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ABSTRACT

I. A compilation of 362 cooling ages, including 52 newly reported in this study, from nine 
thermochronometric systems, 40K/39Ar amphibole, 40K/39Ar white mica, 87Rb/86Sr white mica, 
40K/39Ar biotite, 87Rb/86Sr biotite, zircon and apatite fission track, zircon and apatite (U-Th)/He, 
indicate that the base of the Austroalpine allochthonous ‘orogenic lid’ was not in full thermal 
equilibrium with its Penninic substrate until at least the middle Oligocene, approximately 29-28 
Ma, to allowably as late as the early Miocene, ca. 18 Ma.  There is about a factor-of-five differ-
ence in cooling rates between the hanging wall (ca. 4°C/m.y.) and footwall (ca. 20°C/m.y.) during 
this period.  In addition, there are demonstrably higher metamorphic grades, including blueschist- 
and eclogite-facies, in the Pennine footwall compared to lower greenschist-facies in the Austroal-
pine hanging wall.  Together these two facts demonstrate that hot, high-pressure Penninic nappes 
were forced upward against the cold, low-pressure overriding Austroalpine plate in a very short 
time window of approximately 7-10 m.y. between the time of peak metamorphism during the 
Eocene and the time of thermal equilibration with the overriding plate during the Oligo-Miocene.  
The most likely mechanism to produce such a cold-on-hot juxtaposition is a normal fault, and 
therefore, we conclude that an important period of nappe emplacement in the Central Swiss Alps 
occurred concurrently with orogen-perpendicular normal fault motion at the base of the Austroal-
pine allochthon persisting well into the Oligocene and possibly into the early Miocene, post-dat-
ing the 32-30 Ma age of the Bergell intrusion.

   Mesoscopic structural measurements made at the top and bottom of the Pennine zone in 
eastern Switzerland indicate multiple, spatially heterogeneous directions of movement.  At the 
top, in the Oberhalbstein Valley, movement directions vary from dominantly top-east to top-
south-southeast a very minor top-north component within Pennine rocks of the Martegnas shear 
zone and no preferred movement direction within the Austroalpine hanging wall.  Near Piz Tois-
sa, a minimum of two kilometers of nearby structural section in the Err and Platta nappes have 
been faulted out.  At the bottom of the Pennine zone in Val Lumnezia and the Chur Rhein Valley 
at Trimmis, we observe top-northwest, top-north, and top-northeast movements.  In Val Lum-
nezia, the Sub-Penninic Scopi zone (Gotthard cover rocks) shows movement in a top-northwest 
direction; the superjacent Peidener imbricate fault zone, a relatively thin (ca. 50 to 100 m thick) 
structural zone consisting of Scopi zone lithologies, shows movement in a northeasterly direction; 
above that, the basal Penninic Bündnerschiefer shows no dominant movement direction.  To the 
east, in the Chur Rhine Valley, movement is well defined as exclusively top-north.  Therefore, 
movement directions in the lower Bündnerschiefer are broadly top-north but heterogeneous in 
direction along strike between Val Lumnezia and Chur Rhein Valley, and, as first suggested by 
Weh and Frotizheim (2001), it may be erroneous to regard the basal Pennine thrust as a simple 
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through-going structure.  In Val Lumnezia, the Scopi-Peidener-Pennine nappes resemble a “jelly 
sandwich” in which the thick Pennine mass utilized the Peidener zone to move in an oblique 
sinistral-normal slip sense past the southeast-dipping allochthonous Scopi zone and its east-dip-
ping Gotthard “massif” substrate.  If the Peidener zone continues northeastward beneath alluvial 
cover of the Chur Rhein Valley, it may serve as a late, NE-directed shear zone that separates the 
Pennine nappes from European units.  If so, it would explain the apparent truncation and progres-
sive omission of allochthonous elements of European affinity along the zone from southwest to 
northeast beneath alluvium of the Chur Rhein Valley. We therefore infer that the direct juxtaposi-
tion of Penninic units to the east with the Helvetic autochthon to the west at the latitude of Trim-
mis records an episode of top-northeast, orogen-parallel strike-slip and extensional movement.   

Zircon (U-Th)/He (ZHe) cooling ages from the Oberhalbstein Valley indicate that the 
Austroalpine-Pennine contact was still active at ca. 27 Ma, and that the Martegnas shear zone was 
active, in part, between ca. 27 and 24 Ma.  It is likely that the Piz Toissa klippe formed around 
this time during the late Oligocene.  The pattern of much younger ZHe ages at the bottom of the 
Pennine zone is independent of any nappe boundaries, including the Peidener imbricate fault 
zone, but is consistent with the rise of the Aar massif during the Miocene.  Tectonic movements, 
as recorded by the mesostructure in the Austroalpine, Penninic, and Sub-Penninic domains, and 
local ZHe cooling ages generally support the conclusion drawn strictly from cooling ages that the 
Pennine zone was emplaced en masse as a coherent ‘piston’ or ‘mega-pip’ during Oligocene to 
early Miocene time (approximately 29 to 18 Ma), well after juxtaposition of Apulia with cratonic 
Europe (continent-continent collision) and during the development of Alpine topography and the 
peripheral basins (viz. Molasse and Lombardi).  Additional top-north movement and late uplift 
and flexure of the nappe stack, along with the Aar massif, occurred primarily in middle to upper 
Miocene time, following the post-collisional structural interposition of the Pennine zone between 
Europe and Apulia.

II.  Nine carbonate phases at Kennecott, Alaska were measured for their clumped isotope 
(D47) equilibration temperatures.  The total range for carbonate temperatures spans 38-164°C.  
Premineral phases are relatively cool (43-71°C); synmineral phases are relatively warm (89-
157°C); late postmineral phases are the most cool (38-59°C) but overlap some premineral phases.  
Zebra dolomite precipitated in the range 130-163°C.  Dedolomite, a hallmark alteration feature of 
the mineralizing fluids, falls into a narrow range of 98-109°C, consistent with the stability field 
for the low-temperature chalcocite polymorph.  Except for one sample, none of the synmineral 
calcites crystallized within the stability field of djurleite, a volumetrically significant component 
of the main-stage ore, which suggests that intergrown djurleite may have been a somewhat later 
recrystallization product of chalcocite rather than a coeval phase.  
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Calculated compositions for δ18Owater vary from -4.2 to +11.0‰.  The most depleted water 
precipitated hydrothermal baroque dolomite, whereas the most enriched water was associated 
with recrystallized limestone wallrock on the periphery of the orebody.  Waters that precipitated 
calcite+copper vary from -1.1 to +9.3‰.

Intriguingly, rhythmic layering in zebra dolomite can be resolved in D47 space, and prelimi-
nary data indicate that the coarser-grained baroque dolomite bands precipitated at temperatures 
5-10°C cooler than the surrounding, finer-grained dolomite wall rock bands.   

The calculated values of δ18Owater support a genetic model that invokes redox changes asso-
ciated with fluid mixing as the likely mechanism responsible for copper deposition.  In this model 
a sulfidic, basinal fluid having δ18O similar to seawater mixes with a cuprous fluid having heavier 
δ18O (5 to 8‰) which was derived from the Nikolai Greenstone during prehnite-pumpellyite-
facies metamorphism.
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Organization of the thesis

The thesis is divided into three chapters as follows:  
Chapter 1 demonstrates through thermochronometry on multiple mineral systems that ex-

humation of the various Pennine nappes and, in particular, the establishment of the Austroalpine-
Pennine contact in the Central Alps was accomplished by syn-convergent normal faulting, a novel 
hypothesis that will be resisted by traditional Alpine geologists.  Chapter 1 has been submitted to 
Tectonics for publication. 

Chapter 2 presents a series of kinematic analyses and field observations from eastern Swit-
zerland from the top of the Pennine zone in the Martegnas shear zone of the Oberhalbstein Valley 
and at the bottom of the Pennine zone in the Peidener imbricate fault zone in Val Lumnezia and 
in the Chur Rhein Valley at Trimmis.  Conclusions from the field work presented in Chapter 2 in 
part support the findings from Chapter 1, in that the Pennine zone likely was exhumed en masse 
as a piston or ‘mega-pip’ and that important ancillary features of the Alps, such as the deforma-
tion of the Helvetic nappes and the Subalpine Molasse, and the formation of the Molasse and 
Lombardi basins, were either caused by or, at least, initiated by this massive exhumation.  Chap-
ter 2 has been submitted to the Journal of Structural Geology for publication. 

Chapter 3 presents measurements of clumped isotope temperatures and calculated d18Owater 
compositions from the Bonanza mine at Kennecott, Alaska which show that the copper mineral-
ization occurred in an overall cooling regime between c. 150°C and 80°C from fluids with an iso-
topic composition very similar to modern seawater.  Chapter 3, while not related to the Alps, is a 
project that grew out of my qualifying exam, an endeavor that required me to present results from 
two different, unrelated projects to my qualifying committee.  I found this study at Kennecott to 
be stimulating enough to formalize it here in the thesis and, soon, for publication. 

A quick primer on the Alps

From nearly the beginning of geologic inquiry, the European Alps have been the iconic 
place to study overthrust allochthonous rocks in a setting of continental convergence.  Earliest 
now-celebrated field discoveries, such as that of the Uberschiebung at Glarus by Arnold Escher 
von der Linth (c. 1868), which demonstrated for the first time anywhere in the world that an older 
rock package (Permian Verrucano) unconformably sits on top of a younger rock package (Sar-
dona flysch), or that by Amferer and Hammer (1911) who first recognized that missing Mesozoic 
rocks near Mt. Blanc had been swallowed in a Verschlucken, have propelled a continuous suc-
cession of field geologists (e.g., Heim, Argand, Termier, Cornelius, Oberholzer, Staub, Bearth, 
Tollmann, Trümpy, Gansser, Schmid, Pfiffner, Froitzheim, Mancktelow, and many others) to 
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refine the Alpine orogenic model.  Together, these geologists have pieced together many of the 
important stratigraphic and structural features of the Alpine belt, some general facts of which are 
summarized here.

To understand the architecture of the mountain belt, one must recognize the paleogeog-
raphy of the various Alpine domains or ‘realms.’  Upon retrodeformation, one recognizes three 
main realms: the former European passive margin, called ‘Helvetic’; the intervening tripartite of 
oceanic ‘Valaisan’ trough plus Bahama-like ‘Briançonnais’ continental platform and the open ‘Pi-
emont’ ocean, called ‘Lower-, Middle-, and Upper-Pennine’, respectively; and finally the imping-
ing Hercynian crystalline mass of African affinity, called ‘Austroalpine’ and/or ‘South Alpine’.  
Secondly, moving from north to south in Switzerland, one finds Helvetic rocks to be sitting un-
derneath Penninic rocks to be sitting underneath Austroalpine rocks by way of nappe stacking.  A 
nappe, according to Heim (1922), is a very ductile overthrust fold--essentially a jelly-like version 
of a Canadian ramp anticline (Fig. 0.2).  Thirdly, “External” means more northerly in Switzerland 
or westerly in France and distal to peak metamorpism, whereas “internal” means more southerly 
in Switzerland and easterly in France and therefore proximal to peak metamorphism.  Lastly, 
“Western Alps” is the region of eastern France and western Switzerland as far east as approxi-
mately the Simplon fault and the western margin of the Lepontine dome; “Central Alps” includes 
the Lepontine dome, Aar massif, and Pennine rocks easterly all the way to the Austroalpine-Pen-
nine boundary, including the Engadine line, Engadine window, and Bergell intrusion.  “Eastern 
Alps” comprises mostly Austroalpine rocks in eastern-most Switzerland, northeastern Italy, and 
much of Austria, including the Tauern window and the Adamello intrusion.  “South Alps” is the 
area south of the important major fault at the south end of the Alps that has many local names: 
Canavese, Tonale, Giudicarie, Pusteria, Gailtal but which is generally called Insubric line for the 
area due south of the Lepontine dome or, more broadly, the Periadriatic line for the entire set of 
interconnected faults (Schmid et al., 1989).

The many abstruse details of Alpine geology are too cumbersome to reproduce here, even 
in summary, but the interested reader should consult such useful volumes as Heim (1922, two 
volumes in German), Trümpy (1980), Hsü (1995), and Pfiffner (2014).

Lastly, dear reader, please remember that an ‘alp’ is a meadow, not a rocky summit.  The 
Alps, therefore, is an especially craggy collage of meadows.
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Abstract:  

New (53 dates) and published (305 dates) thermochronometric data from the Graubünden 
region of the Central Alps (including seven systems with closure temperatures ranging from 450 
to 70 °C ) suggest that a pronounced thermal mismatch between the Austroalpine allochthon 
(Alpine “orogenic lid”) and the Pennine Zone persisted until at least 29 Ma and, allowably, until 
c. 18 Ma.  The observed mismatch supports previous suggestions that the famous “overthrust” 
between the Austroalpine allochthon and the Pennine Zone, historically regarded as primarily an 
Eocene top-north thrust fault, is in fact primarily an Oligocene-Miocene normal fault that has a 
minimum of 60 km of displacement with top-south or -southeast sense of shear.  Two hallmarks 
of Alpine geology, deposition of the foredeep Molasse and emplacement of the Helvetic nappes, 
appear to be coeval, peripheral manifestations of crustal thickening via the interposition of the 
Pennine zone as a northward-intruding wedge between the Austroalpine “lid” and the European 
cratonic margin, with the Helvetic system (European margin) acting as the “floor” of the wedge.  
We presume the Penninic wedge is driven by the buoyant rise of subducted crust no longer able 
to remain attached to the descending slab.  If so, emplacement of the wedge could have occurred 
during either convergence or divergence of Europe relative to Apulia.

Chapter I:

Thermochronometry across the Austroalpine-Pennine boundary, Central 

Alps, Switzerland: Documenting normal fault slip on the world’s largest 

‘overthrust’

A manuscript submitted to Tectonics



2

1.1.  Introduction

Since the advent of plate tectonics a half-century ago, there has been widespread agree-
ment that mountain belts in the Alpine-Himalaya system formed as a consequence of convergence 
between continental plates, as an end-phase of oceanic subduction (e.g. McKenzie and Sclater, 
1971; McKenzie, 1972).  Consensus was supported by the observation that most of these orogens 
feature horizontal contraction along their flanks, and have thicker crust than their surrounding 
lowlands.  More gradually, it was noted that the cores of these orogens had been affected to vary-
ing degrees by horizontal extension and vertical thinning, along presumed fossil subduction chan-
nels and within the broader collision zone (e.g. Ernst, 1975, 2005; Lister et al., 1984; Burchfiel 
and Royden, 1985; Selverstone, 1988; Dewey, 1988).  The role such structures play in the devel-
opment of mountain belts, however, remains controversial, in large measure because of uncertain-
ties in the timing of extensional structures in relation to plate convergence, crustal thickening, 
and contractile structures.  In the case of the Alps, for example, extensional structures have been 
attributed to syn-convergent thinning in the upper crust as it thickens below (e.g., Platt, 1986), 
episodes of plate divergence during the collision process (e.g., Beltrando et al., 2010; Malusa et 
al., 2011), mid-crustal, orogen-parallel spreading of an accretionary nappe stack (Schmid et al., 
1996, 2004), buoyant rise of subducted crust within a subduction channel (e.g. Chemenda et al., 
1995; Butler et al., 2013), and late- or post-collisional modification of the newly thickened crust, 
including orogen-parallel extension (e.g. Mancktelow, 1992; Selvertone, 2005).  In this paper, we 
explore this problem by focusing on the timing of development of the complex tectonic contact 
zone between the “metamophic core” of the Alps (Pennine zone), a presumed fossil subduction 
channel of Eocene age, and the overlying “orogenic lid” (Austroalpine allochthon) where it is 
most extensively exposed in eastern Switzerland, traditionally referred to as the main Austroal-
pine overthrust.  Our goal is to use thermochronometric analysis to better understand the nature 
and timing of this juxtaposition, and its relationship to the development of flanking belts of hori-
zontal contraction (e.g. Helvetic nappes), thickened crust, and high topography.

Within subduction channels, the thermal inversion reequilibrates after subduction ceases, 
causing both footwall and hanging wall to rise in temperature on time-scales of order 10 Myr 
(e.g., Peacock, 1989).  In continent-continent collisions, the subduction channel may be either 
extensionally or erosionally unroofed, either during continued subduction, or afterward. Post-
kinematic unroofing histories may be rapid or shallow enough to quench and preserve late-kine-
matic thermal structure within the upper continental crust, or slow or deep enough such that the 
late-kinematic thermal structure is overprinted by a conventional geotherm during cooling (e.g., 
Butler et al., 2013).  For example, the Pennine zone (Fig. 1.1) is widely regarded as a fossil, mid-
Tertiary subduction channel complex that formed between the colliding Adriatic microplate and 
the European continent, and includes components ranging in metamorphic grade from sub-green-
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schist to (U)HP eclogite-amphibolite facies (e.g., Wheeler et al., 2001; Chopin, 2003; Beaumont 
et al., 2009; Malusà et al., 2011; Angiboust et al., 2011, 2014).  In the Central Alps, most of the 
complex is overprinted by a post-kinematic Barrovian-type metamorphism (e.g., Burg and Gerya, 
2005), followed by relatively steady-state unroofing with a stable upper crustal thermal structure 
(Vernon et al., 2008; Bernet et al., 2009).  Throughout most of the complex, low-temperature (50-
300°C closure temperature (Tc)) thermochronologic transects show little relationship to structural 
elements of the subduction channel.  Instead, for any given thermochronometer, there is a small 
positive correlation of age with elevation owing to rapid Neogene erosional unroofing, with most 
systems yielding Miocene or younger cooling ages (0-20 Ma).  

In eastern Switzerland, the boundary between the Austroalpine and Pennine paleogeo-
graphic realms (main Austroalpine overthrust and associated structures) is regarded by most 
workers to be the top of a subduction channel which was active during mid-Tertiary continent-
continent collision.  Unlike the general pattern of post-subduction thermal re-equilibration 
observed in the Central Alps, however, marked contrasts in early- to mid-Tertiary thermal histo-
ries are recorded at different structural levels, and in at least one case, such a contrast has been 
reported to occur within ≤1 km of an important mylonitic shear zone associated with the top of 
the subduction channel (Augenstein, 2012).  A similar pattern is apparent in the Tauern Win-
dow region of the Eastern Alps where Penninic and deeper structural levels with late Oligocene 
and Miocene cooling histories that begin above 300°C are juxtaposed beneath the Austroalpine  
allochthon, most of which resided at temperatures <200°C since the Late Cretaceous to Early 
Tertiary (Luth and Willingshofer, 2008).  

Here, we report time-temperature histories from sample transects spanning the Pennine-
Austroalpine boundary zone in the Central Alps of eastern Switzerland (Fig. 1.1) to help resolve 
the long-standing problem of the precise age and origin of Pennine nappe structure and its jux-
taposition with Austroalpine units.  Placing firm limits on the timing of Pennine deformation is 
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frustratingly elusive.  The maximum age is usually based on paleontological constraints from 
metamorphosed, poorly-fossiliferous flysch deposits that may pre-date deformation by tens of 
millions of years.  The minimum age is usually unconstrained by field relationships, because the 
Alpine orogen is virtually devoid of any pre-Quaternary sedimentary or igneous rocks that cross-
cut the nappe structure.  The principal existing constraints on the age of Pennine nappe movement 
in this area are the preservation of Lower Eocene nummulites (< c. 56 Ma) in pre-deformational 
sedimentary rocks (Nänny, 1948; Ziegler, 1956) and the truncation of some of the nappe bound-
aries and associated fabric by the c. 30 Ma Bergell pluton (Hansmann, 1996).  The best hope for 
improving these constraints lies in identifying and dating metamorphic and/or synkinematic min-
eral phases that grew near or below their closure temperatures (i.e., Alpine-stage titanite at Dora 
Maira massif, Rubatto and Hermann, 2001; Alpine-stage zircon overgrowths at Monte Duria, 
Adula nappe, Hermann et al.,. 2006), or, outside of that, using a series of thermochronometers to 
document abrupt discontinuities in thermal history across nappe boundaries, which may yield a 
maximum age for the cessation of their movement (e.g., Inger et al., 1996; Campani et al., 2010; 
Malusà et al., 2005; Augenstein, 2012).  In addition, thermal history also has the potential to con-
strain the minimum offsets along major structures as it often does in extensional terrains, such as 
the Basin and Range province of western North America (Fitzgerald et al., 1991, 2009; Reiners et 
al., 2000; Stöckli et al., 2005). 

For problems of tectonic deformation in the low-temperature regime of subduction chan-
nels, the ideal thermochronometric tools are zircon fission track (ZFT; Tc of ~240°C) and zircon 
U-Th/He (ZHe; Tc of ~180°C) dating.  In the Pennine zone of eastern Switzerland, the high-
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pressure, hydrous inosilicate carpholite (P > c. 1 GPa) is common in even the lowest-temperature 
portions of the complex (e.g., Wyss and Isler, 2011).  However, peak metamorphic temperatures 
are generally sub-greenschist facies (<400°C, e.g., Fig. 15 in Wyss and Isler, 2011; Miron et al., 
2013; Schreurs, 1993; Ferriero-Mahlmann, 2001), occurring within ~200°C of ZFT and ZHe clo-
sure temperatures.  In most thermomechanical models (e.g., Fig. 4 in Gerya et al., 2002; Fig. 4b 
in Butler et al., 2013), the temperature range 200-450°C spans the active subduction channel from 
depths ranging from c. 10 to 90 km (0.3 to 3 GPa), at plate convergence rates and time scales ap-
propriate to Alpine collision zone (c. 1-3 cm/yr and 10 to 30 Myr, respectively; Fig. 1.2A).  Thus, 
with a Tc of 350-450°C, Ar/Ar systematics in white mica are well-suited to capture the timing of 
peak metamorphism, including the possibility of sub-Tc grain growth (Hunziker, 1986; Schreurs, 
1993).  However, the Ar/Ar system in micas is generally poorly suited to record what is likely to 
be a protracted history of cooling and tectonism in the late stages of subduction channel evolution 
(Gerya et al., 2002; Beaumont et al., 2009; Butler et al., 2013, 2014).  At temperatures near and 
below ZFT and ZHe closure, subduction channel isotherms become strongly influenced by prox-
imity to the thermal boundary condition at the Earth’s surface.  For this reason, apatite thermo-
chronometers (fission track, Tc ~110°C and U-Th/He, Tc ~70°C) tend to record processes related 
primarily to post-kinematic erosion and landform evolution (e.g., House et al., 1998; Bernet et al., 
2001; Bernet et al., 2009).  On the basis of these considerations, multi-system time-temperature 
cooling paths are expected to show mid-Tertiary cooling from above 400°C to less than 100°C 
in the footwall.  In contrast, cooling through a similar temperature range in the hanging wall 
generally began in the Mesozoic and ended at some point in mid-Tertiary time, near the time that 
subduction channel activity ceased.  By measuring mica, zircon, and apatite cooling ages in both 
hanging wall and footwall, the two cooling curves define two parameters of interest.  The first is 
the difference in temperature between the hanging wall and footwall cooling paths, hereafter re-
ferred to as ΔT, near peak metamorphic temperatures (Fig. 1.2B).  The second is the time at which 
the two paths merge, indicating thermal equilibrium between hanging wall and footwall, hereafter 
referred to as te.

1.2  Geologic Setting and Previous Work

The primary post-Hercynian, pre-Alpine paleogeographic elements of the Central Alps 
include, from north to south (Fig. 1.1), the former European continental margin (Helvetic and 
Ultrahelvetic domains); the tripartite Pennine zone (Valaisan marine trough, Briançonnais Rise or 
“continental ribbon”, and Piemont Ocean); and the Adriatic microplate of north African affin-
ity (Austroalpine and South Alpine domains).  From early Jurassic through early Eocene time, 
Penninic strata were concordantly deposited in marine settings of variable depths that lay be-
tween Adria and the European continent.  Within Adria, tectonism began in Jurassic time with the 
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development of a highly extended, yet magma-poor, passive margin (Beltrando et al., 2010, Mohn 
et al., 2010), and continued into the Cretaceous during which time there was an EoAlpine (“Trup-
chun phase”) metamorphic and nappe-stacking event that established the major tectono-strati-
graphic components of the Austroalpine allochthon (Froitzheim et al., 1994; Schmid et al., 2004; 
Mohn et al., 2011).   By the end of the Cretaceous, all but the lowermost elements of the Austroal-
pine realm had stabilized into a coherent, relatively undeforming unit, at times referred to as a 
‘traineau écraseur’ (Argand, 1916) or the ‘orogenic lid’ (Laubscher, 1983).  Subduction initiated 
within the Piemont Ocean during the Late Cretaceous, and by Paleogene time Briançonnais and 
Valaisan elements were being subducted under and/or accreted to Adria.  The Adriatic microplate 
began to override the European passive margin (Helvetic domain) during the Eocene (e.g. Schmid 
et al., 1996). The Cretaceous-Tertiary relative motions between the three domains have long been 
debated, but to first order, the assembly of the Western and Central Alps reflects the progressive 
accretion of elements of the Pennine zone to Adria along at least one (e.g., Schmid et al., 1992) 
or multiple (e.g., Froitzheim et al., 2008) approximately S-dipping subduction zone(s).  The 
structural boundary between the Austroalpine and Pennine domains is preserved in an impressive 
fault system that can be traced continuously for >400 km along strike of the Alps.  The preserved 
north-south structural overlap between Austroalpine and Penninic units is nearly 150 km in 
eastern Switzerland and western Austria (e.g. Trümpy, 1960; Schmid et al., 1996, 2004; Figure 1), 
and the complete mismatch between hanging wall and footwall units along the entire strike length 
of the fault indicates that this is a minimum amount of displacement. 

