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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 JRa@bnian Schist dachment 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 structurds tosve their
genesis to a complicated interplay between discrete and often poorly defined continental and
Oceanic fragments. The P&driatic subregion of the Central Mediterranean is dominated by

the Adria continental micrplate; interaction betweenddia 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, subductionf 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 fordeep sediments. In the Dinarides, along the eastern margin of
Adria, JurassikEocene subduction of the distal oceanic portion of the Adria plate beneath
Eurasia was concluded by collision and a change in subduction dynantiesthick continental

Adria lithosphere entered the subduction zone. In the first two chapters of this study | use field,
microstructural, and thermochronometric techniques to determine the nature of shear zone
tectonites and the thermal conditions durimmgnmal 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
surfa@ seismic data within théakima foldandthrust belt in eastern Washingtdn.areas of

active shortening, assessment of seismic hazards is difficult withpdraknowledge of fault
geometry. | determined geometric aspects of the Saddle Mountaicigharftiom 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. Synconvergence extension and midrustal exhumation
in the Internal Dinarides; BosniaHerzegovina

1.1 Introduction

The MBSM are one of a series of crystalline oregarallel Paleozoic bodies in the Internal
Dinarides, which form a constituent of tbénaric Neotethypassive margitecionostratigraphic
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
OligoceneMiocene sediments of the Zenivdsoko-Sarajevo Bain (Fig. 1.2). Where the fault
boundary is exposed, it has been mapped as a thrust faul/(grpyic 1980;J ovanovi | et
1977) with a topto-thee SW shear sense, consistent with the overall structural pattern of Dinaric
fold-andthrust belt architeture and previous interpretations of the MBSM as a fault bounded
nappe. However, the stratigraphic juxtaposition across the fault is suc@rétateousanging

wall sedimentary rocks are in direct contact withleozoicbasementseveral kilometers of
Mesozoic stratigraphic section are missiagelationship 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 middi&,cand 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 southwesrgent nappstack which can be roughly divided into three
distincttectonostratigraphianits; fom structurally highest to lowest these incluttheophiolite
nappe, thepassive margin nappe, and the External Dinarfidiesandthrustbelt (Fig. 1.1). The

latter fold-andthrustbelt is composed of Adria derived platforcarbonates. This succession of



increasingly continental imbricatedectonostratigraphinappes recordkte Jurassic tdEocene

closure of the Meliatdaliac-Vardar branch of the Neotethys ocean (Schmid et al., 2008). The
transition from oceanic subduaticto continental collision along the Adriatic portion of the
Eurasian margin occwerd I n Pal eogene ti me (Pamili 1993,
Ust aszewsKki et al ., 2008)-dasermicomedede pbqys ibtiio
passive margin clastictsectpdmitd offimycsahlhm bohatrt ieskK
1994) Closure of the Dinaric Neotethys was completednly Miocene ass 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 oessétdeposition of

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

( Pami [ e tA Paléocendiali®od Bajform carbonate growémd a phase of emergence

and karstification of the proxi mal b,2005)i on of
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 stioumargin. Minor carbonatplatform

deposition briefly resumed during early Eocene time in structural basins accompanied by trench
related debris flows with final uplift and ce
Kovalil a n d4). Nost colliseokal shogehing resulted in the thrusting of Adria
platform carbonates onto the Eurasian margin forming the External Dindoidesndthrust

belt (Pamiil et al., 1998).



{

Figure1l.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 locatiorFigf. 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 locationg@ntsof the section trace
for Fig.1.3, and approximate locatin s f or dates from Pamil et

al



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 dhe Dnarides, in the Rhodope ddntains, closure of the Tethys basin and
entrance of continental lithosphere into the convergent margin resulted in regional extension
which included higkangle grabefbounding normal faults, extensive redustal exhumation

along lowangle 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 (Pamii 1993; P a mieler, thése latérnal, 200
Dinaride crystalline bodies have previously been interpreted as allocthonous Paleozoic nappes
emplaced during collisional mountain building along thrust faults, rather than exhumed along

extensional faultset@P20@0d).i et al ., 1998; Pamil

1.3 Results

1.3.1Structure 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
allochthorous nappe requires a tté@theSW sheaisense across the bounding fault, whereas
exhumation along a normal fault predicts a-topphe-NE senseof-shear. We collected field
measurements of shesense indicators to distinguish between the two opposingmitic
interpretations and determine the emplacement mechanism of the MBSktusidl rocks in

their current upper crustal position.

Riedel composite structures and asymmetric folds record kinematic-ssdresss, and Mode |

fractures record maximum primal stretching direction. We follow the nomenclature of an



idealized Riedel composite structure, which includes: a shear plane (Y), synthetic higtvand
anglenormal 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-sépse similar to the R faults. The distribution

of asymmetric fold axes can be used to determine sheag sedsslip vector orientation of a
shear zone. In an ideal monoclinic shear zone;d&kk 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 beten populations of axes of opposing polarity, and relative shear sense
is in agreement with rotational polarity (Cowan and Brandon, 1994). Poles to Mode | fractures

are parallel to the maximum principal stretching direction.

Field measurements consisignshow topto-the NE kinematic shear sense, with minor
discrepancy in slip vector orientation between Riedel composite structures and asymmetric folds
within the shear zon@-ig. 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, theroximity between thdestfit pole to the Riedel Y plang-{g. 1.3B, Pr) and the

pole to the calculated shear plane from the asymmetric fold digs1(3B, Pf) indicates
consistency between datasets. The poles to mode 1 fradtige4.8C) cluster in the NE and

SW quadrants in a lower hemisphere projection, indicatingSMEorientation of the principal
stretching direction. The general patterntgf-to-theeNE shear sense and NBV maximum
stretching supports our interpretation that the MBSM bounding fault is a NE dipping normal

fault and implies extensional exhumation.



00
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Figure 1.3. Lower hemisphere equal area projections of structural 8atapoles to Riedel
composite structures, including Plye), Y (tan, and R (red), black arrow indicated the
approximate orientation of hangiwgall motion with respect to the foetall. 3B: Asymmetric

fold axes, folds with clockwise rotation (red) and anticlockwise rotation (blue). Black arrow
indicates the sense of motion of the hangiadl with respect to the foewall. 3C: Poles to
mode 1 fractures, open arrows indicate the orientaftidine principal stretching direction.



1.3.2Thermochronology

Previous thermochrometric studies of the MBSM were limited to*&&€°Ar study ofwhole

rockand single mineral measurements (Pamil et a
four distinct age groupsarly Permian, late Cretaceousylg Eoceneand hte Eocene, which

were interpreted as distinct tectonic events regionally correlatedents recorded elsewhere in

the Balkans and Eastern Alps. With the exception of one Paled¥Git?Ar hornblende age

(247.0 + 9.5 Ma) all of the moami ner al i ¢ ages from Pamil et al
group contemporaneous with Eocene Dmd@teotethys closure. These were interpreted as a

heating event resulting from pestogenic strike slip faulting.

