1993, Pamiĺ and Jurkoviĺ 2002; 

Ustaszewski et al., 2008) as recorded by biostratigraphically-determined depositional ages of 

passive margin clastics, platform carbonates, and syn-tectonic flysch (Tari Kovaĺiĺ and Mrinjek 

1994). Closure of the Dinaric Neotethys was complete by early Miocene as is evident by capping 

of silicilastic flysch by Pannonian rift related sediments (Tari 2002). Encroachment of the 

subduction zone upon Adria continental lithosphere resulted in the cessation of deposition of 

clastic material of Nubian affinity upon the distal passive margin of Adria in the late Cretaceous 

(Pamiĺ et al., 1998). A Paleocene hiatus of platform carbonate growth and a phase of emergence 

and karstification of the proximal portion of the Adria continental shelf (Vlahoviĺ et al., 2005) 

was coincident with migration of clastic deposition into the continental foreland (e.g. Tari 2002), 

evidence of uplift perhaps related to advancement of the flexural forebulge into the Adria 

foreland as a precursor to its entrance into the subduction margin. Minor carbonate platform 

deposition briefly resumed during early Eocene time in structural basins accompanied by trench 

related debris flows with final uplift and cessation in Oligocene time (Vlahoviĺ et al., 2005; Tari 

Kovaĺiĺ and Mrinjek 1994). Post collisional shortening resulted in the thrusting of Adria 

platform carbonates onto the Eurasian margin forming the External Dinarides fold-and-thrust 

belt (Pamiĺ et al., 1998).  
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Figure 1.1. Regional geologic map of the Dinarides showing major tectonic boundaries between 

the ophilite nappe, passive margin nappe, and carbonate platform, the exhumed Adria passive 

margin basement (black), and the location of Fig. 1.2 (black box) (Simplified from: 1:500,000 

geologic maps of Yugoslavia sheets Zagreb, Sarajevo, Novi Sad, Dubrovnik, Beograd, Skopije, 

Federal Geological Institute, 1970; Ustaszewski et al., 2010; Pamic et al., 2000).  
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Figure 1.2. Geologic map of the Mid Bosnian Schist Mountains simplified from 1:100,000 

geologic maps of Yugoslavia with sample numbers and locations, end-points of the section trace 

for Fig. 1.3, and approximate locations for dates from Pamiĺ et al., (2004).  
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A similar record of collision can be traced along the Tethys suture from the Alps through 

Anatolia, yet interpretation of collisional and post collisional tectonics differs greatly along 

strike. Southeast of the Dinarides, in the Rhodope Mountains, closure of the Tethys basin and 

entrance of continental lithosphere into the convergent margin resulted in regional extension, 

which included high-angle graben-bounding normal faults, extensive mid-crustal exhumation 

along low-angle normal faults, and regional volcanism (Burchfiel et al., 2008 and refs therein). 

The Dinaric portion of the Tethys suture is similarly marked by exhumed crystalline basement 

and volcanism (Pamiĺ 1993; Pamiĺ et al., 2000, Kov§c et al., 2007); however, these Internal 

Dinaride crystalline bodies have previously been interpreted as allocthonous Paleozoic nappes 

emplaced during collisional mountain building along thrust faults, rather than exhumed along 

extensional faults (Pamiĺ et al., 1998; Pamiĺ et al., 2004).  

1.3 Results 

1.3.1 Structure and kinematics 

The goal of the field component of this study was to determine the shear sense across the fault 

bounding the eastern margin of the MBSM. The interpretation of the MBSM as a fault bounded 

allochthonous nappe requires a top-to-the-SW shear-sense across the bounding fault, whereas 

exhumation along a normal fault predicts a top-to-the-NE sense-of-shear. We collected field 

measurements of shear-sense indicators to distinguish between the two opposing kinematic 

interpretations and determine the emplacement mechanism of the MBSM mid-crustal rocks in 

their current upper crustal position.  

Riedel composite structures and asymmetric folds record kinematic shear-sense, and Mode I 

fractures record maximum principal stretching direction. We follow the nomenclature of an 
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idealized Riedel composite structure, which includes: a shear plane (Y), synthetic high and low-

angle normal faults (R and R` respectively), and a foliation plane (P) antithetic to R. In a lower 

hemisphere projection the slip vector is located at the intersection between the girdle containing 

the four Riedel planes and the Y plane, with a slip-sense similar to the R faults. The distribution 

of asymmetric fold axes can be used to determine shear sense and slip vector orientation of a 

shear zone. In an ideal monoclinic shear zone, fold-axes of clockwise and anticlockwise polarity 

are distributed on opposite sides of a girdle defining the Y plane. The slip vector lies on the Y 

plane at the boundary between populations of axes of opposing polarity, and relative shear sense 

is in agreement with rotational polarity (Cowan and Brandon, 1994). Poles to Mode I fractures 

are parallel to the maximum principal stretching direction.   