Normal faulting and extension have long been understood to be integral to the evolution 
of the Alps, owing to the occurrence of footwall rocks of higher metamorphic grade adjacent to 
hanging wall rocks (e.g., Platt, 1986), and studies of the P-T-t evolution and sense-of-shear along 
normal fault zones, i.e., Simplon fault (Mancktelow, 1992), Brenner fault (Selverstone, 1988; 
Axen et al., 1995), Combin Zone (Wüst and Silverberg, 1989), Platta nappe (Bachmann et al., 
2009); Bernina and Grosina detachments and Eita shear zone (Mohn et al., 2011).  These exten-
sional events occurred within a context of cyclic shortening and extension in both Cretaceous and 
Tertiary time (e.g. Froitzheim et al., 1994, 1996; Nievergelt et al., 1996; Weh and Froitzheim, 
2001; Ciancaleoni and Marquer, 2008; Mohn et al., 2011) and multiple burial and unroofing 
events of (U)HP metamorphic assemblages in the Pennine Zone (e.g. Meyre et al., 1999; Beltran-
do et al., 2010).  Since mid-Tertiary collision in the Alps, a series of tectonometamorphic events, 
perhaps driven by an Adriatic “indenter” (large arrow in Fig. 1.1) and opening of the Pannonian 
basin (directly east of the Eastern Alps) has substantially modified the system (e.g. Ratschbacher 
et al., 1991; Schmid et al., 1996; Scharf et al., 2013), including, (1) widespread orogen-parallel 
extension across the core of the Alps, (2) strike-slip faulting, especially along the southern margin 
of the Alps on the Periadriatic fault system, (3) folding and thrusting to the north in the Jura 
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Mountains, and (4) Barrovian metamorphic overprint of a large fraction of the Pennine in south-
ern Switzerland and northernmost Italy (red dotted area in Fig. 1.1).  In addition, modern GPS 
measurements show that the Adriatic microplate no longer functions as a cohesive whole but is 
breaking into a series of smaller, independent blocks (Oldow et al., 2002). 

1.2.1. Austroalpine allochthon.  

In map view, the trace of the base of the allochthon is sinuous, defining two re-entrants or 
‘half windows’ (Fig. 1.1).  On average, the fault zone dips gently eastward. The hanging wall is a 
composite of pre-Cenozoic tectonic elements, most recently defined as Lower, Middle, and Upper 
Austroalpine, according to their interpreted Jurassic paleogeographic position (Mohn et al., 2011).  
Lower Austroalpine nappes (Err-Bernina and related digitations) are exposed only in the southern 
half-window.  The Middle and Upper units comprise the more northerly portions of the alloch-
thon, north and east of the southern half-window (Fig. 1.3).  The Austroalpine nappes generally 
contain Mesozoic cover sequences nonconformably resting on extensively exposed crystalline 
substrates.    The crystalline rocks comprise voluminous silicic to intermediate orthogneisses 
which formed during the Late Paleozoic Hercynian (Variscan) orogeny.  These sequences were 
dismembered by crustal-scale extensional and strike-slip faulting in the Mesozoic, which estab-
lished the general architecture of the future Alpine nappes, and created dramatic juxtapositions of 
disparate crustal and mantle structural levels during the formation of the northwest Adriatic pas-
sive margin (Schuster and Frank, 1999; Schuster et al., 2001; Mohn et al., 2011, 2012).  

Subsequent to passive margin formation, the tectonic assembly of the allochthon occurred 
in four main phases (D1-D3, plus “post-D3” deformation; Froitzheim et al., 1996; Handy et al., 
1996; Mohn, 2011).  The first and second, of mid-to Late Cretaceous age, include west-directed 
imbricate thrusting and folding (in several places reactivating older Jurassic normal faults), 
followed by extension, most profoundly along a shear zone localized near the base of the Aus-
troalpine units (‘Lunghin-Mortirolo movement zone’ of Mohn et al., 2011).  Below this shear 
zone, the Margna-Sella nappe complex and Malenco ultramafic zone, which formed along the 
ocean-continent transition northwest of Adria, were metamorphosed at mid-crustal pressures and 
exhumed along the shear zone and juxtaposed with upper crustal levels.  In the third phase (D3), 
the entire allochthon was juxtaposed against its Penninic substrate during the Eocene.  Despite the 
large displacements implied by the complete mismatch of hanging wall and footwall units across 
the base of the allochthon, deformation within the allochthon was restricted to east-trending, 
shallowly plunging folds.  The “post-D3” phase of deformation, localized near the base of the al-
lochthon, resulted in the development of the composite Turba, Gürgaletsch, and Martegnas shear 
zones (Fig. 1.3), discussed further below.

1.2.2.  Penninic substrate of the allochthon.  
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The structure of the Penninic units in the Central Alps is dominated by a c. 20 km-thick 

stack of recumbent nappes with amplitudes of up to 50 km (Fig. 1.3; e.g. Milnes and Pfiffner, 
1980; Schmid et al., 1996, 2004).  The nappes plunge moderately to gently eastward, forming 
a map-view cross-section through the stack.  The nappes are cored by Hercynian basement and 
have rounded, lobate northern cores and cuspate southern cores.  Unlike the hanging wall of the 
allochthon, only sparing amounts of Mesozoic cover remain depositionally attached to base-
ment.  Prior to recumbent folding, the cover sequences of the basement nappes (e.g., Schams) 
were tectonically sheared off and ‘replaced’ by Mesozoic calcareous schists and sandstones, from 
both the Valais and Piemont oceans, collectively referred to as ‘Bündnerschiefer.’  In places, the 
ophiolitic substrates of the Bündnerschiefer are tectonically interposed within it.  The two highest 
basement-cored nappes, Tambo and Suretta (green shading in Fig. 1.3), are most proximal to the 
base of the Austroalpine sheet, and their cores are generally regarded as having originally formed 
the basement rocks of the Briançonnais facies belt (e.g., Schmid et al., 1996).  In addition to ophi-
olitic slices, Mesozoic Briançonnais facies cover is preserved as tectonic slices wrapped around 
the eastern margin of the Suretta nappe (Schams nappes) and along the base of the Austroalpine 
allochthon (Falknis and Sulzfluh nappes, light green shading in Fig. 1.3). The youngest sediments 
in the nappe pile and associated cover nappes are lower Eocene turbiditic sandstones and shales 
known as the Arblatsch flysch in the south and Prättigau flysch in the north, collectively called 
‘North Penninic flysch.’  In the northern half-window, Prättigau flysch appears to grade strati-
graphically downward into Bündnerschiefer from the Valais Ocean (e.g. Nänny, 1948; Trümpy, 
1980; Steinmann, 1994; Weh, 1998).  The large mass of tectonically interleaved Prättigau flysch 
and Bündnerschiefer is known as the Grava ‘nappe’ (Weh, 1998; Weh and Froitzheim, 2001; 
grey shading in Fig. 1.3 and ‘Bd’ in Fig. 1.4).  In contrast, the Arblatsch flysch occurs as isolated, 
coherent lenses within the chaotically-deformed, ophiolitic Platta nappe, which generally defines 
the boundary zone between the Austroalpine and Penninic domains. The southern margins of the 
underlying Tambo and Suretta nappes are truncated by the Bergell and Novate intrusions (red 
shading in Fig. 1.3 and unit ‘Bg’ in Fig. 1.4), which have a protracted emplacement history from 
ca. 32 to 25 Ma (Hansmann, 1996; Liati et al., 2001; Oberli et al., 2004).  These constraints have 
long suggested that the nappe stack was assembled entirely in Eocene time.

In Oligocene and Miocene time, rocks of the Pennine zone were juxtaposed above the 
Helvetic domain, coeval with the development of the northern Alpine molasse foredeep basin 
and with the formation of the Helvetic nappe complex (Fig. 1.1).  The post-kinematic Barrovian 
metamorphism, mainly affecting the Lepontine dome region of the Central Alps, affected the 
southern part of the nappe stack, peaking at c. 18 Ma (Janots et al., 2009; Wiederkehr et al., 
2008).  Neogene crustal-scale dome and basin structure (i.e., Aar and Lepontine culminations, 
Wildstrübel and Rawil depressions) overprints the entire system, accompanied by thrust faulting, 
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normal faulting, and strike-slip faulting (e.g., Insubric shear zone, Simplon fault, and Engadine 
fault zone, respectively; Figs. 1.1, 1.3, and 1.4).

1.2.3. Position of the base of allochthon.  

In the northern half-window, the Pennine-Austroalpine boundary is defined by the chaoti-
cally deformed, ophiolitic Arosa zone, which is similar lithologically to the Platta nappe that 
defines the boundary in the southern half-window.  Although derived predominantly from oce-
anic domains, both Platta and Arosa appear to include tectonically interposed fragments of the 
Austroalpine allochthon (e.g., Tschirpen gneiss and Triassic dolomite) in its upper few hundred 
meters. Structural analysis of the contact between the northern part of the Austroalpine alloch-
thon and the Arosa zone record a history of top-W to top-NW-directed shear followed by top-N 
shear (Ring et al., 1988; Ring et al., 1989).  In contrast, detailed structural studies of the Pen-
ninic units just beneath the allochthon, one in the northern half-window and the other just north 
of the southern-half window (Weh and Froitzheim, 2001; Nievergelt et al., 1996, respectively; 
Price and Wernicke, in prep) both revealed strong extensional deformational episodes within and 
between Penninic units below the base of the allochthon.  These include the development of a 
two- to three-km-thick zone of S-vergent folding that affects most of the upper boundary of the 
Grava nappe in the northern half-window; top-S to top-SE-directed normal simple shear along 
the Gürgaletsch and Martegnas shear zones between the two half-windows; and top-ENE to top-
SE-directed simple shear along and below the Turba mylonite zone in the southern half-window 
(Nievergelt et al., 1996; Weh, 1998; Fig. 1.4).  The combined Gürgaletsch-Turba fault zone is 
localized near the base of the chaotically dismembered Arosa zone to the north, and is depicted 
by Weh and Froitzheim (2001) and Nievergelt et al. (1996) to descend structurally downward 
to the south, such that the composite Platta and Margna-Sella nappes are in the hanging wall 
and the Avers Bündnerschiefer is in the footwall.  Similar to the upper part of the Grava nappe, 
top-south shearing affects the upper half of the Suretta nappe, expressed most vividly by the 
backthrust “fingers” of basement gneisses preserved there (Figs. 1.3, 1.4; Niemet-Beverin fold 
phases of Milnes and Schmutz, 1978; Milnes and Pfiffner, 1980; Schreurs, 1993; Scheiber et al., 
2012).  Thus, there is abundant evidence for shearing with a strong top-S component affecting the 
Penninic-Austroalpine boundary along nearly its entire exposed trace from the northern margin of 
the Bergell intrusion in the southern half-window to the Landquart Valley in the northern half-
window, a north-south distance of 70 km.  According to structural reconstructions by Weh (1998), 
the folding of the Grava nappe during top-south deformation and the offset of North Penninic 
flysch across the Martegnas shear zone (Prättigau flysch in the north half-window offset to the 

Fig. 1.4.  Tectonic map of the study area showing nappes, cooling age samples, and cross section locations.  Buffers 
drawn around cross sections project seven km out from the midline.  Ages which fall outside of the buffer are projected 
to the nearest cross section.  All samples on the map are listed in the data tables in Appendices 1 and 2.
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Arblatsch flysch in the southern half-window) suggest 68 km of top-south simple shear along the 
base of the Austroalpine allochthon (Fig. 5.12 on pg. 218 in Weh, 1998).   

1.2.4. Previous thermochronology.  

A wealth of thermochronologic data from across the Alps has been published over the 
last five decades, from recognition of metamorphic ages in certain nappes (Jäger, 1962; Steiger, 
1964; Oxburgh et al., 1966), to multi-system age-elevation transects (e.g., Wagner et al., 1977), to 
detailed apatite fission track (AFT) and apatite (U-Th)/He (AHe) modeling of landform evolution 
(e.g.,. Malusà et al., 2005; Mahéo et al., 2013), periodically summarized in compendia (Hunziker 
et al., 1992 and Vernon et al., 2008) and regional interpretive syntheses (e.g., Hurford et al., 1989; 
Table 1 in Beltrando et al., 2010).   Previous studies that focused on lower temperature (c. 70-
240°C) thermochronometers indicate that, in regions of highest relief in the Penninic and Helvetic 
Alps, ages generally range from latest Oligocene to Pliocene, with age-elevation profiles that are 
quite steep (~1 to 4 Myr/km) and that differ in mean age by as much as 15 Myr, depending on the 
chronometer and location.  As noted earlier, age-elevation variations, recorded by AFT and AHe 
systematics, tend not to correspond to specific nappe boundaries or ductile shear zones.  For in-
stance, there is very little difference in apatite ages moving northward from the central Lepontine 
region across the Infrahelvetic complex to the Aar massif, suggesting that these rocks record the 
post-kinematic descent of the 110°C and 70°C isotherms in late Miocene to Pliocene time (Rahn, 
2005; Michalski and Soom, 1990; Wagner et al., 1977).  The post-kinematic character of these 
low-temperature systems is indeed evident in the fact that a number of studies have shown that 
post-20 Ma cooling ages are regionally contourable and reflect patterns of broad warping across 
the entire Alpine orogen (e.g., Schlunegger and Willett, 1999; Luth and Willingshofer, 2008; Ber-
net et al., 2004, 2009; Mahéo et al., 2013; Fox et al., 2016). 

In the Central and Western Alps, an important structure that affects sub-greenschist cool-
ing histories is the Simplon low-angle normal fault, a top-southwest shear zone that juxtaposes 
the upper and lower parts of the Pennine nappe stack in the Valaisan Alps (Mancktelow, 1992; 
Campani et al., 2010).  Age contrasts across the fault are greatest for systems with Tc ≥ 240°C, 
with footwall white mica Ar/Ar ages c. 15 Myr younger than hanging wall ages and footwall ZFT 
ages 5 to 10 Myr younger than hanging wall ages.  However, AFT ages across the same boundary 
show little, if any, contrast (Fig. 13 in Campani et al., 2010). 

Other fault zones with discordant hanging wall and footwall cooling histories have been 
identified southwest of the Simplon low-angle normal fault.  Orogen-normal AFT and ZFT 
transects in the Western Alps in the Aosta Valley and environs show 20 Myr age differences as-
sociated with the NE-striking, intra-Penninic Internal Houiller and Briançonnais Front fault zones 
(Malusà et al., 2005).  In a broad region southeast of the Internal Houiller fault, ZFT and AFT 
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ages average c. 32 and 25 Ma, respectively, although there is much scatter in the AFT ages that 
may reflect age-elevation effects.  To the northwest of the fault zone, ZFT and AFT ages average 
c. 13 and 4 Ma, respectively, with far less scatter in the AFT ages.

In the Eastern Alps in the Tauern Window, even the earliest K/Ar studies revealed dramatic 
cooling age contrasts between the Austroalpine allochthon and its substrate.  In the hanging wall, 
K/Ar mica ages average 77 Ma, whereas footwall K/Ar mica ages average 22 Ma (Oxburgh et al., 
1966).   The cooling age data of Oxburgh et al. (1966) have been augmented by at least 27 sub-
sequent studies (Fig. 1 in Luth and Willingshofer, 2008), which collectively indicate that thermal 
equilibration between the hanging wall and footwall did not occur until after 20 Ma (Figs. 4, 5 in 
Luth and Willingshofer, 2008). 

As noted above, peak metamorphic conditions in the study area (Figs. 1.1, 1.4) are gener-
ally sub-greenschist facies; but much higher grade, upper amphibolite facies, rocks are present 
just to the west and south.  In addition, UHP rocks are found just  at Monte Duria in the south-
ernmost part of the Adula nappe (Fig. 1; just out of view to the south of Fig. 4), which yield U/Pb 
ages of c. 34 to 33 Ma on zircon equilibrated with spinel peridotite, which is presumably the age 
of maximum burial and metamorphism for the most internal end of the Adula nappe (Hermann 
et al., 2006).  Within the study area, sub-greenschist cooling ages (Ar in mica and ZFT) span a 
significant range (mostly between 35 and 15 Ma), leaving a considerable uncertainty in the tim-
ing of final nappe emplacement, and especially in the timing of juxtaposition of the Pennine and 
Austroalpine assemblages.  

Despite the large scatter in cooling ages within the Austroalpine and Penninic realms, and a 
scarcity of ZFT and ZHe cooling ages near the boundary between them, existing data nonetheless 
define a marked regional contrast in cooling histories.  It is clear that a general westward-young-
ing of all ages in the Penninic domain is fairly continuous and is the result of structural doming 
and rapid erosion of the Lepontine region after 20 Ma (e.g., Wiederkehr et al., 2009; Bernet et 
al., 2009; Schluneggar and Willet, 1999; Fox et al., 2016).  It is less clear, however, whether the 
contrast in pre-20 Ma ages between the Austroalpine and Pennine domains in the study area is, 1) 
a perpetuation of the observed younging pattern such that progressively older ages simply reflect 
a higher structural position along the margins of the Neogene dome (Bernet et al., 2001; Evans, 
2011); or 2) the result of tectonic exhumation of the Pennine zone on faults that are along or near 
the main Austroalpine overthrust, at some time prior to Neogene doming (e.g., Nievergelt et al., 
1996; Beltrando et al., 2010; Augenstein, 2012).  Unfortunately, the current en vogue smooth-
contouring approach of thermochronometric ages across the orogen (e.g., Bernet et al., 2001, 
2004, 2009; Fox et al., 2016) cannot discriminate between the simple doming and exhumation by 
faulting hypotheses.
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1.3. This Study

To help resolve this ambiguity, it is necessary to determine whether hanging wall and foot-
wall cooling histories in samples in the immediate vicinity of the fault zone, 1) are essentially the 
same, as predicted by the simple doming hypothesis, or 2) contrast strongly, as predicted by the 
tectonic juxtaposition hypothesis.  As noted above, if the Pennine zone represents a subduction 
channel complex, its thermal history will be best defined by ZFT and ZHe thermochronometry. 
However, in the published data set, there are remarkably few ages for these mineral systems in the 
vicinity of the fault zone, making it difficult to resolve whether the cooling histories conform to 
one or the other of these predictions.  Therefore, the goals of this study include, 1) creating a data-
base of all published thermochronometric data in the region, 2) collecting and analyzing samples, 
particularly ZHe and ZFT, that are complimentary to this database, and 3) estimating the vertical 
structural position of all samples relative to the main Austroalpine thrust and other potentially 
important structures adjacent to it.

1.3.1. Published data compilation  

Three-hundred-five published age dates from eastern Switzerland, northern Italy, and west-
ern Austria were compiled in a database (Tables 1, 2; sourced from: Ciancaleoni, 2005; Flisch, 
1986; Hunziker et al. 1992; Knaus, 1990; Rahn, 2005; Wagner et al., 1977; Weh, 1998; Evans, 
2011; Hunziker, 1992; Handy et al., 1996; Philipp, 1982; Armstrong et al., 1966; Peters and 
Stettler, 1987; Thoni, 1978; Augenstein, 2012; Ferriero-Mahlmann, 2001; Hanson et al., 1966; 

system published data Price (2017) data
1 AHe 33 3
2 AFT 56 0
3 ZHe 64 38
4 ZFT 31 4
5 KArBi 27 0
6 KArWM 55 8
7 KArAm 12 0
8 RbSrBi 6 0
9 RbSrWM 21 0

Table 1.1.  Summary of ages compiled for this study and plotted on the geologic map in Fig. 1.4.  Published data come 
from Ciancaleoni (2005), Flisch (1986), Hunziker et al. (1992), Knaus (1990), Rahn (2005), Wagner et al. (1977), Weh 
(1998), Evans (2011), Handy et al. (1996), Hunziker (1992), Philipp (1982), Armstrong et al. (1966), Peters and Stettler 
(1987), Thoni (1978), Augenstein (2012), Ferriero-Mahlmann (2001), Hanson et al. (1966), Steinitz and Jager (1981), 
Bachmann et al. (2009), and Michalski and Soom (1990).
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Steinitz and Jager, 1981; Bachmann et al., 2009; Steinitz and Jager 1981; Michalski and Soom, 
1990; Schreurs, 1993).  A total of nine cooling age mineral systems are included:  K/Ar amphi-
bole, K/Ar white mica, K/Ar biotite, Rb/Sr white mica, Rb/Sr biotite, zircon- and apatite fission 
track, and zircon- and apatite U/Th-He.  For this study, K/Ar and Ar/Ar ages are considered to be 
equivalent.  The K/Ar-white mica category includes muscovite, phengite, illite, and “white mica”.  
The K/Ar-amphibole category includes hornblende, glaucophane, riebeckite, and richterite.  The 
K/Ar-biotite category includes biotite, biotite-chlorite, and phlogopite, but excludes chlorite.  
Ages were included in the database without filtering for grain size, i.e., white mica size fractions 
of >6 µm, 6-2 µm, and <2 µm were all included; generally the coarsest size fraction yielded the 
oldest age.  We exclude four ZHe ages from the Evans (2011) dataset:  One was an outlier young 
age from the Engadine Valley adjacent to the Engadine fault from a lone rock sample of uncer-
tain origin; three were outlier old ages from the Err nappe on Piz Nair which overlap Ar/Ar white 
mica ages reported in Handy et al. (1996). 

1.3.2. Sample collection and analysis  

Forty-two rock samples were collected along the Austroalpine-Pennine boundary in both 
the hanging wall and footwall over a strike length of approximately 70 km.  All samples were 
collected by the authors from surface outcrops and roadcuts.  Means of access included car, ski 
lift, gondola, helicopter, hiking trail, glacier traverse, and technical mountaineering routes.  From 
these forty-two samples, we report fifty-three new thermochronometric ages from 40Ar/39Ar-white 
mica, zircon fission track, and zircon- and apatite U-Th/He systems (Table 1).  

1.3.3. Determination of vertical structural position  

Samples were projected onto five vertical WNW-ESE or ENE-WSW cross-sections (Figs. 
1.4, 1.5), which were oriented to be approximately perpendicular to the strike of the Austroalpine-
Pennine contact.  Orientations of cross sections were rotated to account for slight changes in 
strike of the crystalline sheet.  Attitudes of the contact were constrained using a variety of meth-
ods, including 1) solving three point problems in several locations on the west and east sides of 
the crystalline sheet, 2) exploiting structural windows to determine position within the allochthon, 
3) projecting locations of the contact from neighboring transects, 4) using the axial surfaces of 
recumbent folds coring the major Pennine nappes (e.g., Niemet-Beverin fold) to constrain the 
orientation of the structural datum, and 5) making primary observations in the field.  In addition, 
insofar as possible, our structural contacts conform to those found in the down-plunge projections 
of cross sections published by Schmid and Froitzheim (1993), Schmid et al. (1996), Scheiber et 
al. (2013), Milnes and Schmutz (1978), Schreurs (1993), Weh (1998), and Weh and Froitzheim 
(2001).



18
From north to south, Profile 1 is in the northern part of the northern half-window (Land-

quart Valley-Madrisahorn area) and contains samples from the northernmost exposures of the 
Pennine zone; its easternmost part includes rocks from the Engadine Window.  Profile 2 includes 
samples from the southern part of the northern half-window, generally between the towns of Chur 
and Davos.  Profile 3 lies along the boundary between the northern and southern half-windows, 
between the towns of Lenzerheide to the west and the Zernez area of the Engadine Valley to the 
east.  Profiles 4 and 5 transect the southern half-window with Profile 4 trending WNW, parallel 
to Profiles 1-3, and Profile 5, trending ENE, intersects Profile 4 near its eastern terminus at St. 
Moritz and ends near Passo del Bernina.  A group of seven samples lie in the area between Pro-
files 3 and 4.  These samples were included in Profile 4, but their vertical position was determined 
by the local exposure of the base of the Austroalpine allochthon rather than its projected position 
from the center of Profile 4, c. 8 km to the south, which is substantially different. 

In the cross sections, the zero (z = 0) structural datum is consistently defined at the bottom 
of the Arosa-Platta ophiolitic unit (or its local equivalent), generally corresponding to the Turba-
Gürgaletsch fault zones as described above.  Accordingly, the Schams-Falknis and Suretta nappes, 
Prättigau and Arblatsch flysch, North Penninic Bündnerschiefer, and Avers Bündnerschiefer  
represent the Pennine footwall, and the Arosa-Platta ophiolite, Tschirpen gneiss, and East Alpine 
crystalline nappes (Margna, Sella, Err, Corvatsch, Bernina, Julier, Silvretta, Campo, Grosina) and 
their respective Mesozoic cover, represent the Austroalpine hanging wall. 

The along-strike width of the zone of projection for each section is approximately 7 km 
(a few samples lie slightly outside of this), estimated to be small enough to avoid introducing 
significant errors (c. 1 kilometer scale) in structural-Z (rectangular boxes in Fig. 1.4).  Sample 
positions were projected onto cross sections according to their true elevations (m a.s.l.). In some 
cases (<15% of the database), owing to structural complexity, the projected structural position lay 
in a different structural unit on the section than its mapped position in the field.  For these sam-
ples, structural-Z was adjusted up or down by a few tens to a few hundred of meters, as required 
to place the sample in the proper tectonic unit.  Sample elevations were generally not provided in 
the original references and thus were assigned to every sample in the published dataset using the 
ASTER Global Digital Elevation Model, which has errors in elevation of approximately 10 to 25 
m.  By assigning every published sample an elevation-Z coordinate from this single data source, a 
consistent elevation is applied across the dataset.  Samples from this study (Price, 2017) were as-
signed an elevation according to the x, y position as defined on 1:25,000-scale topographic maps 
published by SwissTopo (Landeskarte der Schweiz).  On Profile 1, in the northern half-window, 
the strike of the base of the allochthon changes from north to northwest, requiring a cluster of 
ages from Weh (1998) to be elevated 500 m to be situated in their correct structural-Z position.  
Likewise, near the eastern terminus of Profile 4 due to non-planarity of the base of the alloch-
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thon, a cluster of ages near Piz d’Err from Evans (2011) were adjusted downward about 800 m in 
structural-Z.  

In addition to errors introduced by projecting perpendicular to the profiles, samples at the 
extreme east and west ends of the profiles with large values of structural-Z (either positive or 
negative) have relatively uncertain vertical position.  For example, a cluster of samples (Campo-
Grosina samples; Evans, 2011)  that lie east of Profile 5 are too far from exposures of the base of 
the allochthon or any other structural datum to be assigned a credible structural-Z by projection 
(Fig. 1.4).  Thus, they were assigned a moderate structural-Z of about 5.5 km, which is approxi-
mately equal to that of the Bernina nappe.  