Measurement of multiple thermochronologic systems is useful in determining the thermal path
during exhumation (e.g. Foster and John 1999chAu et al., 2006; Fellin et al., 2007). We
complement published medium temperature ages withtdéowperature measurementszaton

fission track(FT), and UTh/He inzircon and apatitein the metamorphic core~ig. 1.4). Our
results show a pattern sian to previously published mormineralic measurements with
Eocenezircon FT and UTh/He ages, youngeate Miocene ages foapatiteU-Th/He, and one
upper Jurassieircon FT age. The relatively shointerval between closure obmblende*K-

“%Ar (500°C,) (Harrison and McDougall 1981) amitconHe (180°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 sonmsv-temperatureages predating highéemperature
ages; however, a clear youngittggthe-NE pattern becomes apparent by projecting sample
locations on a SWNE cross sectional trac€if. 1.4). We spatially divide ages into three groups
definedby reset ages in zircon FT andrhblende*°K-*°Ar, which yield distinct permissible

onedimensional cooling paths with younger cooling from increasing depths from SW to NE



(Fig. 1.5). In the southwestern most group (yellomicon FT is not reset, indicating shallow
burial to temperatures no greatearthi240°C (Brandon et al., 1998) sintate Jurassic time. The
central group (orange) was buried to between 2@nd 500C degrees as indicated by reset
zircon FT and umreset lornblende*®-*°Ar respectively. In the northeastemmost group all
thermochlonmetric systems are reset by burial to at least6q@eset lornblende°K-*°Ar) until
Eocene cooling. Our kinematic interpretation is consistent with the spatial distribution of
thermochronologic ages, and suggests that the metamorphic core isuheedxbotwall cutoff

of the MBSM bounding fault. From SW to NE the fehumational burial temperature
increases, and single mineral cooling ages decrease. Normslipdgdong a northeast dipping

fault, as depicted iRig. 1.4, predicts the progressivewn dip exhumation of deeper rocks.
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Figure 1.4. Schematic cross secti® across the MBSMiepicting the preexhumational geometry and future erosiol
surface (upper left), postxhumational geometry (upper right) arshmple locations projected horizontally a
perpendicular to the section traceeifter, see Fig. 1.2 for locaions). Colors correspond to areas grouped by |
exhumational maximum temperature, and correlate to the cooling pathig. 1.5 These groups include: maximu
temperature belowircon FT (240°C) (yellow), betweerzircon fission track (246C) and torndende %K -*°Ar (500 °C)

(orange), and aboveomblende®K-*°Ar (500°C) (red) . * Resul t s InftmeneexhRraaton model
the NE dippingMBSM bounding faultcuts progressively down such thabstexhumationthe surfaceprofile of the
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Figure 1.5. Temperaturdgime graph of thermochronajec results from this study with dates

from Pamil et al. (2004) , ageapraphis groups avithecolor c o o | i
designations as ifrig. 1.4. Cooling paths determined by closure temperatures of°€7for
apatiteU-Th/He (Wolf et al., 898), ~180°C for zircon U-Th/He (Reiners 2005), ~24C for

zircon FT (Brandon et al., 1998), ~35C for Muscovite*’K-*°Ar (Hames and Bowring 1994),

and ~500°C for hornblende'%K-*°Ar (Harrison et al., 1981).

Wholerock ages are problematic due to centainty in the contribution of various
thermochronometric systems within a sample. However, the progressively ydoutiger
northeast pattern of wholeoc k ages reported in Pamil -et al
exhumational geometry and kinematic exhumation interpretation. Due to lateral variation in the
exhumed geothermal gradient we suggest that diversity in repettetbrock ages perhaps

reflects the varying contribution of reset Eocene ages and Palddesiczoic growth ages

rather than true ages of distinct tectonic events. Notably, the youwbestrock ages are

similar to monemineralic ages in the northeast where-ozene exhumatiotemperatures

11



exceeded the closure temperature of the highest tempef@KHEAr thermochronometric

system kornblende’K-*°Ar).

1.4 Discussion

Our field kinematic observations and thermochronologic data provide, for the first time, evidence

of significant spatially concentrated extension contemporaneous with the onset of continental
collision along the paleogeographic AdBarasia margin. Although quantification of fault

throw or pitch are hampered by several fagtorsluding syn and posexhumatimal erosion

and doming, the SWNE lateral extnt of exposed midrustal footwall suggestapproximately

35 km of slip. An assumed30 °C/km geothermal gradienindicates ~10L 5 km o f 0t hr
exposed in th footwall;we estimate the fault dip as roughly-25’ NE. This NE dipping fault is

overlain by sediments of the Zenivasoko-Sarajevo basin which we consider a half graben.

Thus the MBSM may be regarded af€ardilleran typemetamorphic core complex exhumed

from mid-crustal depths alonglaw-anglenormal fault.

While the extent and timing afollision-related extension elsewhere in the Internal Dinarides is
unknown, previous studies have described extension reflatddiocene intermontane basin

devel opment (Mandil et al., 2009), Pliocene i
Saftil et al. 2003), and one study of core co
subsidiary of the Pannonian systerhbasins (Ustaszewski et al., 2010). Intermontane basin
development has been attributed to late orogenic extension associated with strike slip faulting, or
opening of the Pannonian basin (111 i-frustalnd Ne
exhumdion in the Sava depression was interpreted as part of the extensional processes related to
the Carpathian rolback driven opening of the Pannonian Basin (Ustaszewski et al., 2010).

Extension and exhumation of the MBSM described here appears to pregatether observed

12



extensional processesiggestingthat it is related ta different tectonic event. Several other
Paleozoic complexes are present and situated along the paleogeographiEubalsia margin.
Although thermochronologic data from these piewes is sparse or naxistent, their shared
geometric similarities with the MBSM invite speculative interpretation of their origin via a

common geodynamic process, and suggest the possibility of regional extension.

Disagreement exists regarding theunatand timing of deformatiom the Dinarides Some

authors concludenountain buildingpy Ol i gocene time (e.g. Vlahov
1998) and attribute Neogene deformation to post orogenic -sfifkéaulting (e.g. Picha 2002;

Mandi [ e tHowdverpanessidadsemblages in deformed tectonic flysch indicate that
thrusting was active untit least nddle Miocene time (Mikes et al., 2008 Capoa et al.,

1995), and geodetically derived surface velocities provide evidence for ongoing shortening,
perhaps involving subduction of Adria mantle lithosphere beneath tieifes (Bennett et al.,

2008) Sustained shortening throughout the Neogene indicates that exhumation of the MBSM

core complex was synchronous with mountain building, rather tharopagtnic collapse.

The syncollisional extension we observe in the MBSKares a timing relationship and tectonic

setting with extension observed along the Tethys margin in the southern Balkan extensional
system. In the Rhodope Mountajmsllision was immediately followed by extension and -mid

crustal exhumation and volcanisatong the paleogeographic margin (Burchfiel et al., 2008);
Eocene collision in the Internal Dinarides was followed by MBSM exhumatie2B84da (this
study) and emplaceennt of granitoids and | atites in the
al., 2000; Pamil 1993). Similarly, in both r

than postdated ongoing shortening and orogenesis.

13
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The underlying mechanism driygrpost, late, or synrogenic extension is debated contentiously,

and has variously been attributed to slab detachment (Wortel and Spakman 2000),-sk&tk roll
(Royden, 1993), excess gravitational potential energy of antbidened wedge (Platt et al.,

1989; Rey et al., 2001), or pestogenic gravitational collapseM@lavieille et al., 1990).
However, not all of these processes are mutually excluieg may act in concert, or give way

to oneanother over time. Gravitational collapse has been cieattiging early extension along

the southern Eurasian margin (Burchfiel et al., 2008), and is predicted by a change in subduction
dynamics. Subsequent sustained extension, southward migration of shortening and extension,
and a steeply dipping slab revealedomographic images across the Aegean suggests slab roll
back drives present geodetically observed extension there (Bijwaard et al., 1998; Jolivet and

Brun, 2010).

The contemporaneity of MBSM core complex exhumation and cessation of flysch depasition i
marine trenches along the suture zone suggests a link between the transition from oceanic to
continental subduction and the onset of extension. However, the pattern of sustained extension
migrating in the wake of similarlynigrating compressional and eahic belts observed in the
Hellenic system is absent in the Dinarides. Existing tomographic images across the Dinarides
reveal a shallowly dipping subducted sladughly twice the width of the #ernal Dinarides
fold-andthrustbelt (Piromallo and Morelli2003; Bennett et al., 2008). No estimates of total
shortening in the Dinarides existhe length of the imaged slab (~160 km) is likely insufficient to
account for the total length of lithosphere consumed during emplacement of the passive margin
and opholite tectonostratigraphinappes. The geometry and length of the extant slab implies
removal of some amount of the subducted Dinaric Neotethys lithospheric mantle. Stein and Sella

(2006) suggested that the subducted lithospheric slab was removed by aig¥dting tear
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initiated in the SE Dinarides at 30Ma, reaching the Eastern Alps in the NW by 15 Ma, and
similar models have been proposed to account for extension and volcanism further north along
the Periadriatic lineament (von Blanckenburg and Davies,1B®%6, von Blanckenburg et al.,

1998, and others).