Field measurements consistently show top-to-the NE kinematic shear sense, with minor 

discrepancy in slip vector orientation between Riedel composite structures and asymmetric folds 

within the shear zone (Fig. 1.3). The slip vector discrepancy is likely due to the influence of local 

strain variation being exaggerated by limited sampling opportunities. Despite variation between 

datasets, the proximity between the best-fit pole to the Riedel Y plane (Fig. 1.3B, Pr) and the 

pole to the calculated shear plane from the asymmetric fold axes (Fig. 1.3B, Pf) indicates 

consistency between datasets. The poles to mode 1 fractures (Fig. 1.3C) cluster in the NE and 

SW quadrants in a lower hemisphere projection, indicating NE-SW orientation of the principal 

stretching direction. The general pattern of top-to-the-NE shear sense and NE-SW maximum 

stretching supports our interpretation that the MBSM bounding fault is a NE dipping normal 

fault and implies extensional exhumation.  
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Figure 1.3.  Lower hemisphere equal area projections of structural data. 3A: poles to Riedel 

composite structures, including P (blue), Y (tan), and R (red), black arrow indicated the 

approximate orientation of hanging-wall motion with respect to the foot-wall. 3B: Asymmetric 

fold axes, folds with clockwise rotation (red) and anticlockwise rotation (blue). Black arrow 

indicates the sense of motion of the hanging-wall with respect to the foot-wall. 3C: Poles to 

mode 1 fractures, open arrows indicate the orientation of the principal stretching direction.   
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1.3.2 Thermochronology 

Previous thermochrometric studies of the MBSM were limited to one 
40

K-
40

Ar study of whole-

rock and single mineral measurements (Pamiĺ et al., 2004).  For that study, cooling ages fell into 

four distinct age groups: early Permian, late Cretaceous, early Eocene, and late Eocene, which 

were interpreted as distinct tectonic events regionally correlated to events recorded elsewhere in 

the Balkans and Eastern Alps. With the exception of one Paleozoic 
40

K-
40

Ar hornblende age 

(247.0 ± 9.5 Ma) all of the mono-mineralic ages from Pamiĺ et al. (2004) were in the youngest 

group contemporaneous with Eocene Dinaric Neotethys closure.  These were interpreted as a 

heating event resulting from post-orogenic strike slip faulting.  

Measurement of multiple thermochronologic systems is useful in determining the thermal path 

during exhumation (e.g. Foster and John 1999; Brichau et al., 2006; Fellin et al., 2007). We 

complement published medium temperature ages with low-temperature measurements of zircon 

fission track (FT), and U-Th/He in zircon and apatite in the metamorphic core (Fig. 1.4). Our 

results show a pattern similar to previously published mono-mineralic measurements with 

Eocene zircon FT and U-Th/He ages, younger late Miocene ages for apatite U-Th/He, and one 

upper Jurassic zircon FT age. The relatively short interval between closure of hornblende 
40

K-

40
Ar (500 

o
C,) (Harrison and McDougall 1981) and zircon He (180 

o
C) (Reiners 2005) indicates 

a phase of rapid cooling during Eocene time. The distribution of ages is too complex for a single 

one dimensional cooling model with some low-temperature ages predating higher temperature 

ages; however, a clear younging-to-the-NE pattern becomes apparent by projecting sample 

locations on a SW-NE cross sectional trace (Fig. 1.4). We spatially divide ages into three groups 

defined by reset ages in zircon FT and hornblende 
40

K-
40

Ar, which yield distinct permissible 

one-dimensional cooling paths with younger cooling from increasing depths from SW to NE 
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(Fig. 1.5). In the southwestern most group (yellow) zircon FT is not reset, indicating shallow 

burial to temperatures no greater than 240 
o
C (Brandon et al., 1998) since late Jurassic time. The 

central group (orange) was buried to between 240 
o
C and 500

 o
C degrees as indicated by reset 

zircon FT and un-reset hornblende 
40

K-
40

Ar respectively. In the northeastern-most group all 

thermochronmetric systems are reset by burial to at least 500 
o
C (reset hornblende 

40
K-

40
Ar) until 

Eocene cooling. Our kinematic interpretation is consistent with the spatial distribution of 

thermochronologic ages, and suggests that the metamorphic core is the exhumed footwall cutoff 

of the MBSM bounding fault. From SW to NE the pre-exhumational burial temperature 

increases, and single mineral cooling ages decrease. Normal dip-slip along a northeast dipping 

fault, as depicted in Fig. 1.4, predicts the progressive down dip exhumation of deeper rocks.  
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Figure 1.5.  Temperature-time graph of thermochronologic results from this study with dates 

from Pamiĺ et al. (2004), and estimated cooling paths of thermal-geographic groups with color 

designations as in Fig. 1.4. Cooling paths determined by closure temperatures of ~75 
o
C for 

apatite U-Th/He (Wolf et al., 1998), ~180 
o
C for zircon U-Th/He (Reiners 2005), ~240 

o
C for 

zircon FT (Brandon et al., 1998), ~350 
o
C for Muscovite 

40
K-

40
Ar (Hames and Bowring 1994), 

and ~500 
o
C for  hornblende 

40
K-

40
Ar (Harrison et al., 1981).  

Whole-rock ages are problematic due to uncertainty in the contribution of various 

thermochronometric systems within a sample. However, the progressively younger-to-the-

northeast pattern of whole-rock ages reported in Pamiĺ et al. (2004) is consistent with our pre-

exhumational geometry and kinematic exhumation interpretation. Due to lateral variation in the 

exhumed geothermal gradient we suggest that diversity in reported whole-rock ages perhaps 

reflects the varying contribution of reset Eocene ages and Paleozoic-Mesozoic growth ages 

rather than true ages of distinct tectonic events. Notably, the youngest whole-rock ages are 

similar to mono-mineralic ages in the northeast where pre-Eocene exhumation temperatures 














































































