The structurally lowest samples in the dataset come from the Adula nappe at the western 
terminus of Profile 4, and the structurally highest samples come from the Bernina nappe at the 
eastern terminus of Profile 5, yielding a total vertical structural relief of approximately 22 km. 
This structural thickness is similar to values depicted in regional cross sections painstakingly con-
structed by down-plunge projection of the Pennine nappe stack (e.g., Milnes and Pfiffner, 1980; 
Schreurs, 1993; Schmid et al., 1996).  

1.3.4. Methods

1.3.4.1. Mineral Separation  

Mineral separates were made using the conventional steps of pulverization, washing, and 
sieving, followed by magnetic and heavy-liquid separation.  For apatite and zircon, separates 
were concentrated prior to magnetic separation using a gold panning technique.  Because sepa-
rates obtained using this technique included a large fraction of 20 µm (length) grains, the recov-
ery of the coarser grains in the separate used for analysis was likely >90%.  The gold panning 
step reduced sample volume to < 20 mL, greatly expediting magnetic and heavy-liquid separa-
tion.  For white mica separates, multiple steps at progressively higher amperage were used for 
magnetic separation.  Grains which adhered to coarse paper (“paper shake” method) were sieved 
at -250, -180, and -125 µm and then hand-picked under a 50x binocular microscope.  All samples 
analyzed for 40Ar/39Ar were -250/+125 µm in size, and preference was given to the coarsest size 
fraction that was also optically free from inclusions and defects.

1.3.4.2. Analytical Methods  

The 40Ar/39Ar analyses were performed at the U.S. Geological Survey (USGS) in Denver, 
Colorado.  Together with grains of the 40Ar/39Ar standard Fish Canyon sanidine, samples were 
irradiated for 7 MWH in the central thimble position of the USGS TRIGA reactor (Dalrymple 
et al., 1981), while also being rotated at 1 rpm.  Cadmium foil was used during the irradiation 
to prevent unwanted 40Ar produced from 40K.  Following irradiation, the samples and standards 
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were loaded with tweezers to a stainless steel sample holder and then placed into a laser chamber 
with an externally pumped ZnSe window.  The reported incremental heating data represent results 
from 1-3 individual mineral grains.  The volume of the mostly stainless steel vacuum extraction 
line, including a cryogenic trap operated at -130°C and two SAES™ GP50 getters (one operated 
at room temperature (0 A), one operated at 2.2 A), is estimated to be 450 cc.  A combination of 
turbo molecular pumps and ion pumps maintain steady pressures within the extraction line of < 
1.33 x 10-7 Pa.  Samples were incrementally heated in steps of 90 seconds, by controlled power 
output of a 50W CO2 laser equipped with a beam homogenizing lens resulting in uniform energy 
over the entire sample surface. During laser heating any sample gas released was exposed to the 
cryogenic trap and was further purified for an additional 120 seconds by exposure to both the 
cryogenic trap and the SAES™ getters.  The sample gas was expanded into a Thermo Scientific 
ARGUS VI™ mass spectrometer, and argon isotopes were analyzed simultaneously using 4 Fara-
day detectors (40Ar, 39Ar, 38Ar, 37Ar) and one ion counter (36Ar).  Following data acquisition of 10 
minutes, time zero intercepts were fit to the data (using parabolic and/or linear best fits) and cor-
rected for backgrounds, detector inter-calibrations, and nucleogenic interferences.  The Masspec 
computer program written by A. Deino of the Berkeley Geochronology Center was used for data 
acquisition, age calculations, and plotting.  All 40Ar/39Ar ages reported in Table 2 and the Ap-
pendix are referenced to an age of 28.201±0.046 Ma for the Fish Canyon sanidine (Kuiper et al., 
2008), the decay constants of Min et al. (2000), and an atmospheric 40Ar/36Ar ratio of 298.56±0.31 
(Lee et al., 2010). Laser fusion of >10 individual Fish Canyon Tuff sanidine crystals at each 
closely monitored position within the irradiation package resulted in neutron flux ratios reproduc-
ible to ≤ 0.25% (2σ). Isotopic production ratios were determined from irradiated CaF2 and KCl 
salts, and for this study the following values were measured: (36Ar/37Ar)Ca = (2.48±0.10) x10-4; 
(39Ar/37Ar)Ca = (1.22±0.10) x10-3; and (38Ar/39Ar)K = (1.29±0.03) x10-2. Cadmium shielding 
during irradiation prevented the formation of any measurable (40Ar/39Ar)K. 40Ar/39Ar plateau ages 
(and uncertainties) are considered the best estimate of the cooling age of the minerals and were 
calculated from samples if three or more consecutive heating steps released  ≥ 50% of the total 
39Ar and also had statistically (2σ) indistinguishable 40Ar/39Ar ages.  Any use of trade, product, or 
firm names is for descriptive purposes only and does not imply endorsement by the U.S. Govern-
ment.

Zircon fission track analyses were performed by Apatite to Zircon, Inc.  Zircon grains from 
the Fish Canyon Tuff (Naeser locality) U-FT and U-Pb age standard, and zircon grains from the 
unknown samples, were mounted in FEP Teflon, polished to expose internal grain surfaces at a 
minimum depth of about 20 μm, and etched for 36-72 hours in a eutectic melt of NaOH-KOH 
to expose natural fission tracks for viewing using an optical microscope. Etched zircon grains 
were viewed using a Nikon Optiphot2 optical microscope affixed with a 100X dry objective and 
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AUSTROALPINE
system sample nappe lithology structuralZ (km) age (Ma) err (1SE)

AHe 110830-03 Bernina quartz diorite 6.6 19.09 2.32
AHe 110831-02 Bernina quartz diorite 7.4 15.22 1.84
AHe 110831-03 Bernina quartz diorite 6.65 20.1 1

KArWM 110825-14 Corvatsch S-C mylonite, augen gneiss 4.9 50 0.6
KArWM 110830-03 Bernina quartz diorite 6.6 260 60
KArWM 130817-11 Silvretta gneissic granite 0.23 250 20
KArWM 130819-08 Platta spilite 0.1 61.9 1.7
KArWM 130819-08b Platta spilite 0.1 62.6 1.2
KArWM 130823-03 Margna augen gneiss 1.26 87 6

ZFT 110823-06 Margna augen gneiss 1.28 74.55 10.21
ZFT 110826-08 Sella orthogneiss 4 58.02 11.43
ZFT 110831-02 Bernina quartz diorite 7.4 53.38 7.53
ZHe 110824-01 Margna white mica schist 0.55 23.63 0.35
ZHe 110825-03 Corvatsch S-C mylonite 4.2 42.21 10.2
ZHe 110825-14 Corvatsch S-C mylonite, augen gneiss 4.9 37.34 3.2
ZHe 110830-03 Bernina quartz diorite 6.6 38.18 2.4
ZHe 130816-18A Tschirpen felsite 0.22 42.17 3.08
ZHe 130817-03 Falknis "Mandelschiefer" flysch 0.1 44.26 5.39
ZHe 130817-11 Silvretta gneissic granite 0.23 49.51 3.74
ZHe 130817-12 Silvretta gneissic granite 0.26 41.82 3.17
ZHe 130819-08 Platta spilite 0.1 25.69 1.23
ZHe 130819-09 Platta spilite 0.22 22.79 1.61
ZHe 130823-03 Margna augen gneiss 1.27 22.34 0.54
ZHe BD15-08 Err metapsammite 0.33 44.31 3.31
ZHe DL15-02 Tschirpen greenschist granitoid 0.32 47.72 6.99
ZHe JUL15-01 Julier Julier granodiorite 1.9 29.19 1.95
ZHe JUL15-01 Julier Julier granodiorite 1.9 29.19 1.95
ZHe LEN15-03 Silvretta augen gneiss 1.1 56.51 9.38
ZHe PL15-07 Platta metadiorite 0.05 48.69 7.22
ZHe TSC15-01 Tschirpen greenschist granitoid 0.06 40.82 2.68

PENNINE
KArWM 130818-04 Prättigau Gyrenspitz, grey psammite -2.45 299 5
KArWM 130819-07 Avers grey metapelite -0.05 37.7 1.1

ZFT 130819-06 Avers grey metapelite -0.05 35.5 11.7
ZHe 130818-04 Prättigau Gyrenspitz, grey psammite -2.45 19.39 1.84
ZHe 130819-06 Avers phyllite -0.05 21.36 0.74
ZHe 130821-07 Arblatsch Val Gronda phyllite -0.78 26.84 1.79
ZHe AD15-01 Adula white mica schist -13.58 11.65 0.62
ZHe AD15-03 Adula white mica schist -13.7 12.27 1.17
ZHe ARB15-01 Arblatsch coarse-grained psammite -0.2 29.07 1.11
ZHe BD15-03 Arblatsch sandstone -0.55 27.52 1.84
ZHe BD15-07 Bündnerschiefer phyllite -3.3 23.78 1.56
ZHe BD15-15 Bündnerschiefer metapelite -5.85 6.57 0.35
ZHe DL15-04 Prättigau sandstone -3.2 20.88 1.17
ZHe DL15-05 Prättigau sandstone -3.48 22.72 2.48
ZHe KK15-02 Prättigau Eggberg Series, gritstone -1.1 33.19 3.54
ZHe KK15-05 Prättigau Ruchberg Series, gritstone -0.65 48.77 7.92
ZHe KK15-11 Prättigau Pfavigrat Series, psammite -3.4 10.95 1.2
ZHe LEN15-05 Tomül Ruchberg Series, sandstone -0.65 20.36 1.08
ZHe SUR15-01 Suretta quartz eye porphyry -4.5 24.5 1.36
ZHe SUR15-02 Suretta gneissose granitoid -3.22 20.43 1.14
ZHe SUR15-03 Suretta gneissose granitoid -1.7 18.55 1.17
ZHe SUR15-04 Tambo-Aruea orthogneiss -8.08 14.59 0.58

Table 1.2.  New Ar/Ar, fission track, and (U-Th)/He cooling ages presented in this study.  ZHe and AHe ages are mean 
ages of a population of single grain ages.  ZFT ages are pooled-ages.  40/39Ar ages (KARWM) are integrated ages. Errors 
are standard error of the mean for ZHe and AHe and 95% confidence interval for ZFT and 40Ar/39Ar.
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a Lumenara Infinity 2 1600 x 1200 pixel color digital camera, aided by an Applied Scientific 
Instrumentation MS-2000 XY stage and Applied Scientific Instrumentation Z-Axis drive. Fission 
track counting was done after LA-ICP-MS, by R. Donelick, on a computer display screen, using 
previously collected image stacks, and in the vicinity of the laser ablation pit, a view of which 
was visible during counting (Donelick et al., 2005). Zircon grains selected for fission track age 
dating, including Fish Canyon Tuff zircon for fission track age calibration, were analyzed by laser 
ablation-inductively coupled plasma mass spectrometry during two sessions (ZFTUPb_13_06_08 
- sample 1292-2 and ZFTUPb_13_06_20 - samples 1292-3, 4, 8, 10, 11, 14) to determine uranium 
concentrations for fission track age calculation and U-Pb ages for selected areas for which fission 
tracks were counted.

U-Th/He analyses on apatite were completed at the California Institute of Technology.  4He 
was measured on a Pfeiffer Prisma quadrupole mass spectrometer using isotope dilution methods 
referenced to calibrated quantities of 3He (Farley, 2002).  Concentrations of U and Th were mea-
sured on an Agilent 7500 inductively coupled plasma mass spectrometer.  

One round of U-Th/He zircon analyses were split such that 4He concentrations were mea-
sured on a quadrupole mass spectrometer at Caltech (same as for apatite U-Th/He above), and U, 
Th, Sm concentrations were measured at the University of Colorado Boulder in the CU TRaIL 
facility.  This “split” analysis affected three grains in the current study (110830-03, 110825-03, 
110825-14).  The rest of the U-Th/He zircon analyses were done completely at the University 
of Colorado Boulder using the following method:  Individual mineral grains were handpicked 
using a Leica M165 binocular microscope equipped with a calibrated digital camera and capable 
of both reflected and transmitted, polarized light.  We select grains >60 µm in width and with 
various morphologies and/or clarities to improve the likelihood of selecting grains with a variety 
of effective uranium (eU) concentrations.  Individual grains are measured twice for length and 
width, the dimensions of which define the ‘spherical equivalent radius’, packed into Nb tubes, 
and loaded into an ASI Alphachron He extraction and measurement line. The packet is placed in 
the UHV extraction line (~3x10-8 torr) and heated with a 25W diode laser to ~800-1100°C for 5 to 
10 minutes to extract radiogenic 4He. The degassed 4He is then spiked with approximately 13 ncc 
of pure 3He, cleaned via interaction with two SAES getters, and analyzed on a Balzers PrismaPlus 
QME 220 quadrupole mass spectrometer. This procedure is repeated at least once to ensure com-
plete mineral degassing. Degassed grains are then removed from the line, and taken to a Class 10 
clean lab for dissolution.  Zircon is dissolved using Parr large-capacity dissolution vessels in a 
multi-step acid-vapor dissolution process. Grains (including the Nb tube) are placed in Ludwig-
style Savillex vials, spiked with a 235U-230Th tracer, and mixed with 200 μl of Optima grade HF. 
The vials are capped, stacked in a 125 mL Teflon liner, placed in a Parr dissolution vessel, and 
baked at 220°C for 72 hours. After cooling, the vials are uncapped and dried down on a 90°C hot 



24

100
200
300

0

20

40

60

80

100

150000175000200000

ag
e 

(M
a)

100
200
300

0

20

40

60

80

100

150000175000200000

100
200
300

0

20

40

60

80

100

150000175000200000

100
200
300

0

20

40

60

80

100

150000175000200000

100
200
300

0

20

40

60

80

100

150000175000200000

ag
e 

(M
a)

WMRbSr
BiRbSr

HbAr

BiAr
ZFT
AFTAHe

ZHe WMAr

published data (n=305)
new data (n=53)

footwall
hanging wall

allall

FTHe

Ar

Latitude (m, CH1903), view looking East

ag
e 

(M
a)

A) B)

D)C)

E)

Fig. 1.7. Age vs. latitude plots for all data compiled for this study (n=358). Table of data supporting these plots is found 
in Appendix 1. 



25

100
200
300

0

20

40

60

80

100

750000 775000 800000

100
200
300

0

20

40

60

80

100

750000 775000 800000

100
200
300

0

20

40

60

80

100

750000 775000 800000

100
200
300

0

20

40

60

80

100

750000 775000 800000

100
200
300

0

20

40

60

80

100

750000 775000 800000

ag
e 

(M
a)

WMRbSr
BiRbSr

HbAr

BiAr
ZFT
AFTAHe

ZHe WMAr

published data (n=305)
new data (n=53)

footwall
hanging wall

allall

FTHe

Ar

Longitude (m, CH1903), view looking North

ag
e 

(M
a)

A) B)

D)C)

E)

Fig. 1.8. Age vs. longitude plots for all data compiled for this study (n=358). Table of data supporting these plots is found 
in Appendix 1. 



26
plate until dry. The vials then undergo a second round of acid-vapor dissolution, this time with 
200 μl of Optima grade HCl in each vial that is baked at 200°C for 24 hours. Vials are dried down 
a second time on a hot plate. Once dry, 200 μl of a 7:1 HNO3:HF mixture is added to each vial, 
the vial is capped, and heated on the hot plate at 90°C for four hours.  Final solutions are diluted 
with 1 to 3 mL of doubly-deionized water, and taken to the ICP-MS lab for analysis. Sample 
solutions, along with normal solutions and blanks, are analyzed for U, Th, and Sm content using a 
Thermo Element 2 magnetic sector mass spectrometer equipped with a Teflon spray chamber and 
platinum cones. Once the U, Th, and Sm concentrations have been measured, He age dates and all 
associated data are calculated using the methods described in Ketcham et al., (2011). Every batch 
of samples includes standards run sporadically throughout the process to monitor procedures and 
maintain consistency from run to run. Long term averages of Fish Canyon Tuff zircons and Dur-
ango Fluorapatites run in the CU TRaIL facility are 28.7 ± 1.8 Ma (n=150) and 31.1 ± 2.1 (n=85), 
respectively.

1.3.5. Data

The thermochronological results from this study (Table 2) broadly overlap previously 
published ages when plotted as a function of structural position vs. age (Fig. 1.6).   Both datasets 
define a sideways “L”-shape, where the short limb represents a narrow range of relatively young 
(Tertiary) ages in the Pennine footwall, and the long limb represents a broad span of older (Late 
Paleozoic to mid Tertiary) ages in the Austroalpine hanging wall.  As a rule, the new ages report-
ed in Table 1.2 for any given mineral system confirm previous constraints on the thermal histories 
of both the hanging wall and footwall, but, critically, they extend these constraints to a structural 
position much closer to their respective boundaries, facilitating an assessment of whether thermal 
histories adjacent to the fault are similar or different to one another, and similar or different to the 
thermal histories in the respective structural cores of the Penninic and Austroalpine realms.  We 
present the data in three basic forms:  1) simple plots of age vs. geographic coordinates (easting, 
northing), 2) age vs. our estimates of relative structural position (structural-Z), and 3) subsets of 
ages from key mineral systems in hanging wall and footwall that are closest to the base of the 
Austroalpine allochthon (“pincher” plots).

We plot age versus geographic coordinate according to the 1903 Swiss Grid (Figs. 1.7 and 
1.8 for north-south and east-west cross sectional views) following the convention in Fig. 1.4 and 
used in all subsequent plots (fission track ages are squares; U/Th-He ages are circles; closed for 
zircon, open for apatite; Rb-Sr ages are triangles, open for biotite, closed for white mica; Ar ages 
are asterisks (amphibole), ‘X’s (white mica), and plus symbols (biotite), colored red for footwall 
and blue for hanging wall).  The plots in Figs. 1.7 and 1.8 include a composite showing data for 
all mineral systems (frame A), a plot discriminating previously published ages from the new ages 
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presented here (frame B), and plots showing subsets of data according to U-Th/He, fission track, 
and Ar systems (frames C, D, and E, respectively).   

A few general trends are evident in the data.  The first is that, in the U/Th-He plot looking 
east (Fig. 1.7C), the hanging wall and footwall ZHe ages are separable into older and younger 
populations by an approximately linear boundary with a slope of 0.22 m.y./km.  This line is 
mainly defined by a northern cluster of hanging wall ages of ≥40 Ma at 200,000N (latitude in 
middle of Prättigau half-window), a southern cluster of hanging wall ages of ≥29 Ma at 149,000N 
(latitude of St. Moritz), and the broad distribution of footwall ages between 180,000N and 
140,000N that lie below the line.  Out of a population of 102 ages total, only one footwall ZHe 
age plots above the line, at the far northern end of the study area (at the latitude of the Madrisa-
horn), and two hanging wall ZHe ages plot below the line  at the southern end of the study area 
(at the latitude of Maloja Pass).  Across the entire width of the U/Th-He plot (Fig. 1.7C), footwall 
ZHe ages persistently overlap hanging wall AHe ages.  

A second noteworthy trend is observed in the fission track data (Fig. 1.7D), in which an 
array of the youngest hanging wall ZFT ages, ranging from 61 Ma in the north to 53 Ma in the 
south, define a line of slope 0.12 m.y./km.  Across the southern three-quarters of the study area, a 
line of similar slope of 0.14 m.y./km is defined by an array of six footwall ZFT ages ranging from 
18 to 25 Ma.  There is one outlier to this trend with an age of 36 +/- 12 Ma at the southern end of 
the section, which in any event has error nearly an order of magnitude greater than any point in 
the trend.  In the northern one-quarter of the section (at the latitude of the northern half-window), 
footwall ZFT ages are much older and concordant with the hanging wall ZFT ages, ranging from 
61-119 Ma.  Between the two trends, there is a temporal gap between footwall and (minimum) 
hanging wall ZFT age of 36 m.y. that persists for at least 60 km across orogenic strike.  

A third trend is observed in the Ar mica ages (Fig. 1.7E) in which the population of ages 
younger than 100 Ma are strongly bi-modal, with one mode ranging from 60-98 Ma correspond-
ing to the hanging wall and a second mode ranging from 18-49 Ma corresponding to the footwall.  
With one notable exception, there is an absence of Ar-mica ages between 50 and 60 Ma.   The 
range of hanging wall ages dramatically expands from north to south.  Ages in the north are 
consistently Jurassic or older (150-330 Ma), whereas ages in the central part of the section are 
as young as 80 Ma and, in the southern-most part of the section, as young as 60 Ma.  In addition 
to these patterns, the total age population in the footwall is strongly split between the Tertiary 
population and a smaller population that ranges from Paleozoic to Jurassic.  There is a complete 
absence of <50 Ma Ar ages north of 170,000N (latitude of Tiefencastel). In the hanging wall, with 
one notable exception, there are no K/Ar ages younger than 60 Ma north of 138,000N.

The systematic geographical trends apparent in the north-south latitudinal section are not 
apparent in the east-west longitudinal section (Fig. 1.8) indicating that most of the variation in 
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cooling ages occurs across, rather than along, orogenic strike.  However, there does appear to 
be, both in individual mineral systems and in the dataset as a whole, a westward younging trend 
in footwall ages in the western one-third of the dataset.  For instance, near 750,000E, Ar-biotite, 
ZHe, and AFT ages are 30, 20, and 12 Ma, respectively, whereas near 730,000E, the same three 
systems record ages of 18, 12, and 5 Ma, respectively.  As discussed above, the relatively strong 
variation in the western-most ages likely reflects the occurrence and subsequent cooling after the 
c. 18 Ma Lepontine Barrovian metamorphism (Wiederkehr et al., 2009).  In this projection, there 
is significant overlap between ZHe ages in hanging wall and footwall with no overall trend oth-
erwise apparent in either population, with the exception of westward-younging of footwall ZHe 
ages as just discussed.

 Because we are fundamentally interested in the relationship of cooling history with 
respect to the base of the Austroalpine allochthon, we plot age against structural-Z.  We assume 
that the post-Cretaceous cooling history of the hanging wall was almost exclusively the product 
of erosional unroofing but leave open the possibility that footwall cooling resulted from both 
tectonic and erosional unroofing.   For erosion rates of c. 1 mm/yr or more, the rate of upward 
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advection of heat becomes significant relative to conductive cooling (Péclet number > 1; e.g., 
Fig. 2.25 in Allen and Allen, 2006).  For rates of c. 0.5 mm/yr or less, advection is negligible, and 
hence the age gradient with structural depth is a reasonable estimate of the erosion rate.   For any 
given mineral system, cooling ages will ideally young with structural depth.  With age-structural-
Z data on multiple mineral systems, there are two quasi-independent methods to estimate the rate 
of descent of isotherms through the crust.  The first is simply age variation with depth; the second 
are differences in age between mineral systems in samples at the same depth.  In the latter case, 
the change in temperature with time can be converted to change in depth with time if a geother-
mal gradient is assumed.  

Linear regression (York et al., 2004) of depth profiles for ZHe and AHe ages from two 
crystalline nappes in the hanging wall, Silvretta and Err (Fig. 1.9; ages and locations shown 
in Figs. 1.4 and 1.5) yield slopes of 0.18 +/- 0.33 mm/yr for Silvretta-ZHe, 0.18 +/- 0.06 mm/
yr for Silvretta-AHe, 0.07 +/- 0.03 mm/yr for Err-ZHe, 0.12 +/- 0.03 mm/yr for Err-AHe.  For 
weighting purposes, error in the ordinate is qualitatively estimated to be 0.2 km for structural-Z, 
whereas error in the abscissa is the standard deviation (1σ) of the population of single grain ages 
for a given sample.  For Silvretta (Fig. 1.9A), the difference in ZHe and AHe age as a function 
of depth is essentially invariant and yields a gradient dZ/dt of 0.14 mm/yr, assuming a 25°C/km 
geothermal gradient.  In contrast, for Err (Fig. 1.9B), the ZHe and AHe gradients vary in age as a 
function of depth and decrease proportional to structural-Z, yielding an approximate dZ/dt of 0.16 
mm/yr at 2 km structural-Z and 0.22 mm/yr at 0.5 km structural-Z. We interpret the regressions 
from Err and Silvretta ZHe and AHe data to be representative of the Austroalpine hanging wall 
as a whole and posit that the sheet has an average long-term exhumation rate of c. 0.1-0.2 mm/yr 
from Paleogene to Neogene time.  Our estimate is consistent with estimates made for the Silvretta 
nappe by Hurford et al. (1989) using AFT ages, for the Err nappe by Evans (2011) using HeMP 
modeling of ZHe and AHe ages, and for the Silvretta nappe by Evans (2011) using raw thermo-
chronometric ages.

In contrast to the broad spectrum of ages and discernable positive age-elevation slopes in 
some subsets of data in the hanging wall, ages in the footwall are both more tightly clustered and 
show comparatively little variation in age with structural depth.  For example, for subsets of data 
with a reasonably large depth range, ages do not vary by more than 10 m.y. over nearly 10 km 
of total structural depth, yielding slopes corresponding to exhumation rates ≥1.0 mm/yr.  HeMP 
modeling of Pennine footwall ages from the Engadine window yielded an exhumation rate of c. 
1.7 mm/yr during the time period 52-38 Ma (Evans, 2011).  