Wortel and Spakman (2000) provide a conceptual mttdeldemonstrates that collision may

initiate slab tear, causing uplift, a significant tectonic stress perturbation, and asiaxien

response intoverridi ng orogenic wedge. The timing of Se
relative and not determined by local geologic evidence; tH2843a extensional exhumation of

the MBSM and emplacement gfanitoids anddtites correlate with Wortel andpSa k ma n 6 s
(2000)model;this correlation suggesthat tear propagation in the Dinarides may have initiated

during Eocene time, concurrent with slab tear in along the Periadriatic lineament. Further
support for Eocene breakoff may be inferred from geode®y seismic imaging; continued
subduction of Adria mantle lithosphere since Eocene time at the geodetically imaged rate of ~4
mm/yr is consistent with the current 160 km length of slab as revealed by tomographic images

(Bennett et al., 2008).

1.5Conclusions

Map patterns,itermochronometricmeasurementsnd field kinematic observations indicabet

the MBSM is a @©rdillerantype metamorphic core complex exhumed betweep8iBla along a
low-angle normal fault. Consistent topthe NE sense of hangirwall displacement observed

in shear zone kinematic shear sense indicators, supported by a SW to NE progression in cooling
ages indicates exhumation of the MBSM along a normal fault dipping approximatetg®3o

the NE with approximately 35 km of slip. Comteated prePannonian(Miocene) extension

pervading to at least mickustallevelshas not been previously documented in the Dinarides, and
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the spatial extent of related extension is unknown. However, several other Paleozoic bodies share
geometric and patgeographic similarities with the MBSM metamorphic core complesse
similarities suggeghatextension is perhapgidespread. Extension in the Dinarides may be the
crustal response to a changing tectonic setting during the transition from oceamarental
subduction and closure of the Tethys ocean basinir@erpretation agreasith regional spatio
temporal patterns observed throughout the neighboring southern Balkan region. A limited length
of tomographically imaged mantle lithosphere benela¢hDinarides is consistent withocene

slab breakoff asa possible mechanism for extensibwoformation and exhumation of the

MBSM.
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Chapter 2: Origin of the Calcare Cavernoso, implications for
detachmert slip at shallow crustal levels Alpi Apuane metamorphic
core comples, Italy

2.1 Introduction

The purpose of this study is to provide primary textural observations and interpretations of
microscale fabrics within the CV, a rock of disputed origin found along a detachment exhuming
mid-crustal rocks. Texnes within tectonized fault rock provide a record of the kinematics and
conditions during faulting. Inferences regarding the tectonic evolution of the Alpi Apuane
metamorphic core complex in the Northern Apennines, have largely relied upon observations of
hangingwall and footwall rocks away from the fault zone because the CV, which occupies the
fault zone, has been interpreted as the result of a number of different tectonic dadtoic
processes. Our observations bear directly on a number of ourgfamaestion regional and
tectonic questions, such as the role of fluids and tie d®ndition under which detachment
faulting may occur, and the role of evaporites in the tectonic evolution of the Northern

Apennines hinterland extensional belt.

2.1 Gedogic background

The Northern Apennines are an edsected stack of imbricate nappes that make up the
accretionary prism above the western margin of the subducting Adria-ptateo Counter
clockwise rotation of the subduction margin is attributed lelrack of the steeply dipping Adria

slab (Malinverno and Ryan, 1986; Dewey, 1988; Royden, 1993; Faccenna et al., 1996; Jolivet et
al., 1998; Brunet et al., 2000; Rosenbaum and Lister., 2004), which has resulted in the Oligocene
to present migration of thApennine foreland foldndthrust belt from the eastern margin of

Corsica to its present location (Jolivet et al., 1998). Extension has closely followed migration of
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the convergent margin and resulted in hinterland crustal attenuation that is chachdigrize
basinandrange type grabebounding normal faults, and leangle normal faults that exhume
mid-crustal metamorphic rocks.

Accretion in the foreland operates in concert with extrusion in the hinterland. Adria continental
crust and foraleep flysch a accreted along thrust faults and ultimately extruded along normal
faults in the hinterland. The progression from shortening in the accretionary foreland to
extensional extrusion in the hinterland is accommodated in partdmtivation of decollements

as detachment horizons. The tectonostratigraphic position occupied by the CV is an example of
one of these thrust faults reactivated as a normal fault during extensionaiustial exhumation

of the Alpi Apuane metamorphic core complex (Carmignani andikldy 1990; Boccaletti and

Sani, 1998).

2.2 Metamorphic and structural evolution

A series of deeply exhumed metamorphic complexes occupy the hinterland extensional belt in
the Northern Apennines; the Alpi Apuane is the largest and most deeply exufinteese
complexes. Kinematic and petrologic observations within the Alpi Apuane metamorphic core
have formed the basis of our understanding of dynamic processes in the deepest part of the
Apennines orogenic wedge, and record the transition from shortanohdpurial to uplift and
exhumation (Carmignani and Kligfield, 1990, Carmignani et al., 1994). The Alpi Apuane
metamorphic core is composed of two main tectonostratigraphic units, the structurally higher
Massa unit to the west, and the Apuane unit toetst (Fig. 2.1 & 2.2). Accretion of the Alpi

Apuane core prior to metamorphism is dated t®3Ma by preserved fossil assemblages in the
uppermost stratigraphic section of the Apuane unit (PseudoMacigno fm.) (ENdledi, 1977;

Carmignani and Giglial978; Montanari and Rossi, 1988)d 3). Different peak PI conditions
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are recorded in the Massa and Apuane units{@65Pa and 42600°C, and 0.40.6 GPa and
350-420°C respectively; Di Pisa et al., 1985; Franceschelli et al., 1986; Jolivet €138;, Molli
et al., 2000a, 2000b, 2002). However, in both the Apuane and Massa units peak conditions were

reached simultaneously at 27268.8 Ma (Kligfield et al., 1986).
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Figure 2.1. Geologic map of the Alpi Apuane metamorphic core complex showing sample
locations simplified from Carmignani et al. (2000), and schematic cross section simplified from
Carmignani and Kligfield (1990). The map and cross section depict theusallyc controlled
distribution of the Calcare Cavernoso; along the tectonic margin of the Alpi Apuane between the
Tuscan Nappe and Apuane and Massa metamorphic units, or along faults near the margin of the
metamorphic core.
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Figure 22. Stratigraphic column of the Alpi Apuane metamorphic units and the Tuscan nappe
(from Fellin et al., 2007, after Decandia et al., 1968, and Carmignani et al., 2000). The Tuscan
nagppe and Apuane units are rough stratigraphic equivalents composed of Adria derived
carbonates overlain by siliclastic sediments (Macigno fm. and Pseudomacigno fm., respectively)
deposited in the Apennines fedeep. The CV is commonly assigned to the Bi@abase of the
Tuscan nappe.
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Figure2.3. Burial paths of the Alpi Apuane metamorphic core (Apuane and Massa units) and the
structurally overlying Tuscan nappenodified from Fellin et al.,, 2007) as determined by
biostratigraphic ages (DallaMardi, 1977; Carmignani and Giglia, 1978; Montanari and Rossi,
1983), Ar/Ar (Kligfield et al., 1986), zircon and apatite fission track anthiHe data (Fellin et

al., 2007, and peak A data from the metamorphic core (Di Pisa et al., 1985, Franceschelli et
al., 1986, Jolivet et al., 1998, Molli et al., 2000a, 2000b, 2002a). Pdakdnaditions of the
Tuscan nappe is limited by detrital (ueset) ages of zircon fission ¢kain the Macigno
formation. Fluid trapping conditions were estimated from fluid inclusions in quartz and calcite
veins located in the shear zone (Hodgkins and Stewart, 1994). Arrows correspond to the timing
and depth of slip along the Tuscan nappe bdssdrzone related to burial and exhumation of

the metamorphic core, and correspond to phases of known differential heating or cooling
between the Tuscan nappe and Alpi Apuane metamorphic units. Depths estimates from closure
temperatures are from Fellinat (2011) and are based on atimensional steady state solution

(see Reiners and Brandon, 2006), this thermal model includes advection, which accounts for the
slight variation in the depth to closure between-wall and hangingvall thermochronometers.