As presented in the format of Figures 1.7 and 1.8, relationships between structural features 
and cooling ages are not obvious, except as might be suggested by gross differences in age be-
tween hanging wall and footwall samples.  To quantitatively address these differences, we present 
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Fig. 1.11. Composite plot of subset of 
ZHe ages for samples <1 km above the 
fault for the Austroalpine hanging wall 
and <2 km below the fault for the Pen-
nine footwall extracted from Profiles 1-4.  
Large dots show mean age of the datasets 
plotted at the median structural depth.  
Slopes through the dots represent nomi-
nal vertical age gradients (see discussion 
in main text) and are not formal regres-
sions through the data.
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a subset of ages (0-100 Ma), colored by system, plotted versus structural-Z (Fig. 1.10).  In gen-
eral, for mineral systems with closure temperatures of ZHe (180°C) or higher,  all profiles show 
distinct discontinuities between hanging wall and footwall cooling ages at Z=0, with age differ-
ences of a few 10s of m.y.  In contrast, for systems with closure temperatures of AFT (110°C) 
or lower, no age discontinuity is apparent at Z=0 or elsewhere.  Two exceptions to this general 
pattern are the ZFT system on Profile 1 and the ZHe system on Profile 5 where no age discontinu-
ity is apparent at Z=0.  However, there is an indication that an additional discontinuity exists at c. 
+5 km structural-Z associated with the Corvatsch detachment fault (CDF in Profile 5, Fig. 1.10; 
also termed “Corvatsch normal fault” by Schmid et al., 1996 and “Corvatsch mylonite zone” by 
Nievergelt et al., 1996 and Liniger, 1992), particularly defined by a pair of disparate 40Ar/39Ar 
white mica ages above and below that fault.

Of the 358 ages used in our study, only nine outliers (2.5%) do not conform to the general 
cooling pattern and are labeled individually on Figure 10.  For the ZHe system, they include one 
relatively old footwall age from the Lower Tertiary Ruchberg Formation (Rb) in Profile 1, two 
relatively young footwall ages from Bundnerschiefer at the Pragmartin quarry (Pq) in Profile 1 
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and at Trimmis (Tr) in Profile 2, and three relatively young hanging wall ages in crystalline rocks 
of the Err nappe (Er) and Julier granite (Ju) on Profile 4.  In terms of the total population of ZHe 
ages represented in Fig. 1.10, labeled outliers represent 3/28 (10.7%) of the footwall subset, 
whereas labeled outliers represent 3/69 (4.3%) of the hanging wall subset.  Other data outliers in-
clude one young RbSr-white mica age from the Carungas nappe (Ca) in Profile 4, one young ZFT 
age from the Forno unit (F) and one young KAr-biotite age from the Margna nappe (Ma), both in 
Profile 5.  Given the very small representation of these outliers in the dataset, we ignore them in 
our analysis and interpretation of the data. 

1.3.5.1. Geographic Pattern of Mid-Tertiary Cooling

Perhaps the most significant pattern, other than the contrast in cooling history of the hang-
ing wall and footwall, is the geographic pattern within the Austroalpine allochthon in ZHe ages,as 
alluded to above.  Rocks within a few km above the base of the Austroalpine allochthon have 
ZHe ages of 40 to 50 Ma in Profiles 1 to 4, which decrease to 20 to 30 Ma in Profile 5, assuming 
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Fig. 1.12.  ‘Pincher’ plots of age constraints on the Austroalpine allochthon from samples closest to the fault contact.  A, 
B)  Location maps of ZFT and ZHe, respectively, ages.  NHW: Northern Half-Window.  C, E) Age stacked-histograms   
of ZFT and ZHe, respectively, colored as per the legends in A and B.  D, F) Age frequency-polygons of ZFT and ZHe, 
respectively.  Same data as in C and D.  Purple line has been dotted to make it more legible.  
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in Fig. 12).     

the base of the allochthon corresponds to the Turba mylonite zone. For Profiles 1 to 4, there ap-
pears to be no systematic differences in ages of footwall samples within c. 2 km of the top of the 
Pennine Zone (Fig. 1.10).  From north to south across these transects, there is also no systematic 
trend in either footwall or hanging wall ZHe ages. Averaging the ages and projecting the mean 
age to the fault (structural-Z = 0), the footwall age is about 29 Ma and the hanging wall age is 
about 43 Ma, a gap of some 14 m.y (Fig. 1.11) 

A second pattern is apparent in ZFT and ZHe age histograms for samples geographically 
adjacent to the boundary, which suggests the data are divisible into four geographical arrays 
(Figs. 1.12 and 1.13): 1) the Austroalpine hanging wall, 2) the central portion of the Pennine foot-
wall, 3) a cluster of ages at the north end of the Prättigau half-window, and 4) ages in the “Mar-
gna complex,” an amalgamation that includes the Margna nappe and surrounding portions of the 
Platta and lowermost East Alpine nappes, including the Corvatsch “digitation,” but excluding the 
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Err and Bernina nappes.  The Prättigau and Margna complex arrays are defined by distinctive age 
patterns in the footwall.  In the former, footwall ZFT and ZHe ages increase and become similar 
to hanging wall ages (magenta points in Figs. 1.12 and 1.13).  In the latter, hanging wall ZHe ages 
decrease and become similar to footwall ages, whereas ZFT ages remain similar to the rest of the 
hanging wall (black points in Figs. 1.12 and 1.13).  Even though the Margna complex has late 
Cretaceous-early Tertiary ZFT ages similar to the Austroalpine allochthon, it has much younger 
ZHe ages (consistently 22-30 Ma) than most of the Austroalpine (which is generally >35 Ma).  
This is seen in Profile 5 where the Margna complex age distribution overlaps the Austroalpine 
population at its upper end and the Pennine population at its lower end.  Thus, the Margna com-
plex appears to have a thermal history that requires a tectonic history that is distinct from both the 
Austroalpine and Pennine zones.

1.4.  Discussion

The northern and southern extremes of the dataset  (Prättigau half-window and Margna 
complex) appear to be the “exceptions that prove the rule,” that the hanging wall and footwall 
each yield a characteristic age pattern involving multiple thermochronometers, and that the two 
patterns differ markedly.  We return to the question posed earlier (Section 1.2.4, Previous thermo-
chronology) of whether the contrast in ages between hanging wall and footwall resulted from ero-
sion through an intact crustal section, or upward motion of heat across a crustal-scale fault.  The 
data argue strongly in favor of the latter, both at the level of individual transects (Fig. 1.10) and 
at the level of composite datasets for samples closest to the boundary (Figs. 1.11, 1.12, and 1.13).  
Below, we use these age patterns and petrologic depth constraints to estimate Tertiary temperature 
and depth histories of the hanging wall and footwall, and we speculate on their significance for 
the timing and mode of juxtaposition.

1.4.1. Model Thermal Histories

In modeling thermal histories, our goal is to estimate the first-order pattern using a tra-
ditional blocking temperature approach (e.g., Hurford et al. 1989), where each mineral system 
defines a closure event which records the downward passage of an isotherm at a particular time 
and place.  This basic approach is justified, first, by the fact that constraints on the thermal his-
tory of the Austroalpine-Pennine boundary zone between 300 °C (lowest closure temperatures of 
Ar/Ar and Rb/Sr mineral systems) and 100 °C (AFT) are, to date, only available in unpublished 
theses (e.g., Weh (1998), Evans (2011), and Augenstein (2012)).  Second, the abundant data that 
now exist record, with considerable spatial and temporal redundancy, the relatively rapid descent 
through mineral closure temperatures of at least six key systems, which in descending order of 
closure at nominal cooling rates include Ar white mica (425 °C), Rb/Sr biotite (300 °C), ZFT 
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(240 °C), ZHe (180 °C), AFT (110 °C) and AHe (70 °C) (Hunziker et al., 1992; Farley, 2002).  
Clearly, uncertainties in the thermal histories of the major rock masses can be better estimated by: 
(1) multi-domain diffusion modeling of K-feldspar, (2) closure temperature studies of individual 
grains; (3) numerical modeling of cooling curves (e.g., HeFTy), and (4) joint, multidimensional 
thermal modeling of heat conduction and mineral system diffusivity (e.g. Pecube, QTQt, and 
similar approaches).  Nonetheless, we are confident that the signal of strongly contrasting ther-
mal histories in the hanging wall and footwall are well enough defined by both sample distribu-
tion and reproducibility of individual ages that a simple “closure event” approach is sufficient to 
address the fundamental issue of the timing and kinematics of juxtaposition of the Pennine and 
Austroalpine zones.          

 The first-order pattern of the dataset (Figs. 1.10, 1.11, 1.12, and 1.13) indicates that any 
differences that may exist within either the Austroalpine or Pennine masses adjacent to the bound-
ary, except at the extreme northern and southern limits of its exposure, are negligible in com-
parison to the difference observed between the masses.  The lower age-structural-Z gradients in, 
and wider spacing of ages between, systems in the hanging wall versus the footwall both indicate 
earlier, slower cooling of the hanging wall.  We therefore assume that below c. 300 °C each plate 
cooled monotonically, such that each mineral system experienced a single closure event at a cer-
tain time in the hanging wall and footwall of each profile area.  We also assume that within each 
plate, temperature varied with structural-Z at a rate of 25 °C/km.

   We estimate the closure event to have occurred at the mean age for each mineral system 
in each plate and each profile of the dataset and estimate the depth (structural-Z) of the event to 
be the median depth of the sample set for a given system.  We then account for vertical varia-
tion in the time of closure events using our estimated age gradients converted to depth (Figs. 1.9, 
1.10), which yield 0.1 to 0.2 mm/yr in the hanging wall and 1.0-1.5 mm/yr in the footwall.  The 
precise choice of geothermal gradient (say, 20°C/km versus 25 °C/km) introduces proportion-
ate error in our conversion of temperature to depth, but the error is small (c. 20%) in comparison 
to the range of possible age gradients (which vary by more than a factor of two).  We note that, 
despite this relatively large uncertainty, the scaling between the gradients and total vertical varia-
tion in the sample set introduces only a small error in assigning a precise depth for a given closure 
event.  For 0.1-0.2 mm/yr and 1.0-1.5 mm/yr rates of falling isotherms in hanging wall and foot-
wall respectively, error in the timing of closure events are 0.5-1.0 m.y. and 0.067-0.1 m.y., respec-
tively, per 100 m of error in vertical position of the sample.  Thus, even if our approach of using 
the median depth of the samples is in error by several hundred meters, the age error introduced to 
the closure event is small compared to the standard error in the mean age for the mineral system.  
We estimate a nominal age error in the model closure event curves to be the standard error in the 
radiometric age of the main systems, or about ± 10% of the measured age.  For the hanging wall 
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Fig. 1.15.  A) Temperature vs. time cooling paths and B) Pressure vs. time decompression paths derived from our thermal 
model for the Austroalpine hanging wall (closed grey boxes) and Pennine footwall (black rectangles) based on average 
and projected data shown in Fig. 14 and Table 3.  The Margna complex (pink rectangles) departs from the rest of the Aus-
troalpine hanging wall at c. 50 Ma and joins the footwall at c. 25 Ma. Vertical dashed line is approximate age of Bergell 
intrusion.  Rectangles on the side of the plot show the range of likely closure temperatures for each of the indicated sys-
tems.  This range is what determines the vertical extent of the boxes representing the geologic units. 
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Hanging	  wall
Profile AHe AFT ZHe ZFT RbSrWM KArWM

1 3 18 37 68 -‐ -‐
2,3 -‐ 14 45 69 -‐ 72
4 18 -‐ 43 -‐ 35 72
5* 18 12 29 47 49 69

Footwall
AHe AFT ZHe ZFT RbSrWM KArWM

1 -‐ 13 29 74 -‐ -‐
2,3 13 8 24 30 -‐ -‐
4 -‐ 18 23 28 42 47
5 -‐ 19 25 33 43 43

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Table. 1.3.  Ages used to make the T-t plot in Fig. 15, determined by projecting age gradients in Fig. 14 to the intercept at 
Z=0.  Uncertainty on the ages is 5 m.y. for the hanging wall and 2.5 m.y. for the footwall.    

this is (0.1)(50 Ma) = ± 5 m.y., and for the footwall (0.1)(25 Ma) = ± 2.5 m.y. 
 According to this approach, Figure 1.14 shows our estimates of the time of closure events 

for each mineral system, as a function of structural-Z in both the hanging wall and footwall.  In 
general, closure events at Z=0 are, within error, the same for AFT, at about 10 to 20 Ma, but differ 
markedly for all higher temperature systems.  The models are very similar for Profiles 1 through 
4, with the exception of pre-Alpine (>60 Ma) ZFT ages in the footwall on Profile 1.  The abrupt 
younging of the ZFT ages moving from Profile 1 to Profile 2 appears to “capture” the presence of 
the ZFT closure isotherm (240 °C) in the footwall at c. 25 Ma, because there is no (known) major 
structural break in the footwall between these two profiles.

Profile 5 is distinctive in having younger hanging wall ZHe and ZFT ages than Profiles 1 
through 4.  There are important differences between the Pennine, Margna complex, and Austroal-
pine structural levels along Profile 5.  As originally noted by Bachmann et al. (2009), there are 
a series of anomalously young mica Rb/Sr ages (c. 50 Ma) located along the top of the Margna 
complex (black triangles in Fig. 1.4) that appear to record the onset of Tertiary Alpine deforma-
tion and metamorphism.  We corroborated this result with a Tertiary 40Ar/39Ar white mica age 
(50.0 ± 0.6 Ma) from an S-C mylonite near the top of the Margna complex in the Corvatsch 
digitation (summit of Piz Corvatsch).  These early Tertiary ages contrast with Paleozoic Ar-mica 
ages that occur a few hundred meters structurally above the mylonite in the lower Bernina nappe, 
and hence we refer to this contact between the Margna complex with its Corvatsch digitation and 
the Lower East Alpine Bernina nappe as the Corvatch detachment fault (CDF on Figs. 1.10 and 
1.14, Profile 5).  The Margna “complex” forms a unique cooling curve (pink boxes, Fig. 1.15) that 
indicates rapid cooling from middle to lowest greenschist facies by the Early Tertiary followed 
by a “stewing” and/or slow-cooling period until near the end of the Oligocene at which time it 
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local nappe-scale reconstructions, and C) Numerical and analogue modeling.  Inset profile from Schmid et al., 1996.

reaches ZHe closure temperature.  This general pattern of rapid cooling followed by an isothermal 
“stewing” is very similar to that recorded in the Sesia-Lanzo zone in the Western Alps (cf. Fig. 9 
in Hurford et al., 1989).  

We use the vertical age gradients (Fig. 1.14) to estimate the mean age of a closure event for 
each system at Z = 0 to construct a composite cooling history for the central parts of the hanging 
wall, footwall, and Margna complex (Fig. 1.15 Table 1.3).   We average the age estimates for 
cooling events in Profiles 2, 3 and 4, which are very similar, but treat Profiles 1 and 5 as sepa-
rate entities.   The thermal history allows us to make an estimate of the two parameters defined 
in the Introduction:  the time of thermal equilibration of the hanging wall and footwall, te, and 
the difference in temperature between hanging wall and footwall at a given time during Pennine 
metamorphism, ΔT.  If we have interpreted the thermal history correctly, the temperature contrast 
between hanging wall and footwall at 40 Ma, ΔT40 was approximately 170 °C, when the differ-
ence in depth between the Pennine and Austroalpine realms may have been c. 1.0 GPa (c. 30 km 
depth) (Fig. 1.15B).   According to our model, te occurs somewhere between 29 and 18 Ma.  The 
juxtaposition of Austroalpine and Pennine domains is traditionally regarded as having occurred 
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prior to the intrusion of the Bergell pluton at 32-30 Ma (Schmid et al., 1996; Nievergelt et al., 
1996).  However, the footwall did not pass through 240 °C (Tc for ZFT) until c. 29 Ma at the 
earliest, whereas the hanging wall was already residing below the Tc for ZHe for approximately 
15 m.y. prior to this time (Figs. 1.11, 1.14, and 1.15; Table 1.3).  Even at 30 Ma, our cooling 
curves demonstrate that the hanging wall and footwall had not yet thermally equilibrated, and 
their temperature difference, ΔT30, was still c. 90°C, greater than the difference between ZFT and 
ZHe closure (c. 60°C).  We note that our samples come from outcrops that are too distant from 
the Bergell intrusion for the closure systematics to have been perturbed by its thermal aureole or 
any form of contact metamorphism.

AHe and AFT fission-track ages are somewhat complex and locally inverted with AHe 
ages being slightly older, as has been observed before in these two systems (Flowers and Kelley, 
2011).  Age intercepts at Z = 0 for the AFT and AHe transects from Profiles 2, 3, and 4 are rough-
ly the same: 18, 13, and 8 Ma in the footwall versus 18 and 14 Ma in the hanging wall (Table 3), 
which indicates that thermal equilibration occurred by the time the two domains reached AFT 
and/or AHe closure.  Thus, our thermal model allows the lower bound on the timing of footwall 
and hanging wall thermal equilibration, te, to be as young as 18 Ma (ΔT18 = 0 °C).  However, we 
favor thermal equilibration to have occurred closer to 29 Ma to perhaps as young as 25 Ma.

1.4.2.  Palinspastic Implications

  A survey of published cross sectional reconstructions for the Alps, particularly through 
the easternmost part of the Pennine zone (755,000 easting; e.g., Schmid et al., 1996), indicates 
very little enthusiasm among most authors for large amounts of top-south motion of the Austroal-
pine allochthon relative to the Pennine zone.  For these models, where possible, we compiled the 
relative north-south position of key material points in the Pennine zone relative to a fixed point 
‘A’ within the Austroalpine allochthon through time (Fig. 1.16).  Material points include what 
are now the lobate northern “noses” of the three highest crystalline nappes (Adula, Tambo, and 
Suretta, e.g., Fig. 1.16 inset).  Two of the models are reconstructions of cross sections spanning 
the entire orogen (Schmid et al., 1996; Froitzheim et al., 2008; Fig. 1.16A).  Three are based on 
more local, nappe-scale, reconstructions (viz. Suretta, Scheiber et al., 2012; Gotthard-Adula, 
Wiederkehr et al., 2008; and Grava, Weh, 1998; Fig. 1.16B).  Two are based on physical models 
using numerical (Gerya et al., 2002) and experimental (Boutelier et al., 2004) techniques (Fig. 
1.16C).   Of the five geologically-based models, two present little to no southward motion of the 
upper nappes relative to the Austroalpine allochthon, two indicate c. 20 km of top-south motion 
between 40 and 30 Ma, and one presents approximately 70 km of top-south motion between 40 
and 20 Ma.  In comparison, the numerical model predicts c. 40 km of top-south motion, and the 
experimental model features nearly 100 km top-south motion.
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Fig. 1.17.  Schematic north-south reconstruction of the Central Alps at c. 35 to 40 Ma which emphasizes that the high-P 
metamorphic grade of rocks in the Pennine zone can be accounted for by subducting a coherent slab approximately 80 
km in length by 15 km thick to 10 to 80 km depth.  Sketch also emphasizes the distance the exhumed Pennine zone had 
to travel to become juxtaposed against the thin overriding Austroalpine plate.
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A simple palinspastic reconstruction, based on our models of the low-temperature cool-
ing histories, places the Penninic footwall in a subduction channel just south of the present-day 
Insubric fault,with an upper end at a paleodepth of 10 km (approximate thickness of the orogenic 
lid) at 29 Ma, just after intrusion of the Bergell complex (Fig. 1.17).  For a nominal inclination of 
the channel of 45° (modern Mediterranean Benioff zones tend to be steeper than this), the lower 
end of the Penninic mass (southern part of the Adula-Simano nappe complex) would have lain at 
a paleodepth of at least 10 + 80/(cos 45) = 74 km, corresponding to a pressure of about 2.2 GPa, 
which is within the observed range of 2.0-3.0 GPa estimates for (U)HP metamorphism at c. 32-34 
Ma in the Monte Duria area (Meyre et al., 1999; Hermann et al., 2006; Herwartz et al., 2011).  
Assuming this geometric analysis is basically correct, it provides independent confirmation that 
pressures recorded by (U)HP metamophic assemblages reflect paleodepth, rather than zones of lo-
calized “tectonic overpressure” (e.g. Mancktelow, 1993, 1995; Pleuger and Podladchikov, 2014).         

 Given that the Austroalpine allocthon lay above the Pennine zone during mid-Paleogene 
exhumation (Fig. 1.17), the steep, closely-spaced age-depth curves in the footwall (Figs. 1.10 
and 1.14)  cannot be the result of rapid erosion, at least within the study area outlined in Figure 4.  
Rather, they record rapid cooling in the wake of fault juxtaposition of the subduction channel as-
semblage against shallow upper crustal rocks in the forearc wedge, which had a thickness of <10 
km by that time (Fig. 1.15).     

From a methodological perspective, we stress the fact that, without the use of the two 
zircon thermochronometric systems (Fig. 1.15), the primary contrasts and estimates of the timing 
of key tectonic events are difficult to recover in upper crustal exposures of accretionary systems, 
where temperatures of deformation are < 300°C.  In this case, to rely solely on AFT, AHe, and 
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Ar-Ar systematics in micas, the null hypothesis, that the hanging wall and footwall had identical 
thermal histories between c. 40 Ma and the present, could not be falsified (Fig. 1.15).

1.4.3.  On the steady state theory of the Alps

In the past two decades, there have been numerous attempts to use thermochronometric 
systems to determine uplift and exhumation rates across the Alps (e.g., Hurford, 1986; Hurford 
et al., 1989; Bernet et al., 2001, 2004, 2009; Fox et al., 2016),  the accuracy of which depends 
upon the initial assumption that the Alps have behaved as a steady-state, erosionally dominated, 
tectonically inert system since at least middle Miocene, c. 15 Ma (Bernet et al., 2001, 2004) to 
possibly early Oligocene time, c. 30 Ma (Fox et al., 2016), the latter time period determined ap-
proximately by the intrusion age of the Bergell pluton.  In order to model steady-state behavior, 
some representative or “a priori” exhumation rate must be applied and modulated across the en-
tire orogen without regard for any bounding structures that may control exhumation rate.  To the 
extent that the models go far enough back in time to overlap with the differential unroofing rates 
of the Pennine and Austroalpine domains in eastern Switzerland (e.g., Fox et al., 2016), they are 
not an accurate description of Alpine unroofing.

Despite the flawed initial assumption of steady-state behavior for the Alps in pre-Miocene 
time, at least two conclusions drawn from these studies support our conclusions: 1) Table 1 in 
Bernet et al. (2004) presents peak ages for detrital ZFT populations that support the model of 
Pennine zone exhumation that we present here. In particular, for every major drainage on the 
southern end of the orogen there is a ZFT population (viz, their P3) that falls in the range 24 to 36 
Ma, indicating that Pennine zone cooling through 240°C occurred from late Eocene well into the 
Oligocene.  Given that detrital rocks represent non-specific sampling over a wide catchment area, 
these detrital ZFT ages agree rather well with the bedrock data compilation presented here.  2) 
Fox et al. (2016) conclude that there was a “major reorganization” of the Alpine orogen at 20 Ma.  
This is consistent with our prediction that Pennine zone thermal equilibration could have occurred 
as late as c. 18 Ma.  Thus, we posit that this “major reorganization” occurred at the end of the 
emplacement of the Penninic wedge.  The Alps were not in any kind of steady-state until after this 
reorganization.

1.5.  Conclusions    

The mismatch in Tertiary thermal histories between the Austroalpine allochthon and its 
Penninic substrate across the strike of the central Alps (Fig. 1.14), indicates that no point cur-
rently exposed in the footwall had been emplaced against the hanging wall until some time 
between 29 and 18 Ma.  Given that the strata within the Grava nappe in northern half-window 
experienced peak metamorphic pressures of order 1.0-1.2 GPa, and the Austroalpine allochthon 
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was already at temperatures of ≤180 °C at the same time ( c. 35 Ma), top-south to top-southeast 
normal fault motion of at least 60 km along the base of the allochthon is required to juxtapose the 
two rock masses.  Our data strongly support the kinematic analysis of Weh (1998) and at least the 
kinematic consequences of the models of Gerya et al. (2002) and Boutelier et al. (2004). We note 
that even if the displacement rate on the fault system were 1 to 2 cm/yr, it would still take at least 
3 to 6 Myr to accommodate the 60 km of minimum motion.  At a rate of 1 cm/yr with 100 km of 
displacement, the duration of motion may have been in the 10 Myr range, between 29 and 18 Ma.  
We note also that the timing of motion during this interval agrees well with the timing of thermal 
equilibration between hanging wall and footwall in the Tauern Window, which occurred between 
c. 25 and 15 Ma (Luth and Willingshoffer, 2008).

Much or all of the normal motion occurred during two key events in Alpine evolution.  
The first is at the onset of foredeep sedimentation on both the European and Apulian continental 
masses at about 32 Ma (Lower Marine Molasse in Europe, Villa Olmo conglomerate in Apulia), 
with most subsidence occurring between 30 and 15 Ma.  The second is major horizontal shorten-
ing of the European passive margin that formed the Helvetic nappes (e.g., Trümpy, 1980; Price 
and Wernicke, in prep.).  In regard to the latter, the most rapid period of flysch deposition in the 
Helvetic foredeep occurred in latest Eocene to early Oligocene time c. 34 to 30 Ma, and estimates 
of the timing of the various phases of thrust and nappe formation range from early Oligocene to 
early Miocene time (c. 30 to 15 Ma).  The formation of the Helvetic nappes thus may have been 
coeval with final juxtaposition of the Austroalpine and Penninic domains, rather than post-dating 
it as is commonly assumed.  If so, then the Oligocene to early Miocene collisional history of the 
Alps would represent an analogy to the Miocene phase of collision in the Himalaya, when the 
South Tibetan detachment system and the Main Central thrust simultaneously accommodated 
large-magnitude normal and thrust motion, respectively (Burchfiel et al, 1992).