The thermochronometric record of the exhumation of the Alpi Apuane metamorphic core

includes several distinct cooling phases. From peak metamorphic conditions the Apuane and
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Massa units cooled at slightly different rates, simultaneously reachingotheeltemperature of
zircon fission track (~240C, ~8 km depth) at 1443 Ma Fig. 2.3). Subsequently, both
metamorphic units cooled together at a reduced rate, equivalent to an exhumation rate of ~.7
mm/yr, punctuated only briefly during Pliocene time6(Ma) with an exhumation rate of ~1.4
mm/yr between the closure temperatures of zircefhiHe (~180°C, ~5.5km depth), and
apatite UTh/He (86100 °C, ~1.9 km depth) (Balestrieri et al., 2003; Fellin et al., 2007;
Balestrieri et al., 2011).

Uplift and exhumation of the Alpi Apuane metamorphic core can be divided into two general
phases. Latstage (<13 Ma) uppearrustal exhumation of the metarmophic core is attributed to
low-angle normal faulting (Carmignani and Kligfield, 1990; Carmignani et al., 19&8éstrieri

et al., 2003; Jolivet et al., 1998; Fellin et al., 2007; Balestrieri et al., 2011, and others)
accompanied by highngle normal faulting in both the hangingll and footwall (Carmignani

and Klifgield, 1990; Ottri and Molli, 2000) and graberiilling (Bernini et al., 1990; Mauffret et

al., 1999). Earlystage (>13 Ma) uplift was accommodated either by pervasive ductile thinning
due to extension in the middle crust (Carmignani et al., 1978; Carmignani and Giglia, 1979;
Carmignani and Kligfield 990; Carosi et al., 1996) or une@ating and miecrustal thickening
(Boccaletti et al., 1983; Carosi et al., 2002, 2004). In either case most authors agree that
exhumation from peak metamorphic conditions-805km) to upper crustal conditions (~9 km)
occurred prior to 1.3 Ma (Fellin et al., 2007).

The hangingwall of the Alpi Apuane detachment is composed of the Tuscan nappe, which is
overlain by the Ligurian ophiolite napgig. 2.2). Like the Alpi Apuane metamorphic rocks, the
Ligurian and Tuscan p@es were accreted in the Apennines foreland. The Tuscan nappe is

composed of a ~1.5 km thick Trias$tocene succession of carbonates overlain by 1B
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siliciclastic Macingo fm. (Costa et al., 199@ig. 2.3). Stratigraphic equivalency between the
Macino fm., and the Pseudomacigno fm. of the Apuane unit is evidence of the contemporaneous
accretion of these two units in the Apennines foreland. However, unlike the greenschist facies
Apuane unit, the anchizonal Tuscan nappe was not deeply buried. tEstiofapeak burial
conditions in the Tuscan Nappe are determined by thermochronometric studies which bear reset
U-Th/He and detrital fission track ages in zircon (Fellin et al., 2007; Bernet et. al., 2009)
corresponding to a maximum burial temperature 280°C (Reiners and Brandon, 2006 G.

3). Recognition of a gap in metamorphic grade across the Alpi Apuane detachment led early
authors to conclude that this boundary was a tectonic contact associated with emplacement of
low grade rocks of the Tuscanppe (Merla, 1951; Elter et al., 1960; Gianni et al, 1962,
Baldacci et al., 1967)The observation that the Apuane and Massa-arudtal rocks were
exhumed along a lovangle normal fault led to the characterization of the Alpi Apuane as a

cordilleran type matamorphic core complex (Carmignani and Kligfield, 1990).

2.3 Origin of the Calcare Cavernoso

Despite the modern consensus that the margin of the Alpi Apuane metamorphic core is a tectonic
boundary, tectonic fabric is rarely observed even where this boumlwell exposed. Instead,

the fault zone is occupied by a polymictic carbonate breccia (CV). Rocks sharing the distinct
texture of angular vuggs in a fine carbonate matrix of the CV have been observed elsewhere in
the Alps and Apennines (locally refed to as rauhwacken, carniole, cornieules, cargneules), and
attributed to a variety of tectonic or sedimentary processes. Genetic interpretations of these
various carbonate breccias categorically include: a sedimentary origin, a product of

karstification,a tectonic origin, or of mixed origin (Alberto et al, 2007, and references within).
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2.3.1Sedimentary origin

Field and microstructural observations led some authorgonclude that the CV was a
sedimentary breccia (Dalladardi and Nardi, 1973; Patacca al., 1973; Federici and Raggi,

1974; DallanNardi, 1979; Sani, 1985; Abbate and Bruni, 1987; Coli, 1989). These observations
include: (1) a sedimentary basal contact with the underlying metamorphic core and sedimentary
structures such as grading, sfiatl laminar bedding, and crebgdding (e.g. DallaiNardi and

Nardi, 1973, Federici and Raggi, 1974, Sani, 1985, Fazzouli et al., 1994), and (2) the presence of
Orbulina Universa (DallaiNardi, 1979; Sani, 1985), a Miocepeesent species of marine
foraminifera. Geometricmeasurements of sedimentary features are scarce; however-Dallan
Nardi and Nardi (1973) provide field photographs of some of these sedimentary structures in an
analogous polymictic breccia in the Monte Pisani to the SE.

A sedimentary orign of the CV would hold particular significance because the unit contains
metamorphic clasts derived from underlying Alpi Apuane metasediments (Federici and Raggi,
1974; Sani, 1985). The presence of these clasts in a sedimentary rock would require ekhumati
and erosion of the metamorphic core prior to emplacement of the overlying Tuscan nappe. If the
CV has a sedimentary origin, the emplacement of the Tuscan nappe must be younger than the

biostratigraphically determined Miocene depositional age of the CV.

2.3.2Karstic origin

Several authors have hypothesized that the CV and similar rocks observed elsewhere are the
result of insitu karstic reworking. Alberto et al., (2007) proposed that the Pseudocarniole in the
western Alps, a lithologic unit that bearmny textural similarities with the CV, is a product of
dissolution and collapse. In their model, volume reduction via dissolution of underlying gypsum

and anhydrite byhydrothermal fluid ascension causes brecciation by gravity collapse of the
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overlying cabonates. Similar models for the development of the CV in the Apennines have been
proposed that include dissolution cycles of gypsum and anhydrite (Merla, 1951; Gandin et al.,
2000), and evidence of cyclical hydration, dissolution, and precipitation qjoetes is
preserved in the Burano fm. (Lugli, 2002). Hydrothermal circulation through evaporites is active
in numerous hydrothermal springs present to the east of the Apuane region within the Tuscan
and Ligurian nappes (e.g. Monsummano, Montecatini, Baignicca, GallicanpBarga, Torrite,

Pieve di Fasciana, Equi terme, and Monzone springs). Dissolve u | f2H r a B°@ dhtibsi

of thermal waters from the Bagni di Lucca (some 10 km to the SE of the Alpi Apuane
metamorphic core) indicate deep circulation of meteoric water and dissolution of underlying
evaporites (Boschetti et al., 2005). Moreovérygical analogies within the Apennines support
the possibility that the CV has beenwerked insitu. In the Frasassi caves in the Marche region,
abundant gypsum precipitation is attributed to oxidation of groundwai8r dedrived from
dissolution of anhydte at depth (Galdenzi and Marouka, 2003). Elsewhere in the Apennines,
clastin-matrix fabrics somewhat resembling the CV have been observed in-tavsildeposits

(e.g. Mugnano cave, see Martini, 2011). Based on field observations and carbon amd oxyge
isotopic values, Feroni et al., (1976) similarly concluded that the ambiguous texture of the CV

was locally the result of karstic reworking in the presence of meteoric water.

2.3.3Tectonic origin

A tectonic origin of the CV is primarily compelled by te&uctural relationship between the
Tuscan Nappe, and Alpi Apuane metamorphic core. The proposed Miocene deposition of the CV
postdates the Oligocene emplacement of the overlying Tuscan Nappe, and is contemporaneous
with deep burial of the Apuane and Masunits. This sequence of events is problematic because

the CV sits below the Tuscan nappe, and includes clasts from the metamorphic core, which could
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not have been exposed to erosion. This problem is resolved if instead the CV was developed as a
tectonic breccia along a detachment, and the presence of both metamorphic and sedimentary
clasts is explained as the result ofitu tectonic mixing of the foewall and hangingvall rocks
(Carmignani and Kligfield, 1990). However, this hypothesis has not Iesnfar supported by

kinematic data measured in the field.

2.4 Analytical methods

We collected samples of CV from 23 locations distributed along the entire margin of the Alpi
Apuane metamorphic cor€ig.21) . We pr e p ar dhick thitsactioisdor use I8 0 & m
petrographic, cathodoluminescence, and scanning electron microscope analysis:rafjor X
diffractometry, matrix and clast material was carefully powdered directly from cut surfaces using

a 0.5 mm diameter drill. Relict clast material was sahdrom angular vugs to determine
lithological control on this differential erosion characteristic of the CV.

Polished thin sections were analyzed in plane and crossed polarized light with a standard
petrographic microscope. Cathodoluminescence obsenmgatwere made on a Relion
cathodoluminescent stage under approximateh2 Iorr vacuum, and 10 keV accelerating
voltage focused beam. SEM observations and measurements of four samples warsimgaale

FEI Quanta 200 scannirglectron microscope. Phase qmusitions weremeasured by energy
dispersive spectrometry using an EDAX Genesis XM calibrated to Smithdeataomal

Museum of Natural History (NMNH) mineral standards and wittbe m s p o't si ze.
measurements were made on a Shimadzu 666Gy Xiffraco met er wi t h 2d val ues
5-80°. SEM analyses were conducted at the William C. and Ruth A. Dewel Microscopy Facility,
XRD, CL, and optical microscopy analyses were conducted at the Appalachian State University

department of Geology.
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2.5Results

2.5.1SEM, cathodoluminescenceand optical petrography

We observe the CV to be polymictic in all samples except one. Although clast content is
heterogeneous and widely variable between samples, clast types are restricted to rock types
found in direct contat with the CV. In many samples clast populations include both Alpi
Apuane metamorphic lowgrlate and Tuscan Nappe upjate sedimentary rock types. Lower

plate foliated siliciclastic and miedch clasts are easily identifiable, and in some cases upper

plate carbonate clasts are distinguishable by preserved fragile microbial laminations. Clast
lithologies readily attributable to the uppalate are exclusively fine grained calcite and
dolomite. In most cases uniformly carbonate samples are composety afpperplate clasts.

Lower plate lithologies are significantly more variable and include foliated quartz rich meta
sandstones, phyllitic schists, and marbles. Similar loeveexd uppeiplate lithologies (e.qg.

Macigno and Pseudomacigno fms.) are distisigable at high magnification with the SEM

(Figs 4a, 4b). Pseudomacigno clasts are foliated with biotite, muscovite, or chlorite in
crystall ographic preferred orientation and of
metamorphic phases are gt only as detrital grains in the sedimentary Macigno fm. The
presence of these metamorphic minerals and textures indicates that these clasts are derived from
lower-plate metamorphic lithologies. In a few locations, clasts composed-w¥inmed quartz
grainswithnorundul at ory extinction contain skgall ( <
2.4c). We interpret these undeformed gypdusaring quartz grains asworked authigenic vein

fill rather than reworked detrital or metamorphic grains due to ith@morphic solid inclusion

morphology, and absence of sgtains.
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Figure 24. SEM micrographs of various fabrics in the CV. A) foliated Pseudomacigno
metasandstone in calcite mat B) Foliated fabric within Pseudomacino clast (A) showing
garnet and biotite metamorphic phases useful in distinguishing-wilbt derived
metasedimentary clasts from hangingll sedimentary stratigraphic equivalent units. C) Relict
guartz vein mateal reworked as a clast, and containing gypsum euhedra. D) Relict dolomite
clasts undergoing da@olomitization by replacement with calcite. E) Jigsaw pattern brecciation in
a quartz clasts. F) Reworking of previously cemented breccia clast showing eghit défiset.

Reworking and imasitu comminution of clasts is commonly preserved. Comminution is
preserved as groupings of angular lithoclasts clearly attributable to a single original clast. Clast

fragments are arranged alternatively as elongate confignsaof fragmentsKig. 2.5), or more
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closely grouped in local jigsapuzzle patterns limited to single clasts (Fgde,1.4f). In many
locations, primary or secondary jigsaw puzzle brecciation is pervasive. In secondary jigsaw
puzzle brecciation, antar clasts are composed of brecdlag( 2.6). Primary jigsawbreccias
typically occurs in previously undeformed upyate carbonate rocks. Several samples
comprise lithologically heterogeneous breccia clasts that are texturally identical to the otatrix b

distinguishable by variation in cement luminescence; we interpret these clasts as reworked

cemented breccid(g. 2.7).

Figure 2.5. Reflected light imge of a fragmented foliated foewtall metasedimentary clasts.
Light colored elongate clasts is composed of fwalli metamorphic calsilicate and is
surrounded by a fine grained cataclastic matrix composed of a mixture of havajire;md foot

wall derived fragments. Fracturing of the caddicate clasts is accompanied by translation of
fragments and infilling of interstitial space by fine grained cataclastic matrix material. This type
of brittle fracture suggests cataclastic flow at shallow crustal tonsli
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Figure2.6. A) Crosspolarized light image of jigsaw pattern brecciation of cohesive cataclastic
matrix by at least two phases of hydraufracture, including an intermediate phase of
dissolution along stylolitic surfaces. B) Schematic trace of vein and stylolite patterns from (A).
Early vein infilling by saddle dolomite is evidence of elevated fluid temperatures. The saddle
dolomite vein érminates at stylolitic surfaces. Both stylolites and saddle dolomite are cut by a
later phase of pervasive hydraulic fracturing and infilling by calcite. C) Saddle dolomite is
distinguished by characteristic curved twin boundaries. Cross cutting by eatlyecataclastic
matrix and saddle dolomite by later calcite veining is apparent in the upper right hand corner of
the image.
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Figure2.7. A) Crossegpolarized ight photomicrograph of a clast of cohesive breccia (outlined

by white dashed line) reworked as a clast in a cataclastic matrix. B) CL image of (A) showing
the contrast in luminescence between the-liawinescent matrix within the reworked breccia
clast, ad the younger luminescent cataclastic matrix. Reworking of cemented breccia as clasts
within breccia is evidence of-situ tectonic revorking, and multiple phases of brecciation and
cementation.
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Texturally the CV ranges significantly between locatjdnsm nonfoliated course angular clast
supported breccia to foliated fine grained matrix supported cataclasite or gouge wibkrsuéd

clasts Fig. 2.8). Matrix content ranges from 0%, to nearly 100%, and a first order inverse
relationship exists betvea clast angularity and matrix content. Clast angularity varies to a lesser
degree with clast lithology; phyllitic schists are generally walinded whereas both featall

and hangingvall carbonates range from angular to-sabnded. In general both cteengularity

and size are variable within individual samples. We did not observe ghost fabrics in large angular
clasts, a feature diagnostic of diagenetic infilling of pore space between detrital grains (Boggs
and Krinsley, 2006). Senl| | (<50 €em) grbunded magix castnase olosérveavie | |
idomorphic zoned dolomite euhedra within the matrix of foliated samipigs29). We interpret

these grains as latdage cementation and infilling as described below. In the oalyomict
sample, no matrix is present; instead interstitial space between angular clasts is occupied by
authigenic sparry calcite and several voids are partly filled with eBpayite. In matrix
supported samples the matrix is composed of a mixture ofgfmeed calcite and silicate
fragments. Foliation is defined by spaced pressure solution cleavage or preferreisong
orientation of elongate grains (Fig8b, 8c), and in a few cases is accompanied by pressure

shadows filled with fibrous calcite.
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Figure 2.8. Reflected light images of polished hand samples showing textural heterogeneity
between various CV samples. Figure (A) depicts clear clast heterogentityingcmarble and
pseudomacigno clasts from the metamorphic-feait and various limestone rodigpes from