In regard to the development of the peri-Alpine foredeep basins, the interposition of a c. 15 
km-thick mass of subduction complex material between the thin upper crustal ‘flake’ of the Aus-
troalpine allochthon and the southern margin of Europe would have represented a major crustal 
thickening event.  This was likely the first time at which crustal thickness anywhere in the system 
exceeded 30 to 35 km, driving range-scale redistribution of crustal mass via rapid subaerial ero-
sion of the newly forming mountain belt.  If we measure the collision of Adria and Europe by, for 
example, the position of the Adula nappe (Monte Duria) relative to the Austroalpine allochthon, 
then collision was well underway by c. 40 Ma, as generally depicted in cross-sectional models 
of the Alps (e.g. Schmid et al., 2005).  If the emplacement of a combined Pennine-Helvetic mass 
occurred mainly between 30 and 20 Ma, along with development of the foredeep basins, then 
mountain building in the Alps is not so much a result of continent-continent collision as it is the 
result of an episode of buoyant return flow and concentrated accumulation of subduction chan-
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nel material near the top of the channel (e.g. Chemenda et al., 1995; Butler et al., 2013).  The 
relatively late (post-Bergell intrusive) timing of a culminating phase of unroofing via such return 
flow is consistent with the proposed timing of a slab-breakoff event in the interval 35-30 Ma  (von 
Blanckenburg and Davies, 1995; Froitzheim et al., 2008).
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2.1  Introduction

Ever since plate tectonics was recognized as a framework for understanding geologic processes, 
orogens have been viewed in large part as loci of plate convergence, wherein one continental plate col-
lides with, and typically overrides, another, or where continent-ocean convergence deforms the overriding 
continental plate.  The collision of two masses of continental lithosphere should lead to contractile tecton-
ics (i.e., horizontal shortening and vertical thickening of the crust). Because orogens typically exhibit 
structural ‘overlap’ of diverse geological elements on the order of 10s to 100s of kilometers via thrust and 
nappe tectonics, such overlap is typically viewed as a direct expression of plate convergence.

If we were to restrict our discussion to first-order models that challenge this theme over the last 40 
years, it is the concept that buoyancy-driven upward or “return” flow is, at least in part, responsible for 
many of these structural features.  From a purely kinematic point of view, such flow need not be accom-
panied by plate convergence (Fig. 2.1) although it certainly does not preclude it.  The upward return to the 
surface of buoyant elements is to be expected given that they are strongly coupled to sinking lithosphere 
at the onset of collision, but ultimately lose their coupling through thermal weakening, such that their 
motions may then be governed by buoyancy forces (e.g. England and Holland, 1979).  This mechanism 
could affect not merely volumetrically minor components of the “metamorphic cores” of orogens, but also 
act as the main driver of thrust and nappe formation in the brittle crust.  Seminal papers by Ernst (1971, 
1975) and Cloos (1982) suggested that significant components of crustal assemblages in the subduction 
wedge are the result of such upward flow.  Since then, numerical (e.g., Cloos, 1993; Ernst and Peacock, 
1996; Gerya et al., 2002 Beaumont et al., 2009) and experimental (e.g., Chemenda et al., 1995; Boutelier 
et al., 2004) models demonstrate that large-scale buoyancy-driven return flow is likely or even expected in 
subduction zone and collisional settings.

The influence of buoyancy-driven return flow is particularly important when continental crust ap-

Chapter II

Kinematic analysis of the upper and lower boundaries of 

the Pennine Zone, Oberhalbstein and Vorderrhein regions, 

Switzerland
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Fig. 2.1. Contrasting tectonic processes that lead to crustal thickening.  In a contractile accretionary prism (frames A through D),  
shortening is accommodated by thin-skinned thrust faulting which forms a stack of duplicated supracrustal rocks and their shallow 
crystalline substrate. In this tectonic setting preservation of HP metamorphism is rare, and UHP metamorphism is absent.  In a 
buoyant extrusion wedge (frames E through G), a similar amount of shortening occurs via subduction and later extrusion owing to 
a buoyancy contrast between the subducted shallow crustal rocks and surrounding mantle.  In this tectonic setting, preservation of 
HP metamorphism is common, and relics of UHP metamorphism may also be preserved.  Note that line length P-Q is the same in 
each tectonic scenario, and that point P need not converge on point Q during crustal thickening between (E) and (F).

proaches a subduction zone, because it is far more massive and more buoyant than oceanic crust relative 
to enveloping lithospheric mantle (Cloos, 1993) that, if able to be subducted at all, it can be ejected from 
the subduction zone in semi-coherent form, and if sufficiently strong and rigid, it may act as a stress guide 
to propagate deformation into high crustal levels.  Thus buoyancy-driven flow may not only result in the 
incorporation of blueschist and eclogite blocks within much shallower components in mélanges (Cowan, 
1978, Cloos, 1982), but also in the exhumation much larger (100s of km3) crustal blocks to a supracrustal 
structural position, as apparent in examples such as the Dora Maira massif in the Western Alps (Chopin, 
1984), the Adula nappe in the Central Alps (Herwartz et al., 2011), high-pressure granulitic elements in 
the Bohemian massif (Carswell and O’Brien, 1993), the Seve and Köli nappe complexes in the Scanda-
navian Caledonides (Brueckner and van Roermund, 2004), and the Kohistan arc complex in the western 
Himalaya (Ernst, 2006).  In kinematic terms, rock masses exhumed from a subduction zone may exhibit 
synchronous normal-sense shear relative to the overriding plate, and reverse-sense shear relative to the 
down-going slab (e.g. Ernst, 1975; Ernst and Peacock, 1996; Brueckner and van Roermond, 2004).  The 
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question then becomes not whether some aspect of upper crustal thrust and nappe structure is the result 
of buoyancy-driven return of deep, bouyant fragments, but the extent to which most or all structures are 
driven by return flow, independently of whether relative plate motion is convergent or divergent at the 
time of emplacement.

A recent analysis of K/Ar, fission track, and U-Th/He cooling ages has demonstrated that, in the 
Central Alps, a series of South-, Middle-, and North-Penninic nappes were exhumed during the main 
phase of Alpine nappe development in late Eocene to early Miocene time (~35-18 Ma) by normal-sense 
movement of the Austroalpine allochthon relative to the Pennine zone (Chapter 1, Price et al., in review).  
The now-extinct Tethyan subduction zone that formed the Alps is widely accepted to have been south-
dipping (Schmid et al., 1996; Froitzheim et al., 2008), although it is still unclear whether the deep litho-
spheric structure beneath the Alps is the product of slab-breakoff (e.g., Davies and von Blanckenburg, 
1995; Schmid et al., 1996; Schmid et al., 2004) or a downward-facing lithospheric welt (cf., Laubscher, 
1978; St. Mueller, 1989).  Regardless, numerous kinematic studies in the Central Alps at structural levels 
throughout the Pennine zone (Ring et al., 1989; Ring, 1992; Marquer et al., 1996; Nievergelt et al., 1996; 
Scheiber et al., 2012; Weh and Froitzheim, 2001) indicate that an important phase of top-E or top-SE 
“D2” shearing occurred after an initial top-N “D1” nappe stacking event.  Some of these studies indicate a 
small component of true top-S shear, but the dominant vector is more easterly in present-day coordinates, 
with a strong component parallel to the easterly plunge direction of the nappe stack.  Kinematic studies 
along the base of the Pennine overthrust in the Central Alps are comparatively few (Weh and Froitzheim, 
2001; Wiederkehr et al., 2008), but indicate solely top-N kinematics without any top-E or top-S move-
ment.

The purpose of this study is to help constrain the kinematics of the upper and lower boundaries of 
the Pennine nappe complex in the Central Alps using detailed, field-based, mesoscopic structural mea-
surements.  To examine the top of the Pennine zone, a traverse was completed in the Oberhalbstein Valley 
region from (1) the east flank of Piz Curvér to (2) the town of Savognin to (3) the alp below Piz Mitgel 
(Nassegl-Colm da Betschs), which includes at its base a structural zone called the Martegnas shear zone 
(“Martegnas Zug”, Fig. 2.2).  To examine the base of the Pennine zone, two study locations were chosen: 
(1) along the basal Pennine thrust near the towns of Luven, Pitasch, and Duvin, known as the Peidener 
imbricate fault zone (“Peidenerschuppe”), and (2) approximately 100-500 m above the basal Pennine 
thrust (the trace of which is buried in the Chur Rhein Valley) near the town of Trimmis.

A total of 440 measurements were made using a Brunton compass, iPhone, and iPad, the latter two 
equipped with the Fieldmove Clino application from Midland Valley software, at the three sites over a 
five-day period in August, 2015.  Reproducibility between the compass and iPhone was generally good, 
of order ≤ 8° in strike and ≤ 3° in dip.  Declination on the compass was set to 2° east according to the 
National Oceanic and Atmospheric Administration magnetic declination calculator (http://www.ngdc.
noaa.gov/geomag-web/) for the time period August, 2015, using the geographic coordinates of Savognin 
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Fig. 2.2. Overview geologic map of the areas of interest for this study.  Tectonic units are labeled as follows:  Infrahelvetic units: 
IHa, Aar massif, IHm, autochthonous Mesozoic cover of Aar massif, IHf, allochthonous flysch nappes, undivided.  Helvetic units: 
Ht, Tavetsch massif, Hm, Mesozoic, undivided, Hv, Verrucano.  Ultrahelvetic units: Ug, Gotthard crystalline basement, Us, Scopi 
zone, allochthonous Gotthard cover.  Penninic units:  Ad, Adula, Ar, Arosa zone, Av, Avers Bündnerschiefer, Bd, Bündnerschiefer, 
NPF, North Penninic flysch, Pl, Platta, Sch, Schams, Su, Suretta. Austroalpine units: AA, Austroalpine undifferentiated. Q: Quater-
nary, undivided.  P1 and P2 are projected truncation points of the Infrahelvetic-Ultrahelvetic and Helvetic-Infrahelvetic structural 
boundaries, respectively, by the basal Pennine fault. 

(46.5974° N , 9.5970° E, magnetic declination 2.3° E, changing 0.12° E/year) for the top of the Pennine 
zone and Duvin (46.7150° N, 9.2117° E, magnetic declination 2.2° E, changing 0.12° E/year) for the bot-
tom of the Pennine zone.  The coordinate system used on the maps and for sample locations is the 1903 
Swiss Grid (CH1903). 

2.2. Top of the Pennine Zone

Near the latitude of the Schanfigg Valley (46°50’N, ~190,000N, CH1903), the top of the Pennine 
zone is generally located where Cretaceous-Tertiary marine metasedimentary rocks (Bündnerschiefer or 
North Penninic flysch) come into contact with overlying Jura-Cretaceous marine rocks and associated 
granitic and ophiolitic slices by a series of named faults (Fig. 2.2).  From north to south, these are (1) the 
Gürgaletsch shear zone, whose eponymous mountain peak (2441 m, 763663,185121) lies on the south 
side of the Schanfigg Valley, which terminates near and may connect with, (2) the Martegnas shear zone, 
whose eponymous mountain peak (2680 m, 760133,160545) lies on the southwest side of the Oberhalb-
stein Valley, which terminates near and may connect with (3) the Turba mylonite zone, whose eponymous 
mountain peak (3018 m, 766608,142181) lies at the head of the Juferrhein River west of Val Bregaglia.  
South of the region shown in Fig. 2.2, the Turba mylonite zone is truncated by the c. 31 Ma Bergell 
pluton (Nievergelt et al., 1996), but along the east margin of the pluton, a shear zone juxtaposes it with 
the Malenco ophiolites, termed the Muretto Line (Berger and Gieré, 1995), which continues southward 
and may connect with the Preda Rossa shear zone on the southeast side of the Bergell intrusion (Schmid 
et al., 1996B).  Another fault, termed Corvatsch detachment fault, splays off the Turba mylonite zone and 
separates the intervening Margna and Corvatsch nappes from higher tectonic elements of the Lower East 
Alpine nappe complex (see Chapter 1, ‘CDF’ in Figs. 1.12 and 1.14).  This is the same structure as the 
‘D4’ normal fault previously described by Handy et al. (1996, their Fig. 2).   The precise age(s) of move-
ment on these various fault strands are poorly constrained as post-early Eocene (c. 50 Ma, the age of the 
youngest North Penninic flysch) and in the case of the Turba mylonite, pre-31 Ma,, but they are believed 
to be kinematically linked (e.g., Weh and Froitzheim, 2001), because they all exhibit a significant stage of 
movement that is top-east or top-southeast.  North of the Gürgaletsch shear zone, the upper Pennine zone 
does not correspond with a particular named shear zone other than the general “Austroalpine overthrust” 
as historically recognized by Alpine geologists, marked by thin, discontinuous slivers of the ophiolitic 
Arosa Zone of south Penninic origin (Fig. 2.2).  

A transect to collect mesoscopic structural data was completed across the gently east-dipping, c. 
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Fig. 2.3.  A) Bedrock geologic map of the Savognin area. Major nappes are labeled.  Largest resistant ‘knockers’ in the Pennine 
nappes are mapped separately. Acute-angle symbol between sites 2 and 3 is the “look” direction and approximate field-of-view 
for photograph shown in Fig. 2.2C.  B) Composite ENE-WSW cross section through the major Pennine-Austroalpine contact near 
Savognin.  Because of the significant N-ward dip of the Austroalpine sheet on the east side of the cross section, it would be erro-
neous to connect contacts across the cross section.  Boxed numbers correspond to the structural data plotted in Fig. 3. Black dots 
are ZHe ages as reported in Chapter 1 and Appendix 1.  C) Overview photo looking west towards Piz Curvér from the east side of 
Oberhalbstein valley.  Major tectonic and geographic features are labeled.  AA: Austroalpine undivided (probably Err cover), hd: 
hauptdolomite.  

500 m-thick Martegnas shear zone in the Oberhalbstein region near the town of Savognin (Figs. 2.2, 2.3).  
The structurally lowest measurements were made on the east flank of Piz Curvér near the Ziteil chapel 
and adjacent to Piz Toissa (Site 1) in ophiolitic Platta nappe sensu lato (s.l., a southward continuation 
of the Arosa zone which includes non-ophiolitic rock types of possible Penninic or East Alpine affinity; 
Schmid et al. 1996A).  Moving up tectonostratigraphic section, measurements were made in roadcuts on 
the outskirts of Savognin at the foot of the large Sursés alp (Site 2).  This traverse continued up to a few 
tens of meters below the overriding Austroalpine plate in rocks that are mapped as North Penninic flysch.  
Continuing up tectonostratigraphic section, the highest structural measurements were made in the Sursés 
alp above the village of Tussagn-Nassegl and beneath Piz Mitgel (Site 3) in sedimentary rocks considered 
to be cover rocks of the Err nappe (Lower East Alpine).  

2.2.1. Local geological observations at the top of the Pennine zone

Piz Curvér and the Oberhalbstein Valley are part of the Martegnas shear zone, named after Piz Mar-
tegnas, which lies ~5 km southeast of Piz Curvér (Figs. 2.3, 2.4A).  The Curvér Series lithostratigraphy is 
described by Staub (1958) and Ziegler (1954), who determined an age range of uppermost Paleocene to 
middle Eocene for the flysch based on the Tertiary index-fossil Nummulites, and as result, Curvér Series 
is considered to be part of the North Penninic flysch.  Eiermann (1988) described the lithologic elements, 
particularly the many types of Platta-affinity ophiolitic blocks at Piz Martegnas, and also confirmed an 
uppermost Paleocene to middle Eocene age for the ‘Parsonzer’ flysch found there, also based on the rare 
occurrence of Nummulites.  At the base of the shear zone, Eiermann (1988) described a carbonate breccia 
that accompanies the Parsonzer flysch that has elongated pebbles and is in tectonic contact with elements 
of the ophiolite.  Although Weh (1998) places the Martegnas shear zone into an overall tectonic context 
of top-South movement that juxtaposes North Penninic flysch against Middle (Schams and Suretta) and 
South Penninic (Platta s.l.) tectonic elements, this study is the first (that we know of) to present mesoscop-
ic, outcrop-scale structural data for the Martegnas shear zone.

2.2.1.1. Site 1, Ziteil, local geology and thermochronology

Site 1 is located on the east flank of the Piz Curvér ridge, on an extensive structural dip-slope that 
strikes generally north-northeast-south-southwest from south of Piz Martegnas to north of Tiefencastel 
and the Albula River Valley (Figs. 2.2, 2.3).  The rocks from Piz Martegnas, the location of the Marte-
gnas shear zone, to the valley at Tiefencastel, including Piz Curvér, contain elements of the Martegnas 
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Fig. 2.4.  Photographs of the Martegnas shear zone, Site 1, Ziteil.  All coordinates in Swiss grid CH 1903.  Hammer is 42 cm long.  
A) Panorama looking east from east flank of Piz Curvér to Oberhalbstein valley.  Piz Toissa is an Austroalpine klippe of Jurassic 
Allgäu (JA) in fault contact (blue dashed line) with Rhätian Blue-kalk (RB) and Norian Hauptdolomite (NH) that overlies Platta 
sensu lato. Note hummocky topography on dip slope of Piz Curvér.  Lenzerhorn to Piz Arblatsch is ~19 km.  B) Looking SW toward 
summit of Piz Curvér, ‘Shark fin’ ridges are Platta knockers (PK) plunging easterly ± 30° (c.f. green polygons in Fig. 2.2) encased 
in Bündnerschiefer matrix (BM).  C) Ductile fault contact between Platta knocker (PK) and Bündnerschiefer matrix (BM); hammer 
(circled) for scale. Location of sample PL15-01 (cf. Fig. 2.4 A,B).  D) Brittley-deformed Platta knocker (PK) cut by quartz veins 
encased in ductiley-deformed, protomylonitic Bündnerschiefer matrix (BM), typical of the Martegnas shear zone; 13.6-cm-long 
marker (circled) for scale. E) Coarse-grained calcite porphyroclast in Platta ophicalcite block indicating top-S30E shear; black 
14-cm-long pencil for scale. Locatin of sample BD15-06 (cf. Fig. 2.4 C through E).  F) Elliptical cross section of Platta spilite 
knocker (PK) near Ziteil chapel.  Prolate form plunges S50E.  Hammer (circled) for scale.  View towards Tinizong.  G) Isoclinally-
folded (S2-foliation) calcareous schists that have been overprinted by a strong stretching fabric to form modified “pencils” that 
surround the prolate spilite shown in F.  H) Minor S-fold in crenulated Bündnerschiefer indicates top-N shortening and occurs 
down structural section from the Platta knockers.  Crenulated fabric appears to be less strained compared to the overlying zone of 
Platta knockers.  I) Early tectonic stylolite filled by later quartz vein with c-axis growth parallel to stylolite teeth (that plunge S60E) 
indicates incompatible strain fields, requiring a period of compression to the NW followed by a period of extension to the SE.  J) 
Flattened pocket of vesiculated basalt is interpreted to be a pillow.  Hammer handle for scale.
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Fig. 2.5.  Photomicrographs of two samples from Site 1, Ziteil.  A and B are from sample PL15-01; C, D, and E are from sample 
BD15-06.  A) Plane-polarized light (PPL) image of chloritized Platta metabasalt (sample PL15-01).  Fine-grained plagioclase is 
largely replaced by fine-grained chlorite (clinochlore, 72% match to Raman spectroscopic library) and in-filled with coarse-grained 
calcite.  Dark grains (small double-barbed arrows) are anatase (85% match to Raman spectroscopic library).  Note the dark seams 
of very fine-grained chlorite and/or organic material that form stylolitic margins along coarse-grained calcite.  Top-left towards 
075 (plunging 30°).  B) Cross-polarized light (XPL) image of A.  Nearly all of the extinct grains in the upper half of the image are 
chlorite.  C) PPL image of Platta s.l. ophicalcite (sample BD15-06) exhibiting coarse-grained recrystallized calcite bands that are 
inclined and cut-off along their bases which indicates top-left motion towards 163 (plunging -5°).  D)  XPL image of C.  E) PPL im-
age of BD15-06 shows that early recrystallized calcite fabric is cut by later unfilled en-echelon shear fractures (arrows) that indicate 
top-right brittle motion towards 343 (plunging 5°).  Blue cavity at left side of image is blue-stained epoxy filling the void.
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Fig. 2.6.  Photographs of field relationships above the Martegnas shear zone at Site 2, Savognin, displayed from structurally lowest 
to highest, up to ca. 100 m below the Austroalpine contact.  A) Recumbent folds of sandstone layers form dramatic, knobby relief 
in a cliff face of North Penninic flysch.  Yellow lines emphasize resistant sandstone layers, which form macroscopic Z-folds indi-
cating top-southeast motion. Dashed white line traces a later normal fault (also shown at left edge of C).  B and C are inset photos 
from A.  B)  Prominent stretching lineation observed on the sides of sandstone folds parallels the orientation of the axial hinges and 
plunges gently east.  C) Centimeter-thick sandstone beds recumbently Z-folded and cut by a small normal fault.  D)  Thick, resistant 
North Penninic sandstone bed ca. 8 m thick outcropping in the Sursés alp above Savognin.  These sandstone beds are depicted as 
discontinuous NW-striking brown polygons on the geologic map ( ).  Geologist for scale.  E is an inset photo of D.  E) 
Weakly deformed sandstone exhibiting crenulations and subtle mullions at the base of the small cliff shown in D.  Mullions plunge 
gently east, approximately parallel to the lineations shown in B.  Note that the view direction in D and E are not the same.  Hammer 
for scale.  F) Quartz+calcite acicular fibers (pseudomorphs after carpholite?) growing eastwards is an example of the penetrative 
lineation seen in the stereonet data ( ).  Photo is looking up underneath an overhang.  Pencil for scale.  G, H) Uncommon 
sheared porphyroclast of sandstone in grey phyllitic matrix.  Subtle drag-folding (enlarged in H) along margins of porphyroclast 
indicates top-ESE motion.  Swiss coin for scale.  I) Incipient S-C fabric in phyllitic siliciclastics show top-SSE motion.  Dashed line 
on S-plane for emphasis.  Pencil for scale.  J) Recumbent folds of discontinuous sandstone beds and dark grey phyllite is a typical 
texture of North Penninic flysch at this locality.  Yellow line traces the edge of a ca. 10-cm-thick sandstone bed that has been necked 
and recumbently folded.  Dissertation writer for scale.  K) Antithetic low-angle normal fault cuts ductile fabric with top-N motion.  
Hammer (circled) for scale.  L) Mesoscopic en echelon high-angle faults cut the ductile deformation fabric and indicate sinistral 
shear (south block-up). Hammer (circled) for scale. 
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shear zone as described by Dietrich (1969), Eiermann (1988), and Weh (1998), and here we treat it as the 
northern continuation of the zone.  Because of the dip-slope, structural relief is limited to c. 100 m when 
traversing from the top of Piz Curvér to the saddle formed by Piz Toissa near the Ziteil chapel (Figs. 2.3, 
2.4 A, B).  The rocks of Piz Curvér are mapped by the Swiss Federal Office for Water and Geology (Stre-
iff et al., 1976) as Platta s.l., defined by discontinuous outcrops of resistant 1 m- to 100-m-scale exotic 
blocks, i.e., knockers, of Platta sensu stricto (s.s.)-type lithologies, such as greenish grey spilitized basalt 
and pillow lava (Figs. 2.4 C, D, F, J, 2.5 A, B), grey ophicalcite (Figs. 2.4 E, 2.5 C, D, E), thin bands 
of red radiolarian chert, and amorphous masses (boudins?) of dark green, vegetation-free, serpentinite.  
Ophiolitic elements are encased in a non-resistant matrix comprising dark grey to brown, thinly-foliated 
phyllites and calcareous metapelites (Figs. 2.3 A, 2.4 B, C, D;  Eiermann, 1988).  Platta s.s. knockers were 
observed to vary in size from roughly 10,000 m3 (50 x 20 x 10 m) for an amorphous block of serpentinite 
near Piz Toissa to <1 m3 for certain blocks of spilitized and pillow basalt (Fig. 2.4 D, F, J) and radiolarite.  
Platta knockers occur in a preferential horizon from 0-200 m below the contact with the Austroalpine al-
lochthon, and thus, in map view, more Platta knockers occur on the east flank of Piz Curvér than on either 
Piz Martegnas or the west flank of Piz Curvér, the latter being deeper in the structural section (Fig. 2.3 
A).  As a result of the interposed Platta s.l. lithologies, resistant knockers protrude from the alp, but less 
resistant Bündnerschiefer-like phyllites are largely covered by vegetation, which results in a mounded, 
hillocky topography with local relief of order 1-10 meters and no large cliffs (Fig. 2.4 A, B, F).  In that 
resistant knockers are encased in a weaker, tectonized matrix, Platta s.l. resembles the Franciscan mélange 
of California, USA, as described by, e.g., McLaughlin and Olin (1984) and Aalto and Murphy (1984).

In contrast, Piz Toissa (Figs. 2.3, 2.4A) comprises an unmetamorphosed, weakly-strained klippe 
of Austroalpine carbonate rocks of the Ela nappe of lower East Alpine affinity.  In the klippe, dark grey 
Jurassic Allgäu formation is discordantly faulted against underlying Triassic carbonate rocks, including 
concordant, upright Rhaetian “Blue kalk” and subjacent Norian Hauptdolomite.  Younger-on-older fault-
ing indicates the discordance is most likely a normal fault, and the age of the fault must predate Alpine 
deformation, as the fault does not cut Pennine rocks beneath the klippe.  The striking contrast between 
weak penetrative deformation in the Austroalpine klippe versus strong penetrative deformation in the 
subjacent Pennine zone is remarkable and has been recognized in the literature at least as far back as Ott 
(1925).  Across the Oberhalbstein Valley below Piz Mitgel, Ela carbonate rocks sit structurally above Err 
nappe cover rocks, but Err nappe cover rocks are completely absent from the klippe at Piz Toissa, having 
been faulted out.  Lastly, Streif et al. (1976) point out that Piz Toissa has been preserved because it sits 
in the trough of a synformal depression which plunges moderately to the ENE, parallel to the Martegnas 
shear zone (indicated by the map pattern in Fig. 2.3 A).