the hangingvall. Figure (B) exhibits a pervasive undulatory planar foliation defined by
di ssolution surfaces. Fiogwrhe t eQt ubeamnmnsd t@megudi
the result of dissolution of chemically susceptible clasts. The preserved clast casts indicated that
prior to dissolution this rock type likely resembled the angular clast in matrix texture observed in
figure (A). Figure (D) shows a weak foliation defined by the preferred orientation of elongate
subrounded clastin-matrix in cataclasite. Images (A) and (C) depict breccia members of the
CV, containing greater than 30% clast material. Images (B) and (D) are matprr®ap
cataclasite with less than 30% clast material.
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In CL the fine grained matrix in both matriand clastsupported polymict samples has a mottled
orange luminescent texture of varying intensiéyg( 2.10). The variable matrix luminescence
contrass to generally more homogenous or organized orange or red luminescence in carbonate
clasts. We interpret this mottled texture as the result of mixing of comminuted clasts and
deformed calcite cement. In most samples, the youngest cement has an irrbgulartéxture

filling interstitial spaces between the matrix grains and along boundaries of larger clasts. The
youngest cements often display a geometric zoned epitaxial pattern, occasionally including
calcite or dolomite euhedré&i@. 2.9). These cementxhibit bright alternating bands of dark to
bright orangered luminescence. This pattern is typical of carbonate precipitation during
changing fluid conditions, and perhaps related to the transition from phreatic to vadose

conditions (Boggs and Krinsley0@6).

L
-

'Epitaxial / : ¥

 growth rims

Ghost grains

Figure 29. CL photomicrograph showing ghost grains and epitaxial zonation, defined by
alternating bands of varying luminescence intensityjate stage cements. Envelopment by
idomorphic calcite or dolomite is only observed around ghost grains irgifaieed matrix
material. This pattern of epitaxial growth rims is often associated with diagenetic cementation of
clastic material (Boggs andridsley, 2006). Typically diagenetic cements have lominosity,

this CL image was taken with a 6 minute exposure and low gain (ISO 300).
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Figure2.10. (A) CL photonitrograph of cataclastic matrix showing carbonate precipitation from

at least three fluid compositions. Three distinct phases are apparent by varying luminescence
intensity. Carbonate phases are aliased into three discrete bins bgcagieyintensity, and
include dark (B, black), intermediate (C, grey), and bright (D, white). This depiction of intensity
distribution demonstrates the disorganization of the various carbonates, and suggests that
precipitation was accompanied by progressive cataclasis. Birgsaliesen based on breaks in

the greyscale pixel distribution curve and do not necessarily have any physical implications.
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Veining and dissolution surfaces are common in mgaale. Calcite vein fill is often sparitic or

fine grained; fibrous vein fills only observed in one sample and is largely contained within a
single clast. Multiple generations of calcite veins are present in most samples, with veins
alternatively crossutting matrixclast boundaries, bending along clast margins, or contained
within clasts and terminating at the clast matrix interface. In foliated samples, sparite filled veins
are often cut by, or refracted along dissolution surfaces. In veinsaurtisgy both clast and
matrix, the calcite infill is commonly syntaxial and nlominescent, and is therefore likely
precipitated following fractur@pening in oxidizing meteoric fluids (Boggs and Krinsley, 2006).
Twinning in calcite vein fill is common and restricted to type | and Il twins (narrow straight
twins<le m wi d e, htéaabuthr twintse & img wi d e, respectively) (F
2005) Fig. 2.11). In several samples, saddle dolomite occurs as either relatively tkbckii3)

veins Fig. 2.6) or angular clastsF{g. 2.12). Notably, quartz veins are newistent, and
authigenic quartz is only observed in a few locations as isolated euhedral grains. Stylolitic
surfaces are commonly less than 1 cm in length and account for only small amounts of
dissolution (<1 mm). These dissolution surfaces are not observed to custége non
luminescent veins. Local dissolution surfaces are also observed along indentations between
soluble grains; however, their relationship to late stage veining is not possible to determine in our

samples.

36



Figure2.11. Example of type Il twinning in a calcite vein crasiting cataclastic matrix. Type

I twinning in calcite is characterized by
evidence of strain accumulati at temperatures between 28D °C (Passchier and Trouw,

2005 and references therein).

Cataclastic
wall-rock

Re-worked

SD vein

Figure 2.12. Photomicrograph (A) and CL image (B) of a reworked Igaddlomite vein in

matrix as a clast in cataclasite as depicted schematically in (C). Boundaries of the reworked clast
are outlined in the dashed yellow line in (A) and appear as a bright red luminescent rim in (B).
The presence of cataclastic wadkck within the reworked clasts indicates progressive reworking

of a cemented cataclastic matrix, which had previously undergone hydraulic fracturing by fluids
at elevated temperatures.
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2.5.2 XRD

Relict clast material from angular vugs in two samples contilsnite; in another sample this

same relict material is primarily calcite, which is perhaps replacement calcite from primary
dolomite Fig. 2.13 bottom) (a process that we observed in SEWY.2.4d). In either case our
findings support the conclusion Ipyevious authors that the characteristic angular vugs in the
CV are due to differential weathering of poorly cemented carbonate clasts (e.g. Carter et al.,
1994).

In all samples the dominant matrix phase is composed of calcite. Variously, dolomite, quart
albite, chlorite, muscovite, biotite, rutile, and hematite are present as secondary phases unevenly
distributed among samples. Notably, gypsum, anhydrite, and magnesite are below the detection
limit of XRD, and with the exception of very rare inclusiarfsgypsum in quartz, we did not

observed these phases in our petrologic or SEM analygp2 (13.
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Figure2.13. XRD spectra of matrix material from seventeen clasts (above), and thigessam

relict clast material (below), and the locations of the highest intensity peak of calcite, dolomite,
and magnesite carbonate phases, and gypsum and anhydrite sulfate phases. The unlabeled
relatively low intensity peaks are a combination of caleitel dolomite peaks, as well as
ancillary phases such as quartz and albite. Calcite and dolomite constitute the primary phase in
the matrix of all samples, while magnesite and the sulfite phases are absent or at levels below
detection limit. Dolomite is psent in all three of the relict clasts although in relatively low
concentration with respect to calcite in one sample.
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2.6 Discussion

2.6.1Interpretation of petrographic observations

Based on our microstructural observations we conclude that the CMW igctonite
compositionally derived from material tectonically abraded from hangedh and footwall
lithologies. Based on clast volurpercent, most samples are categorically considered breccia or
cataclasite, and less often, fault gouge (Passchiefsmav, 2005). Cataclastic flow is evident

by the rigid rotation and translation of clast fragments relative to oneanother, and the infilling of
interstitial space between the translational separation of these fragments by fine grained matrix
material. Disinctly tectonic fabrics are present in fault gouge samples, and include pressure
solution cleavage, pressure shadows, and abraded lenticular clasts.

Compositionally the CV is limited to clast types derived from lithologies in direct contact with
the teconic boundary; however, hanghwgall carbonates tend to compose the majority of clastic
material. Evidence of fluid related brittle fracturing is unevenly distributed between- @yer
lower-plate rocks. Pervasive dilatational hydraulic fracturing anslajepuzzle brecciation in
previously uadeformed rock was observed to be significantly more prevalent in hawgilhg
carbonates than in the metamorphic fawall. We propose that disaggregation by hydraulic
fracturing at the base of the Tuscan nappeifatzd incorporation of hangingall material into

the cataclastic CV. In contrast, disaggregation of intact-vi@dt is limited to mechanical
abrasion along the sheaone interface, and therefore, faall rock is much less likely to be
incorporated asataclastic material.

Our observations support the model ofsitu tectonic development of the CV; however,
heterogeneity observed even within our own sample set is evidence of a plurality of distinct

processes or local controls responsible for theskdgwnent of the CV texture. The notion of
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local karst reworking of earlier fabric in particular is undeniable due to the prevalence of soluble
calcite within the CV, and the presence of several relatively large cave systems situated within
along the Alpi Auane detachment (e.g. Grotto Del Vento). Ntheeless, our observations of
preserved micrscale tectonic features preclude whséde karstic reworking of the CV.
Moreover, the 0.7 mm/yr local uplift rate since 5 Ma (Fellin et al., 2007) leavesilitdesince

the CV was situated below sksvel for thorough karstic re/orking at or above the water table.

The complete absence of gypsum and anhydrite in XRD suggests that dissolution of these
minerals at depth, a key aspect of the karst model of Alkdrtal., (2007), did not play a
significant role in the textural development of the CV. Unless dissolution was driven by
extensional tectonics, it is unlikely to have been thorough enough as to leave little trace of
evaporite minerals, which are abundalse@here along tectonostratigraphic base of the Tuscan
nappe (e.g. Burano evaporites). The absence of sulfate inclusions in the multiple generations of
syn and postectonic veins in the CV, however, suggests that sulfates were not present in great
portion as dissolved components during faulting. We therefore argue that if evaporites were
present in great abundance, dissolution-gated normal faulting, but was not uniquely
responsible for the observed CV texture.

A sedimentary origin of the CV fails taeount for clast composition, and many of the textures
we observed petrographically. Missing are distinctive ophiolite lithologies from the oldest and
structurally highest Ligurian nappe. If the CV was deposited as a sedimentary breccia, Liguran
ophiolite detritus would necessarily accompany material derived from the structurally lower
units. Furthermore, diagenetic crystallization anefilimg of interstitial pore space during
lithification of clastic carbonate sedimentary rocks generally serves taggcigrain size, and

leaves a distinctive pattern of ghost grains in CL; this diagenetic texture is notably absent in the
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CV except around very small (<56m) matrix grains. Instead, numerous examples of
comminution textures, such as jigspwzzle fragmentson are evidence of isitu tectonic
grainsize reduction.

We propose that sedimentary fabrics observed by previous authors are variously related to local
fluvial processes within caves, or contained within sedimentary rocks erroneously correlated to
the CV. The presence of fossilized Orbulina Unversa foraminifera, which has persisted as
evidence of a sedimentary origin of the CV, is only observed in one location (Metato breccia). It
is unlikely that delicate fossil features would survive the cataclasigyein size reduction we
observed petrolographically, and therefore, cannot represent deposition prior to emplacement of
the Tuscan nappe. Kligfield and Carmignani, (1990) postulated that these fossils instead reside in
a younger sedimentary breccia tttally emplaced within the CV by late stage normal
faulting. This youngebreccia hypothesis is supported by the modern existence of Orbulina
Universa, which therefore does not require a Miocene depositional age. Indeed some maps of the
Apuane region degt this breccia as Quaternary cover, and therefore distinct from the CV
(Carmignani et al., 2000). Sedimentary fabrics elsewhere correlated to the CV may be the result
of clastic deposition in caves. Subterranean fluvial and lacustrine processes arenaaittino

cave environments connected to surface waters and produce clastic sedimentary rocks and
associated sedimentary fabrics resembling observed in typical terrestrial deposits (see Bosch and
White, 2004). As previously mentioned, extensive cave systeenpresent in the Alpi Apuane
region; distinctly sedimentary fabrics described by proponents of a sedimentary origin of the CV

may be exhumed clastic sedimentary rocks originally deposited in one of these cave systems.
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2.6.2Stratigraphic relationship

The CV is commonly equated to a Triassic evaporates found elsewhere stratigraphically at the
base of the Tuscan Nappe (e.g. Merla, 1951; Baldacci et al.,, 1967; Carmignani and Kligfield,
1990; Costagliola et al., 1999; Lugli, 2001; Lugli et al., 2002, ahdrs}. This correlation is

useful for a variety of textural and compositional comparisons with examples of this Triassic
succession found elsewhere in the Apennines. We argue that the CV is not a stratigraphic unit,
but instead a fault rock that sharesettonic, rather than stratigraphic, position with evaporates
found at the base of the Tuscan nappe. The CV is considered a stratigraphic unit composted of a
polygenic breccia of either Ladinidsorian (Decandia et al., 1968), or NorRmaetian age
(Carmignani et al., 2000), and is commonly correlated with the tectonized evaporite rich Burano
formation in the Secchia valley, NE of the Alpi Apuane core. The Burano fm. in the Secchia
river valley is similarly considered an upper Triassic unit, and compriggi®thermally and
tectonically altered evaporates and carbonates. While general stratigraphy is difficult to
determine in the Burano fm., its sedimentary character and composition is preserved to a degree
sufficient to make first order inferences regarditsgydepositional environment. Some authors

use Calcare Cavernoso as a textural term sstnstu, and regard the CV of the Apuane region

as belonging to the Burano fm. (e.g. Lugli, 2001; Lugli et al., 2002). However, aside from its
position at the basefdhe Tuscan nappe, the CV shares few similarities with the Burano
formation. In the CV, evaporate minerals (i.e. gypsum, anhydrite), and magnesite, common in
the Burano fm., are not observed in the field and are below detectable levels in our samples.
Instead, the CV is compositionally derived from tectonically incorporated clasts of a variety of
sedimentary and metedimentary units. The age of the CV tectonic breccia should not be
considered older than its constituent parts, which is limited to Mioeedeyounger by the

metamorphic age of the Alpi Apuane metamorphic core.
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Rather than a stratigraphic equivalency between the CV and Burano fm., we suggest a common
relationship with a tectonic boundary. The Burano fm. served as the thrust decollement upon
which the Tuscan nappe was emplaced during accretion. The CV was formed along this same
structure during its reactivation as an extensional detachment exhuming the Alpi Apuane core, as
discussed below. Both units therefore occupy a common tectonic horether than the

necessarily Triassic base of the Tuscan nappe stratigraphic succession.

2.6.3T-P-t of faulting

Contrasting exhumation models predict starkly differefit Bonditions during slip along the

Alpi Apuane detachment. Carmignani and Kligfi¢ldL 9 9 0) 6 s exhumati on mode
and cooling of the metamorphic corepervasive extensional attenuation and norstigl along

the Alpi Apuane detachment at nmdustal levels. Miecrustal slip along the Alpi Apuane
detachment is supported legtimated faulzone fluid trapping conditions at 3@25 °C based

on fluid inclusions (Hodgkins and Stewart, 1994). Assuming a geothermal gradient of ~31
°C/km, Hodgkins and Stewart (1994) concluded that the fault was last active at 10 km depth.
Conversegf, some authors interpret extension in Northern Apennines as driven bgrusidl

thickening (Carmignani et al., 1978; Boccaletti et al., 1983; Cello and Mazzoli, 1996; Jolivet et

al., 1998). Kilometescale ductile structures, that form the basis of @gam and Kligfield
(1990)06s model, have alternatively been inter
(Boccaletti et al., 1983; Carosi et al., 2002, 2004). The structural position of the relatively higher
gradeMassa unit above the Apuaneitudemands at least some amount of-gnalstal stacking
contemporaneous with exhumation of the metamorphic core. In this latter interpretation,
exhumation of the metamorphic core from peak Ponditions to uppecrustal conditions is

attributed to undeplating rather than slip along the Alpi Apuane detachmentjsacoimplete by
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10-13 Ma, as evidenced by similar zircon fission track ages in both the Apuane and Massa units
(Fellin et al., 2007).

The onset of uppexrustal extension in this portion ofetiNorthern Apennines is marked by the

late Miocene deposition in the Via Reggio basin which began ~7 Ma (Bernini et al., 1990). Early
extension is contemporaneous with cooling of the Alpi Apuane metamorphic core te upper
crustal conditions, and the -@etof exhumation of the Tuscan nappe is evidenced by cooling to
below the closure temperature of zirconTb/He at 1314 Ma. Beginning 143 Ma, the
metamorphic foetvall and anchizonal hangingall cooled together, except for a brief period of
differential ®oling between @ Ma. Differential cooling accounts for approximateb &m of
missing vertical section between the closure temperatures of zircon and apHtitielé) which

Fellin et al. (2007) attribute to slgong the Alpi Apuane detachment. Brittebrics within the

CV support the interpretation that the Alpi Apuane detachment was active at very shallow crustal
levels. The fine grained pulveritic matrix in the CV breccia and cataclasite shows no signs of
dynamic recrystallization or annealing, whiare observed in foavall marbles and typify
carbonates deformed in the temperature range estimated by Hodgkins and Stewart (1994) (300
350°C). The common presence of saddle dolomite reflects fluid temperatures betwEsd° 60
(Radke and Mathis, 198®onsistent with the 6270°C range between the closure temperatures

of zircon and apatite {Th/He.