One vitrinite reflectance measurement has been made in the Martegnas shear zone near Savognin 
and has a high epizonal to lowest greenschist facies, nearly graphitic, value of 8.8 (Rmax%; c. 350°C; 
Ferreiro-Mählmann, 1995).  One zircon (U-Th)/He (ZHe) cooling age of 23.8 ± 1.6 Ma (sample BD15-
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Fig. 2.7.  Photographs of field relationships in Austroalpine Err cover rocks, Site 3 below Piz Mitgel.   Structurally lowest outcrops 
occur <50 m above the Austroalpine-Pennine contact; structurally highest outcrops occur about 500 m above the Austroalpine-
Pennine contact and ~50 m below the thrust fault contact with the overlying Ela nappe.  A) Overview photo taken near Nassegl 
farmhouse looking up the Sursés alp towards Piz Mitgel.  Normal fault with ~100 m of throw cuts Norian Hauptdolomite (hd) in 
the Ela nappe but apparently does not cut down into the underlying Err nappe.  Pine trees for scale.  B) Mesoscopic open Z-fold 
in irregularly crenulated limestone of the Liassic Agnelli Formation.  Hammer for scale. C) Intersection cleavage pencils oriented 
06/070 in slatey layer in Agnelli Formation about 50 m below the Hauptdolomite thrust fault.  Pencil for scale. D) Weakly to un-
deformed thin-bedded Agnelli limestone.  Hammer for scale.  E) Weakly to undeformed Err sandstone (Agnelli Formation?).  ZHe 
age of this outcrop is ~44 Ma (Fig. 2.3).  1.3 m-long-pencil--a “Jacobs lithostaff”--for scale.  F) Recumbently-folded Cretaceous 
Aptychus limestone breccia about 100 m structurally-above the Austroalpine-Pennine boundary.  Well developed linear fabric (in-
dicated by short white lines) is axial planar intersection cleavage.  Hammer (circled)  for scale.  G) Inset of ‘F’ showing detail of 
the limestone breccia including clasts that trend NE.  H) Red and green radiolarian chert beds with upright chevron folds mark the 
base of the Austroalpine allochthon.  These are the only upright or harmonic folds observed in the Savognin region which suggests 
an earlier period (Cretaceous?) of deformation that was not overprinted by Alpine deformation.  I) Inset of ‘H’.  Pencil (circled) for 
scale.  J) Tschirpen gneiss at the same structural horizon (base of the Austroalpine) as ‘H’ and ‘I’ has abundant chlorite and white 
mica overgrowths but does not exhibit a strong asymmetric fabric.  ZHe age of this outcrop is ~42 Ma (Fig. 2.3)
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07, 758449, 164781, 2589 m above sea level, a.s.l.) has been measured from the east flank of Piz Cur-
vér, near the bottom of the Martegnas shear zone.  A second, nearby, ZHe age of 24.5 ± 2.7 Ma (sample 
SUR15-01, 755690, 165478, 2355 m a.s.l.) was measured from the Rofna porphyry at the top of the 
Suretta nappe, a few hundred meters structurally below the Martegnas shear zone and approximately 2.8 
km to the west-northwest (Figs. 2.2, 2.3; see also Chapter 1).

2.2.1.2. Site 2, Savognin, local geology and thermochronology

Site 2 is located along the roadcuts and outcrops in the lower third of the large alp directly east of 
the towns of Savognin and Tinizong and below (southwest of) Piz Mitgel.  This site is positioned structur-
ally above Site 1, Ziteil by, at most, a few hundred meters.  The rocks here are mapped as Tertiary North 
Penninic flysch, correlative to both the ‘Parsonzer’ flysch which crops out on the southwest side of the 
valley at Piz Martegnas (Eiermann, 1988) and the Arblatsch flysch found at Piz Arblatsch located about 
seven kilometers to the south-southwest.  Owing to the stratigraphic continuity of Lower Tertiary flysch 
across the Oberhalbstein Valley, we regard Sites 1 and 2 to be a coherent, kinematically-linked tectonic 
zone that exhibits a persistent top-east to -southeast sense of shear.  Even so, it should be noted that the 
North Penninic flysch at Site 2 does not closely resemble the more coarse-grained and penetratively-de-
formed North Penninic flysch (Arblatsch flysch s.s.) as found on Piz Arblatsch.  

At the structural bottom of Site 2, the flysch is a remarkably homogeneous body of tectonized 
and recumbently-folded grey phyllite with intercalated brown sandstone beds up to 25 cm thick.  Sand-
stone beds form discontinuous lenses and ribbons that are cut by ubiquitous quartz-calcite veins.  Thin 
sandstone beds may be sheared and rotated as rigid porphyroclasts in the ductile phyllitic matrix which 
exhibits a mm-scale penetrative S1 cleavage (Fig 2.6 G, H, I, J).  Penetrative foliation defined by re-
cumbently-folded S1 foliation and layer-parallel quartz veins indicates that the dominant cleavage in the 
lower roadcuts is S2 and parallels the axial planes of recumbent folds (Fig. 2.6 J).  Acicular quartz vein 
fabric elongate to the east (Fig. 2.6 F) may indicate pseudomorphic growth after carpholite, heretofore not 
described from the Oberhalbstein Valley.  Moving up structural section, one encounters elongate, weakly 
deformed lenses of medium-grained sandstone (shown as brown polygons on the map in Fig. 2.3 A; pho-
tographs in Fig. 2.6 D, E).  Deformation is focused on the peripheries of the sand bodies where mullions 
and/or a weakly developed crenulation cleavage is observed (Fig. 2.6 E).  In map pattern (Fig. 2.3 A), 
the sand bodies form a series of discontinuous stratiform zones, which are likely large tectonic boudins, 
although outcrop is obscured by thick vegetation on the hillslope (Fig. 2.6 D), so a direct observation of 
boudinage at this map scale could not be made.

One vitrinite reflectance measurement was made in the North Penninic flysch near Savognin and 
has a high epizonal value of 6.0 (Rmax%; c. 300°C; Ferreiro-Mählmann, 1995). A single zircon U-Th/He 
age of 27.5 ± 3.6 Ma from a sample of medium-grained sandstone (sample BD15-03, 767098, 162243, 
1631 m a.s.l.) has been measured in this zone.  This North Penninic flysch sample cooled approximately 
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three million years earlier and experienced a lower overall metamorphic peak temperature (approximately 
50°C less) compared to the Platta s.l. phyllite sample measured on Piz Curvér. 

2.2.1.3.  Site 3, Mitgel, local geology and thermochronology

Site 3 is located entirely within Austroalpine Err nappe cover rocks at and above the tectonic con-
tact with the Pennine zone.  The contact is exposed in discontinuous, small roadcuts and outcrops along 
the road to the farmhouses at Nassegl village.  The contact is marked by a subtle change in deformation 
fabrics and an appearance of discontinuous lenses of lithologies associated with the Austroalpine domain, 
including meter-scale outcrops of upright, harmonically folded radiolarian chert associated with the Platta 
nappe s.s. (Fig. 2.7 H, I) and boudinaged blocks of chlorite-rich, poly-deformed, gneissose plagiogranites 
associated with the Tschirpen slice s.l. (Fig. 2.7 J).  This basal mélange-like zone of disparate lithologies 
is approximately 50 meters thick.  Moving up tectonostratigraphic section, occasional outcrops reveal Ap-
tychus (Lower Cretaceous) limestone overlain by and/or interleaved with Malm (Upper Jurassic) and Li-
assic (Lower Jurassic) micritic and sandy limestones.  Marmot holes burrowed into the alp between these 
discontinuous outcrops indicate that the covered units on the hillside are siltstones with a weakly-devel-
oped micaceous cleavage.  In that there is Lower Cretaceous at the base of the alp and Lower Jurassic 
(Liassic) units at the top of the alp and that the section appears to be concordant, this c. 450-m-thick sec-
tion of Austroalpine (Err nappe cover rocks) is overturned.  The alp is capped by an impressive c. 350-m-
high cliff culminating in Piz Mitgel (3159 m, 769110,164934; Fig. 2.7 A) that comprises upright Norian 
hauptdolomite, Rhaetian Bluekalk, and Jurassic Allgäu Formation (similar to that found at Piz Toissa, Site 
1), which has been thrust over the overturned Jura-Cretaceous stratigraphy.  A large, late normal fault with 
about one hundred meters of throw cuts this entire cliff dropping the south block down (Fig. 2.7 A), and a 
climbing route, “klettersteig”, has been pioneered directly up this fault surface.

Estimates of peak metamorphic temperature and pressure for the Err nappe are approximately 
300°C and 7 kbar (Handy et al., 1996), achieved during the Cretaceous.  Four vitrinite reflectance mea-
surements have also been made with values of 5.2, 4.8, 4.8, and 3.9, indicating low epizonal peak meta-
morphism (Rmax%; c. 280°C; Ferreiro-Mählmann, 1995), which is in approximate agreement with 
Handy et al. (1996).  None of the carbonate units are marbleized in the study area. Three zircon U-Th/
He ages have been measured in the Err cover rocks of Site 3 (Chapter 1):  48.7 ± 7.2 Ma (sample PL15-
07, Platta s.s. diorite, 767297, 163336, 1972 m a.s.l.), 44.3 ± 6.5 Ma (sample BD15-08, Err sandstone, 
probably Agnelli Formation, 768247, 163222, 2288 m), and 42.1 ± 5.7 Ma (sample TSC15-01, Tschirpen 
s.l. chloritized gneissose granitoid, 767593, 162976, 2010 m).  These cooling ages indicate that this part 
of the Austroalpine was buried by approximately 6 to 8 km during the lower half of the Eocene and had 
cooled through zircon-helium-closure some 15 to 20 million years before either of the samples in the 
Martegnas shear zone c. 500 m structurally below the Eocene cooling ages.  
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2.2.2. Mesoscopic structural data at the top of the Pennine zone

In outcrop and road cut, a variety of elements of structural fabric were measured, including : 1) 
foliations, where S0 is defined as bedding; S1 is the first metamorphic cleavage to overprint S0; S2 over-
prints S1; etc.  At times, particularly in discontinuous outcrops, it was ambiguous whether foliation was 
S2 or S1. 2) fold axes and fold axial planes, 3) penetrative mineral lineations and “pencil” intersection 
cleavages, 4) veins, exclusively quartz or calcite in composition everywhere we took measurements, and 
5) Brittle faults with slickenfiber slip lineations.  Brittle faults were not observed at every site.  For the 
purposes of mesoscopic structural measurements, road cuts are preferred to outcrop because they provide 
a clean, continuous, unambiguous exposure of rock units that does not preferentially favor harder, more 
competent units to the exclusion of softer, less competent units, as does outcrop.  Owing to past glaciation 
and the presently thick vegetative cover in the Central Alps, outcrops of poorly indurated units are virtu-
ally non-existent below ~2400 m elevation. This is mainly a concern for measurements of finer-grained 
flysch units. 

All structural measurements are plotted on lower-hemisphere, equal-area (Schmidt) stereographic 
projections (Figs. 2.8, 2.9, 2.10, 2.18, 2.20, 2.21, 2.22), and a distillation of summary data is presented in 
the final stereogram in each plot.  Contouring of linear elements, including poles to planes, are done at 1% 
area of the stereonet and contoured with integers (1%, 2%, 3%, etc.).  All plots were made using Stereonet 
9.5 and FaultKin 7.4.1 software (Marrett and Allmendinger, 1990; Allmendinger et al., 2012; Cardozo and 
Allmendinger, 2013).   Attitudes of planar elements are reported as azimuth strike/dip using the right-hand 
rule convention; orientations of linear elements are reported as plunge/trend in order to minimize confu-
sion with planar attitudes.  The following data presentation will largely refer to the summary stereograms 
(panel ‘F’ in each stereogram figure).

2.2.2.1.  Site 1, Ziteil, mesoscopic and microscopic structural data

At Site 1, Ziteil (Figs. 2.3, 2.4, 2.8), two principal orientations of S2 foliation exist, one striking 
northwesterly, dipping 41° northeast, the second striking northerly, dipping 31° east.  The attitude of the 
mean axial plane of folds, particularly folded quartz veins, is 330/33 and bisects the two S2 foliation 
directions.   About half (n=6) of the fold axial planes are concordant with S2-foliation, but the other half 
of the axial planes (n=5) are ‘transverse folds’ that strike northeast and dip either northwest or south-
east.  Fold hinges plunge shallowly, 24° to the ESE.  Penetrative lineations generally plunge from 25° to 
50° and have trends that vary between 060 and 290 but are not observed in the northerly approximately 
one-third of the stereogram between 290 and 060.  Two local maxima exist for penetrative lineations, one 
plunging 28° northeast and the other plunging 34° southeast.  The more southerly penetrative lineation 
parallels the maximum orientation of fold hinges.  Veins are primarily late, post-date the ductile fabric, 
and strike both northerly and northeasterly.  The stereogram pattern for veins suggests there is a conju-
gate set for both the northerly and northeasterly strike directions.  At least one vein was observed to have 
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69
fibers that grew oblique to vein walls showing evidence of dilatation toward the southeast.   In a marl unit, 
some calcite veins occupy former tectonic stylolites (Fig. 2.4 I), which clearly indicates multiple periods 
and styles of deformation, i.e., compression in one (northwesterly) direction followed by extension in a 
parallel, but opposite (southeasterly), direction.  There were no brittle faults observed in outcrop at Ziteil.  
Nearly all of the deformation is accommodated in an overall ductile regime with only minor centimeter- 
to meter-scale brittle structures, namely joints and veins, that primarily affect the spilitized basalt blocks 
(Fig. 2.4 D).

Photomicrographs of two samples (Fig. 2.5), one ophicalcite (BD15-06) and one spilitized basalt 
(PL15-01), indicate variable top directions.  The ophicalcite contains an earlier ductile fabric that shows 
minor C-plane development that indicates top-south-southeast (163) movement which is cut by brittle, dry  
(unfilled) en echelon shear fractures that indicate top-approximately-north movement [N.B. The sample 
was cut parallel to the lineation in the YZ plane so as to measure the ductile shearing direction.  The ap-
parent motion indicated by the en echelon fractures was not taken into consideration during sample prepa-
ration and therefore, the top-right sense-of-shear indicated by the fractures is likely not exactly in the 
direction of 343.  Furthermore, the difference in size of the en echelon fractures suggests that the brittle 
plane of shearing is oblique to the YZ plane].  The spilite has been extensively chlorite-calcite altered and 
shows both stylolite formation and minor C-plane development that indicates top-east-northeast (075) 
movement.  These outcrops are located only a few hundred meters apart and the inconsistency in their 
shear direction indicators may be the result of late broad folding, local block rotation in the mélange zone, 
or the individual lithologies recording separate, localized strain events.

2.2.2.2.  Site 2, Savognin, mesoscopic structural data

At Site 2, Savognin (Figs. 2.6, 2.9), S2 foliation forms two maxima, one striking WNW, dipping 
28° NE, the other striking N, dipping 17°E.  The mean fold axial plane strikes NNW and dips 17°E and 
essentially bisects S2 foliation.  The orientation of fold hinges plunges shallowly over a range of easterly 
trends from 030 to 130 with a contoured maximum that plunges 15° northeast (051).  The penetrative 
lineations commonly observed on S2 foliation planes dominantly plunge shallowly between 078 and 
124 and have a contoured maximum that plunges 12° east (086), indicating elongation in that direction.  
High-angle veins strike northerly, northeasterly, and, for a few, easterly.  There is also clearly a low-angle 
population of veins that are conformable to S2 foliation and help to define that foliation.  Late meter- to 
decameter-scale brittle faults (n=37) cut the earlier ductile deformation and form two contour-maxima 
sets, one striking WSW dipping 34°, the other striking NE dipping 47°.  On eight of these faults, slick-
enfiber orientation and fault slip-sense were recorded and, when modeled, yield principal shortening (P) 
and principal extension (T) axes of high-angle to the southwest (65/246) and low-angle to the southeast 
(12/129), respectively.   At least one meter-scale brittle fault was observed to jog in an en echelon fashion 
indicating south-block-up motion (Fig. 2.6 H).
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Fig. 2.9. Stereographic projections of field measurements at Site 2, Savognin.  Label at top-left corner of stereogram indicates 
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2.2.2.3.  Site 3, Mitgel, mesoscopic structural data

At Site 3 (Figs. 2.7, 2.10), the intensity of the deformation decreases, and generally there is no un-
equivocal penetrative S2 foliation.  Most measured foliation was S1, and in some places original bedding 
S0 is still apparent.  S1 foliation displays two maxima, a global maximum striking east and dipping 36° 
south and a local maximum striking west and dipping 46° north.  A tentative π-girdle through all S1 poles 
may indicate a large, km-scale, fold plunging shallowly east (09/099); however such a fold was not direct-
ly observed in outcrop.  Mesoscopic folds observed in outcrop have a mean axial plane striking northeast 
and dipping sub-vertically and a mean fold hinge plunging very shallowly to the west (09/271).  Pen-
etrative lineations were scarce but plunge shallowly towards northeast, west-northwest, and west (black 
circles in Fig. 2.10 C).  Scarce late veins are exclusively high-angle and strike east or northwest.  Brittle 
faults were likewise scarce and strike generally east-northeast and dip moderately to steeply southeast. 

2.2.3. Summary of field observations and structural measurements, top of the Pennine zone

Dominant rock fabric at the three sites is almost entirely shallowly-dipping and/or -plunging (Figs. 
2.3 B, 2.11), including the S2 foliation found throughout the Upper Pennine zone (Site 1, Ziteil and Site 
2, Savognin), the S1 foliation in the overturned Err nappe (Site 3, Mitgel), and even the S0 bedding in the 
Ela nappe on Piz Toissa (Site 1, Ziteil).  The one tectonostratigraphic horizon where there is no coherent 
penetrative foliation development is in the basal ca. 50 meters of the Austroalpine allochthon where there 
exists a kind of  mélange of Platta s.s., Tschirpen s.l., and Err cover rocks exhibiting various foliation 
directions that are not consistent from outcrop to outcrop.  

S2 foliation in the Upper Pennine zone has bi-modal maxima, in which one set strikes northwest 
and dips moderately northeast (301/41 and 292/28, Sites 1 and 2, respectively), and a second set strikes 
north and dips moderately or shallowly east (352/31 and 010/17, Sites 1 and 2, respectively).  For both 
sets, the steeper dips occur in the Martegnas shear zone of Site 1, and, remarkably, the dips of both sets 
shallow almost identically, 13° for the northwest-striking set, 14° for the north-striking set, moving up 
tectonostratigraphic section to Site 2.  The set with northwest-strike, northeast-dip is consistent with the 
regional structural grain evident in the geologic map of the Oberhalbstein Valley (Figs. 2.2, 2.3), and the 
set with north-strike, east-dip suggests that broad, open folding may overprint the dominant foliation in 
the Upper Pennine zone.  In contrast, S1 foliation in the Austroalpine Err nappe strikes almost exclusively 
east-west and dips at a variety of angles, from shallow to steep, but has maxima at 080/36 and 276/46, 
consistent with east-west trending fold hinges that most likely pre-date Alpine deformation (per the de-
scriptions and age dates in Handy et al., 1996).  In contrast to Err nappe at Piz Mitgel, Ela nappe units at 
Piz Toissa strike northwest and dip southwest into the fault that separates Ela from the underlying Platta 
s.l. on the flank of Piz Curvér.  

Penetrative, stretching lineations are readily evident at Site 1, where basaltic knockers and their 
phyllitic matrix have been stretched in the direction of east-northeast, east, and east-southeast and yield 
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Fig. 2.10. Stereographic projections of field measurements at Site 3, Mitgel.  Label at top-left corner of stereogram indicates general 
category of data plotted; number of data shown in legend at bottom of each stereonet.
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two statistical maxima, one plunging moderately northeast (28/062) and the other plunging moderately 
east-southeast (34/113).  One oriented thin section corroborates the east-northeast movement (top-to-075 
for the spilite), but the other shows even more southerly movement (top-to-162 for the ophicalcite), an 
orientation not readily supported by the mesoscopic field data.  Fold hinges (24/113) have an almost iden-
tical orientation to the east-southeast stretching lineation, and the attitude of fold axial planes is concor-
dant with, and helps define, overall S2 foliation fabric.  Site 2 shows much less variation in the orientation 
of penetrative lineations and has a single maximum that plunges shallowly east (12/086), despite the fact 
that much of the shearing motion is indicated to be in direction other than top-east.  Site 2 fold hinges 
plunge shallowly northeast (15/051), and, in contrast to Site 1, do not correspond to the persistent stretch-
ing lineation.  Kinematic indicators at Site 2, including asymmetric porphyroclasts, Z-fold geometries, 
and incipient S-C fabric indicate top-east-southeast to top-southeast motion accompanied by antithetic 
top-north motion and also strong flattening, particularly evidenced by the ubiquitous recumbent folds 
found in the phyllitic portions of this tectonostratigraphic section. Given the persistence of the stretch-
ing lineation in strongly folded rocks, it is likely that the easterly penetrative lineation overprints the 
folds.  In contrast to Sites 1 and 2, the lower portion of Site 3, particularly its basal c. 50 meters, contains 
only scarce shallowly-plunging penetrative lineations with no reproducible trend.  Moreover, the upright, 
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harmonic folds in the Platta s.s. chert beds, a form of deformation not observed anywhere else on this 
transect, coupled with the near-by polydeformed Tschirpen gneissose granitoid demonstrate that deforma-
tion in the basal ‘Austroalpine mélange’ is not penetrative. In the upper part of Site 3, viz. just beneath 
the level of the Hauptdolomite thrust fault, penetrative lineations are entirely absent, whereas intersection 
‘pencil’ cleavage is prevalent.

Stereographic data from Site 1, Ziteil (Platta s.l.) and Site 2, Savognin (North Penninic flysch) are 
very similar, and we conclude, independent of thermochronometric constraints, that they share a simi-
lar kinematic history.  In contrast, above the Austroalpine fault, the intensity of penetrative deformation 
diminishes over a very short tectonostratigraphic distance, and the orientation of the structural fabric 
changes wholesale.  This indicates that the Austroalpine allochthon, except along its basal c. 50 meters, 
was completely decoupled from the underlying North Penninic flysch and Platta s.l. during the most in-
tense phase(s) of deformation responsible for its bulk penetrative fabric.

2.3. Bottom of the Pennine Zone

The bottom of the Pennine zone is defined by the basal Penninic thrust fault which places Lower 
Penninic (Valaisan) Bündnerschiefer of the Grava nappe onto the Infrahelvetic complex in the northeast 
near Chur or, along strike to the southwest, onto Gotthard cover rocks (Scopi zone) in the Glogn River 
Valley (Val Lumnezia) near Ilanz.  At its southwestern terminus, the basal Pennine thrust is folded into an 
antiform.  In the northeast, in the Prättigau half-window, Bündnerschiefer is shown to be stratigraphically 
continuous beginning with its Cretaceous “pre flysch” base up into the Prättigau flysch, which is capped 
by Lower Tertiary (Paleocene-Lower Eocene) Ruchberg formation (Nänny, 1948; Thum and Nabholz, 
1972; Steinmann, 1994).  In the Swiss 1:25,000-scale geologic atlas, the formations of the Prättigau half-
window at deep structural levels are named as far southwest as Chur, but farther southwest, owing to a 
slight increase in metamorphic grade and deformation, the formations are no longer easily discernible and 
the lithostratigraphy becomes synonymous with the tectonic unit, i.e., Bündnerschiefer, undivided.  

The structural fabric in the Bündnerschiefer has not been well-documented historically.  In the 
northern half-window Marcus Weh’s (1998) PhD thesis is the most important contribution to date that ad-
dresses deformation within the Grava nappe.  Wiederkehr et al. (2008, 2009) worked at the southwestern-
most extent of the Grava nappe where it interleaves with the Adula and Simano nappes on the edge of the 
Lepontine dome.  Wiederkehr et al. (2009) provided key 40Ar/39Ar age constraints on synmetamorphic 
minerals and documented, unequivocally for the first time, that peak HP-metamorphism indicated by 
fibrous pseudomorphs of quartz-after-carpholite predated peak T-(Barrovian) metamorphism by at least 
20 m.y.  Specifically, HP-metamorphism occurred at c. 42-40 Ma based on in-situ laser probe 40Ar/39Ar 
measurements of white mica, whereas peak-T Barrovian metamorphism did not finally wane until c. 19-
16 Ma, based on in-situ laser probe 40Ar/39Ar of biotite.  The peak-T Barrovian age has been confirmed by 
Janots et al. (2009),who dated synmetamorphic monazites in the nearby Lepontine dome at 19-18 Ma.   
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Fig. 2.12. Photograph looking north of the Chur Rhein Valley near the town of Trimmis (in the foreground) which shows the juxta-
position of the base of the Bündnerschiefer and Pennine zone to the Calanda range Infrahelvetic units, which marks the southern-
most part of the Helvetic domain at this longitude.  

Historically, the basal Pennine fault zone has been regarded as a single fault plane over ca. 100 km 
of strike length, and Wiederkeher et al. (2009) describe it as such.  However, Weh (1998) and Weh and 
Froitzheim (2001) state that the penetrative fabrics and deformation history northeast of Chur are dissimi-
lar enough from those southwest of Ilanz that the two ends of the same fault zone should not be regarded 
as a single contiguous fault plane.  Moreover, Weh and Froitzheim (2001) conclude that the northeastern 
portion of basal Pennine thrust (in the northern half-window) projects directly into the Glarus overthrust, 
and therefore a northward “shove” from the Bünderschiefer was ultimately responsible for forming the 
Glarus overthrust. 

To confirm the field observations of Weh (1998), to supplement with kinematic analyses the general 
observations and excellent isotopic measurements made by Wiederkehr et al. (2008; 2009), and to place 
the basal Pennine zone into its overall tectonic context in light of our cooling ages (Chapter 1) and our 
observations from the top of the Pennine zone (section 2.2), we measured mesoscopic structures in two 
transects along the basal Pennine thrust.  The first transect crosses the Peidenerschuppenzone (‘schuppen-
zone’ translates as ‘imbricate fault zone’) in Val Lumnezia near the towns of Luven, Pitasch, and Duvin, 
a few kilometers south of Ilanz (western box in Fig. 2.2).  The second location is along the Trimmis-Says 
road, a few kilometers northeast of Chur (northeastern box in Fig. 2.2), a site which lies directly across 
the Chur Rhein Valley from the Infrahelvetic Calanda range, a mere two kilometers separating exposures 
of the Penninic and Helvetic zones (Fig. 2.12)

2.3.1. Local geology at the bottom of the Pennine zone

The Val Lumnezia transect crosses three tectonostratigraphic units that are sedimentary cover rocks 
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Fig. 2.13.  Simplified tectonostratigraphic table for the geologic 
units at the bottom of the Pennine zone, Val Lumnezia.  Bold num-
bers indicate structural position of sites where measurements were 
made.  Modified after Wiederkehr et al., 2008.

of Mesozoic age.  Summarizing from the 
useful description in Wiederkehr et al. (2008; 
Fig. 2.13), going up-structural-section the 
rocks are: (1) Scopi allochthonous unit of 
Ultrahelvetic affinity, (2) Peidener imbricate 
fault zone of apparent Ultrahelvetic affinity, 
and (3) Bündnerschiefer of the Grava nappe.  
The structural contact of Bündnerschiefer 
against the Peidener imbricate fault zone is 
the basal Pennine fault.  The Scopi unit and 
Peidener imbricate fault zone are called “sub-
Penninic” and comprise allochthonous Got-
thard cover and, thus, are of distal European 
origin (Milnes, 1974).  The Scopi unit is up-
side down and progresses structurally upward 
(and stratigraphically downward) from Coroi to Inferno to Stgir Series (all Jurassic) to Triassic Quarten-
schiefer (Baumer et al., 1961), all of which comprise low-grade metasedimentary rocks in the Val Lum-
nezia study area but achieve higher metamorphic grade to the southwest adjacent to the Lepontine dome 
(Wiederkehr et al., 2008).  The allochthonous Scopi unit is overlain by the Peidener imbricate fault zone, 
which is subdivided into the Pianca (upper) and Forca (lower) fault zones.  These designations are purely 
tectonic in that the lithologies are structurally imbricated Scopi units, and therefore from a lithologic 
standpoint, the Peidener zone is simply the most strongly deformed “top” of the underlying Scopi zone 
manifested by units that are imbricated and/or pinched-out repeatedly (Baumer et al., 1961).  Above this, 
in presumed thrust-fault contact, is the basal Bündnerschiefer (“Lugnezerschiefer” in this area) of the Pen-
ninic Grava nappe.  The basal Pennine thrust, when traced to its end in southwestern Val Lumnezia near 
the town of Vals, is folded in a north-closing antiform.  This late fold, termed the Lunschania antiform 
(type locality is the village of Lunschania, near Vals) persists all the way along the front (i.e., base) of the 
Pennine zone (Fig. 2.2).  An accompanying fold, the Valzeina synform [NB. The two names are easily dis-
tinguished and recalled by the fact that the “V” in “Valzeina” looks like a synform], develops parallel to 
the antiform and then, in the northern half-window, splays off to the North and dies out.  Weh (1998) re-
ports that the Lunschania antiform persists all the way to the Austroalpine hanging wall and is responsible 
for the sudden change in strike of the hanging wall from northerly to northwesterly in the northeast corner 
of the northern half-window (just out of view in Fig. 2.2 but evident at the far north end of the map in Fig. 
1.4 in Chapter 1).  Wiederkehr et al. (2008, their Figs. 2 and 3) show the traces of both folds persisting to 
the southwest all the way to the Lepontine dome region, where they bifurcate:  the Lunschania antiform 
into the Soja zone on eastern side of the Simano nappe (between Simano and Adula), and the Valzeina 
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synform into the Molare zone on the west side of the Simano nappe (between Simano and Leventina-Lu-
comagno gneiss).  However, it should be noted that careful study of the Ilanz 1:25,000-scale geologic map 
(Wyss and Isler, 2011) reveals that Grava nappe Bündnerschiefer dips moderately southeast very regularly 
from the Glogn River Valley up over the Cadeina dil Signina to the Rabiusa River Valley (Safiental), right 
across the purported traces of both the Lunschania and Valzeina folds (Fig. 2.14).

Zircon U-Th/He (ZHe) ages in the region between the Adula nappe and the Vorderrhein Valley 
(including Val Lumnezia) are in the range c. 12-8 Ma, which is the age attributed to uplift of the Aar mas-
sif (e.g., Aramowicz, 2008).  The ages appear to be unaffected by the basal Pennine thrust or any other 
mapped tectonic contact.  The Peidener imbricate fault zone is relatively distal to the 18-16 Ma Barrovian 
metamorphism of the Lepontine dome (Weiderkehr et al., 2009), and, according to contours of isotherms 
in Weiderkehr et al. (2008), the lower Val Lumnezia area where this study took place barely reached 
greenschist facies (peak temperatures of ≤ 350°C), in contrast to temperatures in excess of 500°C during 
the Miocene thermal overprint of the Lepontine dome.

2.3.1.1  Sites 4, 5, and 6, Pitasch-Duvin-Luven (Peidener and Scopi zones), local geology

 The first transect at the bottom of the Pennine zone comprised three locales in Val Lumnezia.  
The first locale is “Site 4, Pitasch-Duvin” (Figs. 2.14, 2.15) at the level of the Glogn River to about 100 
m above the river, and just below the towns of Pitasch and Duvin.  The rocks in this zone are mapped 
on the 1:25,000 Ilanz sheet (Wyss and Isler, 2011) as a thin slice of Upper Stgir Series at the structural 
top (stratigraphic bottom) of the Scopi unit in the Pianca zone.  Upper Stgir Series is a ca. 50 m-thick-
siliciclastic package of medium- and fine-grained sandstones and siltstones with interbeds of very-coarse-
grained sandstone to pebble conglomerate.  Beds may be as thick as ca. 10 m, but commonly, faulting 
has thinned or otherwise obscured these thickest beds (Baumer et al., 1961).  This is a carpholite locality 
according to Wyss and Isler (2011).  Although no fresh carpholite was observed during the field work for 
this study, quartz pseudomorphs after carpholite were possibly found (Fig. 2.15 I).

The second locale, above the town of Duvin, is “Site 5, Duvin Upper” (Figs. 2.14, 2.16) in basal 
Bündnerschiefer metapsammites on the northwestern limb of the Lunschania antiform.  This section of 
Bündnerschiefer is extremely thick, ≥ 1000 m (assuming a 30° dip on the homoclinal section and using 
the elevation from Duvin (1175 m a.s.l.) to Piz Fess (2881 m a.s.l.)), and somewhat monotonous, in both 
its lithostratigraphy and mesoscopic structure.  All foliation on the west flank of the Cadeina dil Signina 
(the mountain crest east of the towns of Pitasch and Duvin), where Piz Fess is located (Fig. 2.2), dips 
uniformly moderately to the southeast.  One ZHe age of 8.8 ± 0.8 Ma (sample BD15-16, 736117, 174853, 
1257 m elev.) was measured at Site 5 from a medium-grained sandstone in the Bündnerschiefer about 500 
m southeast of Duvin.  This is one of the youngest ZHe ages reported in this current study (refer to Ap-
pendix 2.3 for range of ZHe ages). 

The third locale, “Site 6, Luven,” (Fig. 2.14, 2.17) is near the town of Luven, approximately four 
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Fig. 2.14  Simplified tectonic map of Val Lumnezia and the Peidener imbricate fault zone.  Foliations are taken from the stereo-
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79

A B C

D E F

G H I

735740,177184 735718,177166

735691,177149735679,177143735646,177117

734718,175566 734726,175523

734706,175568

looking 110 

looking 135 

looking 120 

looking 160 looking 135 

looking 110 looking 090 looking 105 

top-N30Etop-NE

top-N38E

19°/212

top-NE

top-N20E top-NE

top-NE

c
q

C
S

S

C

C

C

C

C

C

S
C SS

a

S

Fig. 2.15.  Photographs of field relationships at Site 4, Pitasch-Duvin, in the Peidener 
imbricate fault zone in Val Lumnezia arranged according to structural position.  Black 
horizontal line represents an internal contact (fault?) that separates different facies 
of the Upper Stgir series (Pianca zone): G to I is more coarse-grained and structur-
ally lower (stratigraphically higher) and A to F is more fine-grained and structurally 
higher (stratigraphically lower).  A to F are from a road cut below Pitasch about 110 to 
130 m above the Glogn River near the top of the Peidener shear zone. G to I are from  
10 to 15 m above the Glogn River.  A)  Brown sandy phyllites cut by boudinaged 
quartz veins that are now parallel to foliation.  Discontinuous C-planes cut at shal-
low angles across the roadcut (dashed white lines labeled ‘C’).  Foliation ‘S’ marked with dotted line.  Arrow indicates incipient 
boudinage.  Hammer for scale (circled).  B)  Down to the north normal faults cut earlier ductile fabric. Note in upper left corner 
the very low-angle C-plane-like normal fault.  Hammer (circled) for scale.  Box indicates inset photo C.  C)  Inset photo from B 
showing en echelon tension gash quartz veins that indicate top-down-to-northeast sense of shear. Hammer for scale.  D)  Example 
of pseudo-S-C fabric found in the Peidener shear zone.  C-planes are discontinuous low-angle normal faults (white lines labeled 
‘C’) which bend into foliation S-planes (dotted lines labeled ‘S’) and become hard to trace.  S-planes are highlighted by several 
prominent foliation-parallel quartz veins.  Hammer for scale.  E) Quartz (white mineral labeled ‘q’)-calcite (brown mineral labeled 
‘c’) porphyroclast indicates top-NE sense of shear.  Pencil for scale.  F) Boudinaged quartz vein resembles a porphyroclast and 
indicates top-northeast sense of shear.  Pencil for scale.  G) Marly sandstones and slates exhibit a weak pseudo-S-C fabric that 
indicates top-northeast sense of shear.  Hammer (circled) for scale.  H) Flayed porphyroclast in which the stretched tail has been 
bent back around on itself, à la ‘fingers of Suretta’, indicating top-northeast sense of shear.  I) Distinct mineral fibers growing on 
foliation may be relict pseudomorphs after carpholite, consistent with the textures shown in Wiederkehr et al. (2008) for this struc-
tural zone.  Plunge/trend of fibers indicated, and a slight distortion has been introduced by tilting the camera upward which makes 
the illusion that the lineations are plunging to the northeast.
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Fig. 2.16.  Photographs of field relationships at Site 5, Upper Duvin, in the Bündnerschiefer above Duvin.  A) Approximately 
100-m-tall cliff exposure of phyllitic Bündnerschiefer exhibiting regular S1 foliation that dips southeast (away from the camera) 
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S1 foliation dipping 50°SE in typical Bündnerschiefer for this area. Sawn logs 20-25 cm in diameter for scale.  C) Rare layer of 
higher strain in which quartz veins are foliation-parallel and slightly boudinaged but otherwise exhibit no preferred top-direction 
or kinematic asymmetry. Pencil for scale.  
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Fig. 2.17. Field photos of Site 6, Luven, <1 km southeast of the town of Luven.  A)  Pseudo-S-C fabric in dark metapelitic rocks 
of the Coroi Series of the Scopi Zone.  Pseudo-S-C fabric indicates top-NW motion.  Hammer (circled) for scale.  B) Distinctively 
dark grey to black metapelites of the Coroi Series.  Intense shearing of quartz veins in discrete mylonitic layers shows top-right 
motion to ~N20W.  Pencil for scale.
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kilometers north-northwest of Pitasch.  The rocks here are uniformly dark grey to black, thin-bedded, 
fine-grained sandstone and siltstone with incipient slaty cleavage and belong to the Coroi Series, part of 
the Scopi zone in the footwall of the Peidener imbricate fault zone.  The stretching and thinning of quartz 
veins along proto-mylonitic horizons (Fig. 2.17 B) is very well developed, probably the best observed at 
any of the sites in this study.

2.3.1.2.  Site 7, Trimmis, local geology

A second transect at the bottom of the Pennine zone was completed at “Site 7, Trimmis,” (Figs. 2.2, 
2.18) adjacent to the town of Trimmis in the Chur Rhein Valley, approximately five kilometers north-
northeast of Chur, on the paved road that leads eastward from Trimmis up the mountain to Says.  The 
roadcuts along the Trimmis-Says road are outstanding for detailed study of the mesoscopic rock fabrics.  
In contrast to the higher (epizonal) metamorphic grade of the Bündnerschiefer in Val Lumnezia, Bünd-
nerschiefer at Trimmis is very low grade (anchizonal) and can still be subdivided at the formation level 
(Nänny, 1948; Thum and Nabholz, 1972).  According to the 1:25,000-scale geologic map (Schiers, no. 
1176; Nänny, 1948) and Pantic and Isler (1978), on the outskirts of Trimmis and north from there, but 
not exposed along our traverse on the Trimmis-Says road, the lowest Klus Formation crop out, which is 
Lower Cretaceous (Hauterivian) in age.  Overlying this, and representing the principal unit of our struc-
tural study for this transect, is the Valzeina formation, which is also Lower Cretaceous (Aptian-Albian) 
in age.  Although no structural measurements were taken in formations above the Valzeina, the forma-
tions succeeding  upward that comprise the main body of Bündnerschiefer in the Grava nappe include: 
Sassauna (Albian-Cenomanian), Pfäffigrat (Turonian), Fadura (Coniacian), Gyrenspitze (Campanian-
Maastrichtian), Eggberg (Maastrichtian), Oberälpli (Paleocene), and finally Ruchberg (Lower Eocene, 
Yprésian) formations, for a total preserved structural thickness approaching 3800 meters (Nänny, 1948, 
his Fig. 1).   According to the nomenclature of R. Trümpy (e.g., Trümpy, 1960), the seven Cretaceous 
formations may be considered “pre-flysch”, while the two Paleogene formations should be called “flysch” 
s.s.  The Valzeina Formation, where the structural measurements were made, comprises grey and brown 
medium- to fine-grained sandstones, siltstones, and marls cut by common foliation-parallel quartz-calcite 
veins up to about 20 cm thick.  Deformation is pervasive enough that original S0 bedding is Deformation 
is pervasive enough that original S0 bedding is generally transposed into a strong S1 foliation.

The compilation of cooling ages presented in Chapter 1 shows that zircon fission track ages in the 
core of the Grava nappe change from Upper Oligocene (c. 24 Ma) toward the south to Paleocene and 
Upper Cretaceous (>60 Ma) to the north, at the latitude of the middle of the Prättigau (northern) half-
window, which is essentially at the location of the Trimmis transect.  Our ZHe age at the bottom of the 
nappe at Trimmis is 6.6 Ma, the youngest ZHe age recorded in our database, and is similar to ZHe ages 
at deepest structural levels in the Helvetic zone of the Calanda Range a few kilometers to the west of 
Trimmis.  These ages presumably reflect the northernmost effects of the rise of the external massifs, here 
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Fig. 2.18.  Field photos of Site 7, Trimmis, along the lower half of the Trimmis-Says road.  A) Typical-looking outcrop of Valzeina 
Series Bündnerschiefer.  Height of cut ~4 m.  B) Location of Weh and Froitzheim (2001) D4 fabric (box labeled ‘WF’ shows the lo-
cation of their Fig. 8b).  The supposed D4 fabric is merely a parasitic fold in the overall D3 mylonite regime and is not an important 
later phase of deformation.  Hammer (circled) for scale. C) Quartz (white)-calcite (brownish) vein porphyroclasts indicate top-north 
sense of shear.  Hammer for scale.  D) Pseudo-S-C fabric in which the plane of flattening (S) is the main body of the thick quartz 
vein, and the plane of shear (C) is the basal truncation at the bottom of the vein.  Asymmetry indicates top-north sense of shear.  
Pencil (circled) for scale.  E) A second example of S-C fabric in the same roadcut a few tens of meters from D indicates top-north 
displacement.  Box labeled ‘F’ shows location of photo F.  Hammer for scale.  F) Stretching brittle failure in thin slatey bed is filled 
with quartz-calcite veinlets that have, themselves, been decapitated.  G) S-C porphyroclast indicates top-northwest sense of shear.  
Hammer for scale.  H) Small fault-bend fold exhibiting north vergence.  Pencil for scale.  I) Medium-grained sandstone layer with 
strong planar fabric may be a protomylonite.  ZHe age for this sample was the youngest measured anywhere in this study at 6.6 Ma 
(see data table in Appendix 2.3; Fig. 2.2; Chapter 1).  
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superimposed on rocks on either side of the Pennine-Helvetic boundary.  In sum, however, at higher struc-
tural levels in the Grava nappe, thermochronologic data suggest that the northern Bündnerschiefer at, and 
north of, Trimmis never became hot enough to reset ZFT ages, but was hot enough to keep open the ZHe 
system, and therefore these rocks did not exceed anchimetamorphic grade (c. 200-250°C) at any point 
during the Alpine orogeny.

2.3.2 Mesoscopic structural data at the bottom of the Pennine zone

2.3.2.1. Sites 4, 5, and 6 Pitasch-Duvin-Luven (Peidener imbricate fault zone), mesoscopic structural data

At Site 4, Pitasch-Duvin, structural fabric in the Stgir series in the Peidener imbricate fault zone, 
which is in the footwall of the Penninic basal thrust fault (Figs. 2.14, 2.15, 2.19), is characterized by 
a very regular S2 foliation that has a contour-maximum attitude striking east, dipping 29° south.  Two 
generations of folds were measured, an early generation with axial planes that were approximately 
concordant to S2 foliation (striking ENE, dipping 21° SE), and a later generation of upright folds that 
have fold axis attitudes that strike east-west and dip steeply south.  A very regular penetrative lineation 
was observed, the mean vector of which plunges 27° to the south-southwest indicating elongation in that 
direction.  Quartz-calcite veins cut the low-angle foliation with a mean strike of ESE and dip of 81°SW.  
Several late, high-angle faults strike northwest and dip variably northeast between about 35 and 70°.  
Kinematic analysis of slickenfibers growing on these faults indicate a high-angle shortening (P) axis and a 
low-angle NNE-directed extension (T) axis, the latter of which is generally parallel to the elongation axis 
indicated by the mean penetrative lineation.  

Unlike the rock fabric described at the top of the Pennine zone near Savognin, here at the bottom 
of the Pennine zone, the rock fabric has a regular mesoscopic pseudo-S-C geometry that is plotted sepa-
rately from other mesoscopic structural features.  “S-C” is a term used for the strongly asymmetric fabric 
commonly observed in mylonites in, e.g., metamorphic core complexes of the U.S. Cordillera (Lister 
and Davis, 1989) and Cyclades, Greece (Lecomte et al., 2010).  The rock fabric observed in the Peidener 
imbricate fault zone metasedimentary rocks is not a true mylonite, yet it shares the characteristic with 
true mylonites of having a regular plane of flattening (S, for schistocité) which is cut at somewhat regular 
intervals by parallel planes of shear (C, for cisaillement) which originate from and then bend back into 
foliation.  Whereas in a true mylonite the C-planes come and go on a millimeter- to centimeter-scale, 
in the Peidener imbricate fault zone, C-planes come and go on the meter to decameter scale (Fig. 2.20).  
Platt and Vissers (1980) describe this fabric as “extensional crenulation cleavage” which tends to develop 
in sheared pelitic rocks, such as those observed here in the Peidener imbricate fault zone.  Thus, in the 
field, foliation planes that were adjacent to or associated with mesoscopic faults that behaved like C or 
C’ planes were assigned a different designation than typical S2 foliation.  Even so, once plotted on the 
stereonet, it is clear that the average S-plane, which is oriented 107/33, is almost identical to the ‘typical’ 
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in Val Lumnezia.  Label at top-left corner of stereogram indicates general category of data plotted; number of data shown in legend 
at bottom of each stereogram.
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Fig. 2.20.  Schematic diagram of mesoscopic S-C fabric observed at Peidener imbricate fault zone (Site 4).  Scale bar is for illustra-
tive purposes and indicates that the dimensions of mesoscopic C-planes can be fully resolved in larger roadcuts and outcrops.  Bold 
arrows indicate shortening and extensional strain directions responsible for this configuration of structures.

S2 foliation (101/29) which may have no association with an obvious C-plane.  C-planes have a contour-
maximum attitude of 034/20.  If we assume that S-planes represent planes of flattening (e.g., XY plane of 
the finite strain ellipsoid) as they do in S-C mylonites, and the pole-to-S represents the principal shorten-
ing direction, then shear accommodated by C-planes has an oblique sinistral-normal, top-northeast sense 
of slip, which is consistent with the penetrative stretching lineation and T-axis extension direction mod-
eled for brittle faults.

At Site 5, Upper Duvin, in the Bündnerschiefer approximately 400 m structurally above the basal 
Pennine thrust fault, only a very regular, southeast-dipping S1 foliation was observed (Fig. 2.16) in which 
original bedding (or nearly so) could be distinguished, particularly for sandstone beds.  Contour-maxi-
mum foliation strikes northeast and dips 31°SE (n = 11, Fig. 2.21 A).  On the Ilanz 1:25,000-scale map, 
an additional 12-15 foliation measurements are recorded, and they all have this same general attitude:  
northeast-striking, dipping 30-50° southeast in a uniform, almost homoclinal, fashion.  Mesoscopic folds 
are generally isoclinal and have very regular axial planes, the contour-maximum of which strikes north-
east, almost identical to S1 foliation, and dips 51° southeast, about 20° steeper than S1 foliation.  How-
ever, the trends of fold hinges are highly variable and subtend almost the entire great circle defined by 
the contour-maximum fold axial plane.  Nevertheless, a local contour-maximum axial hinge plunges 20° 
to the south-southwest (Fig. 2.20 B).  Given the moderate dip of the mean axial plane, and the fact that it 
does not conform to S1 foliation suggests that this set of mesoscopic folds predates the formation of the 
Lunschania and Valzeina folds (the D3 period of Wiederkehr et al., 2008) that are presumably responsible 
for the attitude of S1 foliation.  A very consistent south-southwest-trending penetrative lineation (Fig. 2.21 
C) was observed that has a contour-maximum of 13/215, essentially parallel to the contour-maximum fold 
hinge (20/210).  Most of the quartz-calcite veins (Fig. 2.21 D) are foliation parallel, but two high-angle 
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veins, which potentially form a conjugate set, suggest a shallowly-plunging west-northwest-trending 
sigma-1 responsible for their formation.  Mesoscopic brittle faults strike northeast to east-northeast and 
dip moderately southeast (Fig. 2.21 E).  Three are normal faults; one is a reverse fault; all have oblique 
motion.  Modeled kinematic axes indicate a high-angle principal shortening (P-) axis and a low-angle, 
north-trending principal extension (T-) axis for the normal faults, and essentially the opposite for the re-
verse fault.  The reverse fault was observed to be caused by a “room problem” in a meter-scale block with 
an opposing normal fault on the other side of the block, which means that the normal and reverse faults 
plotted here probably formed contemporaneously under the same dominant stress regime.  In distinct 
contrast to the fabric observed in the Peidener imbricate fault zone, no pseudo-S-C fabric was observed 
anywhere in the Bündnerschiefer above Duvin.  In addition, asymmetric sense of shear indicators were 
the most sparse of any of the seven sites that were examined in this study and indicates that flattening was 
the dominant form of deformation in the Bündnerschiefer in Val Lumnezia.

Site 6, Luven, the final segment of the Val Lumnezia transect, is located in the structurally deepest 
rocks that we studied, which are Coroi series metapelites that lie at the structural bottom (stratigraphic 
top) of the Scopi zone (Figs. 2.14, 2.17, 2.22).  A contour-maximum foliation is estimated to strike 
northeast and dip shallowly (22°) southeast, similar to that observed in the Bündnerschiefer at Site 5, 
Duvin Upper.  No folds were observed.  A single penetration lineation was measured plunging 32° to the 
southeast, a direction that differs significantly from the contour-maximum penetrative lineations observed 
in the Peidener zone and in the basal Pennine zone.  No veins were measured, and no brittle faults were 
observed.  Pseudo-S-C fabric was observed in one location (Fig. 2.17 A), and if we assume that the mean-
S-plane is the plane of flattening, then the C-planes have an oblique dextral-normal sense of slip, top-
northwest (Fig. 2.22 F).  Impressive thinning of sheared quartz veins (Fig. 2.17 B) indicate the formation 
of proto-mylonitic horizons at certain structural levels of the Scopi zone.  However, this fabric was only 
locally observed at Site 7, Luven. 

2.3.2.2. Site 7, Trimmis, mesocopic structural data

The second transect at the base of the Pennine zone in the Grava nappe exposed at Trimmis, a few 
kilometers northeast of Chur (Fig. 2.2).  This location was studied by Weh (1998) and Weh and Froit-
zheim (2001), who report (i.e., their Figs. 8a and 8b) that the fabric in the Bündnerschiefer here con-
sistently indicates top-north sense of shear.  We examined the Valzeina series in the lower ca. 500 m of 
the Grava nappe.  At this location the structural thickness of the Valzeina Series is not known precisely 
because the base of the unit is covered by gravels of the Rhein river, but a minimum structural thickness is 
approximately 600 m at this location.  The majority of measurements were made in the lowest ~100 m of 
the exposed Valzeina formation, but a few measurements (n<10) were also made higher on the Trimmis-
Says road (near village of Valtanna) about 300 m above the base of the exposed unit, and they are plotted 
on stereonets as “lower” and “upper”, respectively.  
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Much of the structural fabric that we observed is a protomylonite in which asymmetrical “top-

direction” indicators are generally able to be identified.  A regular S2-protomylonitic foliation strikes 
northeast and dips moderately to the southeast (045/42).  Higher in the Valzeina formaiton (at the small 
town of Valtanna) the attitude is 032/40, which may indicate a slight counterclockwise rotation of the 
foliation moving up structural section (Fig. 2.23 A).  The attitude of foliation at Trimmis is similar to that 
observed Bündnerschiefer at Site 5, Upper Duvin, in Val Lumnezia (cf. Fig. 2.21 A).  The attitude of the 
mean fold axial plane is 041/62, which dips a little more steeply than S2 foliation.  Penetrative lineations 
were not widely observed, and the ones we measured scatter considerably on the stereonet between 110° 
and 220°plunging shallowly to moderately.   Veins observed at Trimmis are exclusively quartz-calcite in 
composition, many of which are concordant with S2 foliation and therefore are not plotted on the “Veins” 
stereonet (Fig. 2.23 D).  Two dominant sets of late extensional veins, which cross cut foliation, are identi-
fied.  One principal set strikes approximately east-west and dips moderately north and south and implies 
a high-angle sigma-1.  The second (dashed on Fig. 2.23 D) set strikes northwest and west-northwest and 
indicates a shallowly-plunging, NW-directed sigma-1.  Through-going mesoscopic brittle faults strike 
almost exclusively northeast and dip moderately southeast.  Kinematic models of slip fibers indicate a 
high-angle principal shortening (P-) axis and a low-angle north-directed principal extension (T-) axis (Fig.
2.23 E).  Similar to the fabric observed at Site 4, Pitasch-Duvin, in Val Lumnezia, a pseudo-S-C fabric 
was observed at Trimmis (Fig. 2.23 F).  S-planes are oriented 057/51, which is both a little steeper than 
and slightly rotated in a clockwise fashion (about a vertical axis) compared to the general S2-foliation at 
Trimmis (cf. Fig. 2.23 A).  C-planes are oriented 027/24, dipping a little more shallowly and rotated coun-
terclockwise (about a vertical axis) compared to the brittle normal fault set at Trimmis (cf. Fig. 2.23 E).  
If we assume that the S-plane represents a plane of pure flattening, then the C-plane indicates sinistral-
oblique motion to almost due-north.  Note that the dihedral angle between S- and C-planes at Site 7, Trim-
mis, is much smaller than the same angle measured in at Site 4, Pitasch-Duvin, in Val Lumnezia (compare 
Figs. 2.19 F, 2.23 F).