Fellin et al. (2007) suggest that higher temperature-8@C) estimates of fault slip as related

to local hydrothermal activity. However, these reswtse relatively consistent between 25
samples distributed along approximately 40 km of the Alpi Apuane detachment, which is
difficult to attribute to a local process. It is possible that the sampling strategy of Hodgkins and

Stewart (1994) preferred fabsiproduced in an earlier stage of detachment slip at greater depths.
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The majority of fault zone samples from Hodgkins and Stewart (1994) were collected from
guartz veins; in our samples quartz veins were restricted tewfbtclasts or revorked
fragmens, but were not included in the latest stage brittle deformation fabrics. Alternatively, a
relatively low assumed crustal density of 245 g/erm Hodgki ns and Stewar:t
correction may have exaggerated temperature estimates. Moreover atiteses base their
tectonic conclusions on maximum pressure and temperature measurements, which correlate well
with the interpretation of midrustal detachment slip of Carmignani and Kligfield (1990). We
observe progressive-igorking of the CV brecciaherefore, estimates of latesige faulting are

more appropriately recorded in minimum rather than maximemd@nditions. Assuming an
uppercrustal density of 2.7 g/chthese estimates could be as low as %@t 7.4 km depth, in
agreement with the g#wermal gradient calculated by Fellin et al (2007), and our own
observations of type Il calcite twinning, which typically forms betweenZ@D°C (Groshong

et. al., 1984; Rowe and Rutter, 1990; Ferrill, 1991; Ferrill et al., 2004). Temperatures above 240
°C exceed the thermal maximum of the Tuscan nappe estimatedrbgatrzircon fission track

ages (Fellin et al., 2007). However, this thermal maximum was measured in the Macigno, the
stratigraphically uppemost portion of the Tuscan nappe and sor® Kin above its base.
Ambient temperatures in the CV may therefore have reached as high aSC-80fing early

stages of uplift and exhumation.

2.7 Conclusions

We emphasize three main points: first, the CV is a tectonite with preservedstedectectonic
fabrics; second, brittle fabrics preserved within the CV indicate that slip along the Alpi Apuane
detachment occurred at shallow crustal levels; third, the CV should not be considered a

stratigraphic unit with a Triassic depositional age.
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Ambiguity regardig the genetic origin of the CV is likely due to an absence of primary data in
the published literature, and interpretive differences of observed fabrics. Proponents of a tectonic
origin of the CV describe brittle tectonic fabric (e.g. Carmignani and Kl@jfil990); authors in

favor of a sedimentary origin have declared absence of tectonic fabric everywhere and instead
point to the presence of laminar stratification and cross bedding (e.g. Federici and Raggi, 1974);
still others provide hybrid interpretats, such as the presence of tectonic fabric in along the
eastern margin but an absence of such fabric along the western margin of the metamorphic core
(e.g. Feroni et al., 1976). Rarely, however, are data associated with these described observations
presated in the literature or on published maps of the Alpi Apuane. The presence-ofafbot
clasts affirms, on a compositional basis, a tectonic origin of the CV due to the
thermochronometrically determined timing of metamorphism and exhumation of the Alpi
Apuane metamorphic core which padsttes emplacement of the Tuscan nappe. Moreover,
micro-scale fabrics are typical fault related fabrics, and difficult to produce with depositional
processes alone.

Structural interpretation of ductile foatall fabrics, ad at least one fluid inclusion study suggest

that slip along the Alpi Apuane detachment may have occurred at depths of 10 km or greater.
These fabrics are not however preserved in the CV, instead, evidence of cataclastic flow and
hydraulic fracturing isndicative of tectonization at shallow crustal conditions, and consistent
with differential cooling between the hangim@gll and footwall between the closure
temperatures of zircon and apatitéT/He (17660 °C). Slip along the Alpi Apuane detachment

at ceeper crustal levels associated with early uplift of the metamorphic core is unlikely to be
recorded in the CV, which is predominantly composed of Tuscan nappe carbonate clasts, which

never exceeded 248C. Whether or not normal slip along the Alpi Apuadetachment
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penetrated into the middle crust, the brittle nature of the CV indicates that extension along low
angle normal faults was active in the uppaist.

The CV is composed primarily of limestone clasts, cataclastic matrix, and Miocene aged
metasedirantary clasts combined as a clastic tectonite duringMimcene detachment slip, and

does not constitute a stratigraphic unit. While the CV shares the stratigraphic base of the Tuscan
nappe with geographically wigspread evaporites (e.g. Burano fm.)y aorrelation between

these two units is not supported by composition or a shared genetic history. Instead, the CV and
Burano fm. are more appropriately linked by a shared tectonic relationship. These relatively
weak basal evaporites were utilized as aghdecollement during emplacement of the Tuscan
nappe. Subsequently, the CV was formed along thisp#lipe during reactivation as a

detachment.
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Chapter 3: Kinematics of Neogene slip along the Saddle Mountains
thrust

3.1Introduction

Active-source seismic reflection profiles provide direct insight into subsurface structural
features, and are particularly valuable where surface expisdureted. The goal of this paper is

to make available, for the first time, a seismic reflection profile clearly depicting the geometry of
subsurface folds beneath the Saddle Mountains anticline (SMA) in eastern Washington, and to
provide kinematically \able structural interpretations of ssbrface structures discernible

within this dataset. Our aim is to address some aspects of the long standing debate surrounding
the nature of faulting in the Yakima fold and thrust belt (YFTB)in-skinned vs. thickskinned

tectonics, a debate which has significant implications for assessment of regional seismic hazards.

3.2 Geologicbackground

The Yakima fold and thrust best in eastern Washington is composed of a series of low relief
(typically <600m) EW to NW-SE trending asymmetric anticlinal ridges arranged in a roughly

en echelon arrangement and sepdratg broad (~20 km) lovamplitude synclinal valleys
(Watters, 1989)Fig. 3.1). Anticlinal ridges are interpreted as fardtated hangingvall folds

and are typically bound along their relatively steep north flanks by north verging thrust or
reverse fault traces (Bdey, 1977; Goff, 1981; Hagood, 1986; Reidel, 1984, 1989). Faulting and
folding in the YFTB deforms middle to late Miocene CRBG-GLMa) (Reidel et al., 1984,

1989) and late Miocene and younger fluvial deposits, which in some places can be found at the
crests of anticlinal ridges. Where hydrocarbon exploration boreholes have penetrated the CRBG

the underlying strata are composed of Tertiary-mamine sedimentary rocks (Campbell, 1989),
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although the depth to which the folding and faulting observed inutiace geology penetrates

has not been definitively resolved.

The onset of shortening in the YFTB is unknown; however, thinning of the Grand Ronde Basalt
Formation (16.515.6 Ma) of the CRBG in the SMA requires a topographic high coincident with
the crest bthe anticline by middle Miocene (Reidel, 1984; Reidel, et al., 1989). Subsequent
sustained uplift in the SMA is recorded by the progressiviapping of middle to late Miocene
Wanapum and Saddle Mountains Basalt Formations (16.8Ma) (Reidel, 1984)Post CRBG
shortening resulted in uplift of the upper Miocdawer Pliocene Ringold Formation, fluvial
deposits that cap the CRBG basalts, and the present structurally controlled relief (Reidel et al.,

1989).
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Figure 3.1. Shaded relief map of the Yakima fold and thrust belt in the vicinity of the Saddle
mountains anticline. Major thrust structures and anticlinal ridges from Reidel and Fetch (1994).
Approximate location of the seismic section as ingiddy the rectangle.

51













