2.3.3. Summary of field observations and structural measurements, bottom of the Pennine 
zone

A summary of the key kinematic indicators as described in sections 2.2.3. and 2.3.3. for both the 
top and bottom of the Pennine zone, respectively, is shown in Fig. 2.24.

At the top of the Pennine zone, sites 1 and 2 (Ziteil and Savognin, respectively) share several com-
monalities in their mesostructural character, but there is a strong change in mesostructure crossing from 
site 2 (Savognin) up into the Austroalpine domain at site 3 (Mitgel).  Likewise, at the bottom of the Pen-
nine zone, there is a well defined contrast in the orientations of structural fabric in the Peidener imbricate 
fault zone (site 4) compared to higher Pennine (Bündnerschiefer, site 5) and lower Helvetic s.l. (Coroi 
series, site 6) structural levels.  Foliation in the Val Lumnezia Bündnerschiefer at the base of the Grava 
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nappe (site 5) is quite uniform, and generally of a single generation (S1), whose attitude (054/31) matches 
the general attitude (048/22) of S2 foliation in the Coroi series in the Scopi zone (site 6), which in turn 
is also similar to the attitude (045/42) of Valzeina Formation Bündnerschiefer at Trimmis (site 7).  In 
contrast, the strike of foliation (101/29) in the Stgir series of the Peidener imbricate fault zone, is oriented 
approximately 50° clockwise relative to the Bündnerschiefer above and the Coroi series below, which 
indicates that the strain manifest in foliation development is not homogeneous moving from the Pennine 
zone down into the Sub-Penninic nappes. 

Pseudo-S-C fabric or ‘extensional crenulation cleavage’ is variably developed at the base of the 
Pennine zone.  In Val Lumenzia, it is found at the Sub-Penninic structural level, i.e., Peidener imbricate 
fault zone or Scopi zone, but not at all in the Lumnezia Bündnerschiefer.  In contrast, at Trimmis, pseudo-
S-C fabric is observed in the lower Bündnerschiefer to the top of the structural section that we measured, 
which is several hundred meters above the basal Penninic thrust fault.  

Top-direction for pseudo-S-C fabric also varies according to location (Fig. 2.24, black arrows).  In 
Val Lumnezia, the Peidener zone exhibits oblique sinistral-reverse, top-northeast sense of slip on C-
planes, whereas the Scopi zone (Coroi series) exhibits oblique dextral-reverse, top-northwest sense of slip 
on C-planes.  In this case, top-directions differ by approximately 60°, which indicates a divergence in slip 
direction between the Peidener and Scopi zones.  This divergence may be the result of the Grava nappe 
being faulted in a left-lateral sense past (to the north of) the Gotthard massif.  At Trimmis, the Bündner-
schiefer exhibits oblique sinistral-reverse, top-due-north sense of slip on C-planes.  

Pseudo-S-C fabrics tend to align with other kinematic indicators in the same zone, such as stretch-
ing direction (elongation; Fig. 2.24 red arrows), brittle fault slip-sense, and the brittle fault principal 
extension (T-axis) direction.  In every case but the Lumnezia Bündnerschiefer (which has a weakly-devel-
oped, non-uniform penetrative lineation but no extensional crenulation cleavage development), penetra-
tive stretching lineations parallel the top-direction indicated by the pseudo-S-C fabric but plunge in the 
direction opposite transport, indicative of thrust faulting. 

Structural fabric at Trimmis is very regular and predictable, and almost every kinematic indica-
tor we observed, including all of the pseudo-S-C fabric, indicates a top-north sense of shear.  Folds were 
almost exclusively recumbent and generally parallel to either the general S2 foliation or, where a pseudo-
S-C fabric developed, local S-planes.  Except for what appears to be a singular, parasitic fold that does not 
appear to represent a pervasive fabric, our results agree with the structural analysis of the Trimmis area 
presented in Weh (1998) and Weh and Froitzheim (2001).

2.4.  Discussion

2.4.1. Martegnas Shear Zone  

The Martegnas shear zone has been likened to a mélange because its lithostratigraphic and struc-
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tural relationships are not readily evident, even though from the perspective of mesostructural analysis 
the zone is internally rather coherent.  Previous workers (Streiff, 1962; Streiff et al., 1976; Ziegler, 1956; 
Staub, 1958, Dietrich, 1969, Eiermann, 1988) all suggest that the Martegnas shear zone consists vari-
ously of (1) fragments of Platta nappe s.s., (2) Mesozoic carbonate and siliciclastic rocks (essentially 
Bündnerschiefer), and (3) North Penninic “Parsonzer” flysch.  Eiermann (1988) describes a total of 24 
different, discontinuous lithologies in the zone and puts question marks next to several of them in terms of 
assigning them an age and/or greater tectonic significance because they are structurally isolated from their 
source, and even finding fossil evidence to confirm the presence of North Penninic flysch was a challenge. 

 We find that previous mapping efforts and the current Swisstopo geological compilation (https://
map.geo.admin.ch) have not been sufficiently detailed to capture the complexity of the Martegnas shear 
zone, in part because the orientations of linear elements and asymmetric fabrics have not been taken 
into account.  For example, on the current 1:25,000-scale Swiss map (Andeer sheet, Streiff et al., 1971) 
several foliation attitudes plotted on the map show a series of eastward-plunging antiforms and synforms, 
and Streiff et al. (1971) make the explicit point that Piz Toissa has been preserved because it occurs in the 
trough of one of these synforms, a hypothesis that cannot be fully tested since there are no other Toissa-
like klippe in the area.  One of the locations where Streiff et al. (1971) indicate a foliation measurement is 
the “shark fin” shown in Fig. 2.4 B.  This element is a plunging facoidal mass of greenstone, and thus is 
a linear rather than planar tectonic element that cannot be used to define a fold system.  Our observations 
suggest that foliation is penetratively bi-modal (and therefore does not define dip domains or eastward-
plunging cylindrical folds), and is, in part, overprinted by a strong stretching lineation (Fig. 2.4 F, G).   
Assigning most of the Martegnas shear zone to a “Platta s.l.” lithotectonic unit is somewhat misleading 
because the rocks are predominantly either Bündnerschiefer or North Penninic flysch with volumetrically 
minor fragments of Platta s.s. whose current structural forms result from Alpine strain.

 We interpret the SE-trending lineation defined by prolate objects (such as the spilite masses on 
Piz Curvér) to have formed during a period of top-east to top-southeast extension, parallel to and pos-
sibly contemporaneous with the D2 deformation phase of Weh and Froitzheim (2001).  Owing to tectonic 
thinning across the Martegnas shear zone, Norian Hauptdolomite of Piz Toissa lies directly on fragments 
of Platta and North Penninic flysch.  Thus the entirety of the Err nappe and most of the main Platta nappe 
(at least 2 km of structural section), which are present above the shear zone immediately to the south, has 
been structurally omitted by faulting.  We interpret the faulting to have occurred after the North Penninic 
flysch was transported into its present (southerly) position, because it is preserved beneath the thicker 
structural section to the south.

  We suggest that the structural omission of the Err-Platta structural section at Piz Curvér is re-
corded by the c. 27 Ma ZHe  cooling age in North Penninic flysch near Savognin and two c. 24 Ma ZHe 
cooling ages in underlying Bündnerschiefer on Piz Curvér and in Rofna porphyry at Alp Taspegn (Fig. 
2.3)..  The fact that the Piz Curvér and Alp Taspegn ZHe ages are essentially the same suggests that most 
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of the displacement on the basal fault of the Martegnas shear zone, which separates the Suretta nappe 
from the Curvér Series NPF and Platta s.l., occurred prior to c. 24 Ma.  The Martegnas shear zone is thus 
interpreted to be an important Alpine-stage shear zone with mélange-like lithostratigraphic character that 
was active before and during mid-Oligocene time. 

2.4.2. Implications for the nature of the Austroalpine-Pennine contact  

Argon and helium thermochronometry (see Chapter 1, Price et al., in review) indicate that a gap in 
time exists for the same mineral systems (with closure temperatures of 180°C or greater) on either side 
of the Austroalpine fault, which requires a period of normal-fault exhumation along the contact to have 
occurred in order to juxtapose relatively hot Pennine rocks against the base of the relatively cold Austroal-
pine allochthon.  Eiermann (1988) and Weh (1998) have suggested that there may be as much as 68 km of 
top-S-directed shear (“back thrusting”) along the base of the Austroalpine allochthon in order to move a 
large fragment of North Penninic flysch from its original northerly location in the Prättigau half-window 
to its current southerly location (Piz Arblatsch and environs) over the top of middle Penninic Schams 
nappe.  The Martegnas shear zone would ostensibly function as the structural zone accommodating top-
south shear.  To support Eiermann’s (1988) and Weh’s (1998) hypothesis, we should expect to find south-
erly vergence in both the Martegnas shear zone and within the overlying coherent NPF unit.  Although we 
found only scant evidence for purely top-south motion, we found ample evidence for top-east-northeast to 
top-south-southeast in both the Martegnas shear zone and in the overlying NPF unit at Savognin.  To-
gether, these structures could have accommodated some, although perhaps not all, of the displacement 
required to place the NPF into its current southerly position.  Such displacement may have continued in 
the purely brittle regime along the base of the Austroalpine allochthon and therefore not be reflected in the 
mesostructure of the Martegnas shear zone.  Alternatively, the structural overlap of the NPF backthrust to 
the south over the Schams nappe may reflect only the southerly component of a net-southeast displace-
ment.  Assuming a total north-south structural overlap of 68 km and top-SE (135) motion, the minimum 
displacement of Penninic units relative to the Austroalpine allochthon would be 96 km.  In any case, our 
study clearly reinforces the hypothesis that the present juxtaposition of the Austroalpine allochthon and 
Pennine zone occurred via top-east to -southeast normal motion (in modern day coordinates), and not 
in via top-north thrust motion as implied by traditional thrust fault models for the Alps (Schmid et al., 
1996A).  

2.4.3. Implications for the basal Pennine thrust and its relationship to the Gotthard “massif”  

In contrast to the top of the Pennine zone, the base exhibits much more evidence for shearing in 
a top-north sense, which is particularly evident in the lower Bündnerschiefer at Trimmis and, to a lesser 
extent, in the Scopi allochthonous cover of the Gotthard “massif”, which is oriented northwesterly.  The 
unexpected finding at the bottom of the zone is the movement indicated by the Peidener imbricate fault 
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Fig. 2.25.  Schematic N-S cross section through the Central 
Alps illustrating the general behavior of the Pennine zone ac-
cording to the structural fabrics observed in this study.  Circle-X 
indicates vector moving away from the plane of view.  

zone, which is strongly suggested to be top-
northeast from the ubiquitous pseudo-S-C fabric 
present in the zone.  The fact that Peidener 
lithologic units originate from the Scopi zone 
and that they moved in a northeasterly transport 
direction both indicate that Gotthard cover rocks 
deformed in the relatively thin (<100 meters 
thick) Peidener imbricate fault zone acted as 
a major tectonic cushion akin to a “jelly sand-
wich” between the Penninic Grava nappe and 
the Gotthard crystalline basement and facilitated 
the uplift of the Gotthard by stripping Sub-Penninic Gotthard cover rocks off the top of the Gotthard 
“massif” in a top-northeast oblique-sinistral sense of shear.  This fault movement likely occurred after the 
top of the Pennine zone became “locked” against the Austroalpine ‘lid’ at ca. 29-18 Ma. The very young, 
ca. 12-8 Ma, ZHe ages in the bottom of the Pennine zone are consistent with late cooling from the Lep-
ontine dome thermal overprint (Weiderkehr et al., 2008; Janots et al., 2009) and is penecontemporaneous 
with the late uplift of the Aar massif (Aramowicz, 2008).  The “jelly sandwich” deformation occurred at a 
relatively shallow mid-crustal level given that the Peidener imbricate fault zone exhibits some brittle and 
some ductile deformation.

The presence of well-developed pseudo-S-C fabric at the Bündnerschiefer at Trimmis and the 
absence of that fabric in Lumnezia Bündnerschiefer at approximately the same structural level suggests 
that deformation is not homogeneous along the bottom of the Pennine zone.  This could potentially be the 
product of a thermal overprint from proximity to the Lepontine dome erasing the evidence for pseudo-
S-C in Lumnezia Bündnerschiefer, but it is likely not the product of overprinting by a later axial-plane 
foliation associated with the formation of the Valzeina synform and Lunschania antiform.  Moreover, the 
change in this type of fabric in the Bündnerschiefer supports that claim of Weh and Froitzheim (2001) that 
the basal Penninic thrust may, in fact, not be the same structure all along its length as has historically been 
regarded to be the case.

To first-order, the Pennine zone acted as a buoyancy-driven “piston,” “extrusion wedge,” or “mega-
pip” (i.e., Fig. 4 B in Wheeler et al., 2001; cf. Fig. 8 C in Schmid et al., 1996 A and Fig. 1 B in Herwartz 
et al., 2011; Fig. 2.25), active during the middle Eocene to early Miocene (Price et al., in review; Chapter 
1) that overrode the European plate at its base via top-north thrust faulting as evidenced by Bündner-
schiefer at Trimmis but, at its top, was dragged out from underneath the Austroalpine allochthon via top-
east to -southeast normal or oblique-normal faulting as evidenced by the fabrics on the Martegnas shear 
zone.  Local second-order structures, as evidenced by the Peidener and Scopi zones, reveal additional 
details about the movement along the base of the Pennine zone.  The first-order ‘mega-pip’ morphology 
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formed during exhumation can explain many of the enigmatic features found at the top of the Pennine 
zone, including the southerly position of the North Penninic flysch, the south vergence of the Schams 
nappe (viz. the Schams “dilemma”) and the famously “backfolded” fingers of Suretta.  Although it is clear 
that the Penninic units were subducted southward beneath that Austroalpine to great depth in a top-north 
sense of shear, the final juxtaposition of (ultra)high-pressure, young-cooling-age Penninic rocks against 
low-pressure, old-cooling-age Austroalpine rocks, as presently exposed, did not occur solely via top-north 
thrust faulting (Schmid et al, 1996A).

2.4.4. Implications for mechanistic hypotheses as applied to the Alps:  orogenic collapse, 
tectonic mode switching, buoyancy, and critical taper theory  

We suggest that the main phase of mountain building in the Alps, viz. the development of thick 
crust, high topography, most thrust and nappe structure, and the flexurally depressed cratonic basins, was 
driven by buoyancy forces, originating at depths of 30 to 90 km in the upper mantle, that inserted the ca. 
20-km-thick Pennine zone, en masse, between the Austroalpine allochthon and the European margin in 
latest Eocene through early Miocene time, or about 33 to 18 Ma (Chapter 1).  This hypothesis, if correct, 
has significant implications for basic concepts of mountain building (e.g. Chemenda et al., 1995).  As 
noted in the Introduction, a persistent theme in the tectonics literature is that contractile tectonics in oro-
gens is a direct expression of plate convergence, and is generally aligned with the overall relative motion 
vector of the colliding plates.  Many authors have suggested that once substantial shortening and crustal 
thickening has occurred, crustal extension, possibly unaligned with the overall plate motion vector, may 
overprint the shortened crust (e.g, Dewey, 1988 and references therein).  It has also long been recognized 
that extension is required as part of the process to exhume high-pressure metamorphic rocks, which origi-
nate at depths well beyond the reach of erosion, requiring crustal-scale normal faulting of the overriding 
plate, perhaps as a response to tectonic underplating and thickening of the deep crust  (e.g., Fig. 8 in Platt, 
1986).  In contrast, the conclusion drawn here, and from the thermochronologic data presented in Price et 
al. (in review, Chapter 1), is that large-scale normal faulting accommodated crustal thickening, rather than 
mitigating it, and occurred coevally with thickening.  The relatively rapid onset of emplacement of the 
Pennine zone between the Austroalpine domain and the European margin was thus the proximate cause of 
Alpine topography, and hence sedimentation into both the foreland (Molasse) and hinterland (Lombardi) 
basins began at ca. 32 Ma.  Prior to this time, there existed neither the accommodation space nor the topo-
graphic highlands to construct the foreland and hinterland basins, even though Europe and Apulia were 
essentially in their present-day relative positions.  Since that time, we suggest that northward or westward 
motion between Apulia and Europe may have been relatively small, or perhaps southward and eastward, 
raising the question of what fraction, if any, of Oligocene and younger thrust and nappe structure in the 
external and foreland fold-thrust belts (Helvetic nappes, external massifs, and Jura Mountains) is an ex-
pression of convergence between Apulia and Europe (Fig. 2.1 F and G).  Could, instead, the exhumation 
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of the Pennine zone be responsible for these external features?

 Lister and Forster (2009) recognized that many orogenic belts exhibit a “push-pull” or “pull-push” 
series of deformation phases, termed “tectonic mode switching,” that explain many of the overprinting 
deformation textures found in orogenic belts worldwide.  However, Lister and Forster (2009, p. 284) did 
not favor Chemenda-type buoyancy models as an exhumation mechanism over slab rollback to provide 
the “pull,” whereby the overriding plate is in a state of pure extension.  We recognize that elements of this 
model may well apply to the mid-Tertiary history of the Alps, particularly during the early exhumation 
history of Penninic rocks (Beltrando et al., 2010).  A difficulty with this hypothesis as a general mecha-
nism for exhumation as applied to the Alps is that the overriding Austroalpine plate, which provided the 
“lid” against which top-southeast motion of Penninic rocks occurred, nearly abuts the Molasse basin 
along the north flank of the range, which serves as a ‘pin’ that anchors the allochthon to Europe during 
emplacement of the Pennine mass.  The important high pressure mineral carpholite in the Bündnerschiefer 
is absent north of Chur, and at this same approximate north-latitude, kinematic indicators along the base 
of the Austroalpine allochthon change from top-east or -southeast to top-north, which indicates that North 
Penninic Bündnerschiefer north of Chur never traveled very far down the failed subduction zone.  

We recognize that the Austroalpine allochthon and South Alpine belt are cut by significant Miocene 
and younger strike-slip and normal faults (e.g. Campani et al., 2011; Müller et al., 2001; Mancktelow et 
al., 2001).  But in the Central Alps such faults tend to be limited in trace-length and overall throw to 100s 
of meters, not kilometers (e.g., the normal fault shown in Fig. 2.7 A on Piz Mitgel), and cannot be respon-
sible for signficant exhumation of (U)HP rocks (e.g., Fig. 8 in Platt, 1986).  Thus, there is little kinematic 
evidence that the Austroalpine allochthon was displaced southward relative to Europe, akin to the distend-
ed hanging wall of a Cordilleran-type metamorphic core complex, or well-documented orogen-parallel 
normal faults in the eastern and western Alps such as the Brenner and Simplon faults, which were active 
after emplacement of the Pennine zone.  

The influential critical taper theory (Dahlen et al., 1990, and references therein), as applied to the 
Alps, is predicated on the hypothesis that the crust was thickened into an ‘orogenic wedge,’ where Apulia 
functioned as a great bulldozer that off-scraped the Pennine zone from the downgoing slab along a major 
décollement , forming a crustal-scale duplex structure akin to those observed at much smaller scale in 
foreland fold-thrust belts (e.g., Schmid et al., 2004).  During buildup of the wedge, accretion of succes-
sive thrust slices propagated from south to north, from the internal Penninic hinterland into the external 
Helvetic zone and, eventually, into the cratonic Aar massif and Subalpine Molasse. In this model, the 
entire nappe stack forms by imbricate thrust faulting as a direct expression of plate convergence (Fig. 2.1 
A to D).  The simple existence of (U)HP rocks in the Adula nappe and Bündenscheifer are not compatible 
with critical taper theory.  The Apulian “backstop” could not have accreted this material because Apulia, 
even during the Eocene and Oligocene, was a relatively thin plate, possibly <10 km and almost certainly 
< 30 km thick during nappe stacking (Schmid et al., 2004; Mohn et al., 2012; Chapter 1), far too thin to 
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have bulldozed up 2 to 3 GPa rocks.  In addition, much of the kinematic movement in the Pennine zone 
and lower Austroalpine allochthon is directed E-W to SE-NW, and of normal sense displacement (Ring 
et al., 1988; Ring et al., 1989; Nievergelt et al., 1996; Weh and Froizheim, 2001; Beltrando et al., 2008; 
Beltrando et al., 2010; this study), and therefore it is difficult to reconcile the Alpine system with the basic 
premises of critical taper theory.  

Notwithstanding these difficulties, the contrast in orogenic dynamics between Chemenda-type 
buoyancy models and critical taper theory is stark.  In critical taper theory, the source of energy that drives 
thrusting of the wedge comes from a combination of the bulldozer’s ‘motor’ (the negative buoyancy of 
the downgoing slab that drives convergence, perhaps aided by the positive buoyancy of the mid-ocean 
ridge on the trailing edge of the plate), and the gravitational potential generated by topography at the top 
of the wedge, which progressively ‘collapses’ downward according to some critical topographic slope and 
basal friction.  In buoyancy models, the energy for mountain building is derived from the positive buoy-
ancy of the subducted crust, which provides the “push” for nappe emplacement and crustal thickening.  In 
this case, plate motion and topography  matter very little, except as a precondition and end result, respec-
tively. 
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3.1.  Abstract

 Nine distinct carbonate phases from the Bonanza Cu-(Ag) mine, Kennecott, Alaska, com-
prising pre-, syn-, and postmineral calcite (n= 65) and premineral dolomite (n=23) were measured 
using the clumped isotope thermometer.  The motivation for the study was: (1) to put carbonate 
phases of uncertain paragenetic position into their thermal context, (2) to compare the tempera-
tures of the carbonate phases in known paragenetic positions to theoretical sulfide stabilities, (3) 
to document time-temperature changes during the evolution of the mineralizing system, and (4) to 
test previously proposed genetic models for the deposits.

The total range for carbonate temperatures spans 35-180°C, although temperatures above 
~140°C are considered suspect.  Premineral calcite phases are relatively cool (43-57°C), whereas 
premineral dolomite phases are hot (91-180°C); synmineral calcite phases are relatively warm 
(58-139°C); late postmineral phases are the most cool (35-67°C) but overlap premineral and the 
coldest of the synmineral calcite phases.  Zebra dolomite precipitated in the range 92-180°C with 
a median value of 119°C.  Dedolomite, a hallmark alteration feature of the mineralizing fluids, 
falls into a narrow range of 93-105°C, consistent with the stability field for the low-temperature 
chalcocite polymorph and on the edge of stability for djurleite.  

Calculated compositions for δ18Owater vary from -17.8 to +6.1‰, and the median for the 
entire dataset is -0.8‰.  The most depleted, similar to meteoric, water precipitated late calcite, 
whereas the most enriched water was associated with both synmineral calcite veins and recrys-
tallized limestone wallrock adjacent to the orebody.  Synmineral calcite fluids vary from -2.0 to 
6.1‰ δ18Owater.

Intriguingly, rhymthic layering in zebra dolomite can be resolved in D47 space, and pre-

Chapter III  

Determining crystallization temperatures and paleowater isotopic composi-

tions for the carbonate phases at Kennecott, Alaska:  A first application of 

clumped isotopes to an ore deposit
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liminary data indicate that some of the coarser-grained baroque dolomite ‘stripes’ precipitated at 
temperatures up to c. 10°C cooler than the surrounding, finer-grained dolomite wallrock but other 
‘stripes’ may have precipitated at temperatures greater than the wallrock.  

The calculated values of δ18Owater support a genetic model that invokes redox changes asso-
ciated with fluid mixing as the likely mechanism responsible for copper deposition.  In this model 
a sulfidic, basinal fluid having δ18O similar to seawater mixes with a cuprous fluid having heavier 
δ18O (5-8‰) which was derived from the Nikolai Greenstone during prehnite-pumpellyite-facies 
metamorphism.

3.2. Geologic Introduction

The Kennecott Cu-(Ag) deposits in eastern Alaska (Fig. 1) are heralded for their extremely 
high grade and unusual upward-tapering vein morphology (Bateman and McLaughlin, 1920; 
MacKevett et al., 1997; Price et al., 2014).  The deposits occur in the Wrangellia terrane, hosted 
by the 700-m-thick Triassic (Carnian) Chitistone Limestone within 20-40 m of its contact with 
the subjacent 3000+-m-thick Triassic (Ladinian) Nikolai Greenstone, a prehnite-pumpellyite fa-
cies metabasalt (MacKevett, 1970b, MacKevett, 1971, Schmidt and Rogers, 2007; Greene et al., 
2008).  The Chitistone Limestone is the lowest formation in a Triassic-Jurassic marine sedimen-
tary basin up to ~3600 m thick at its depocenter near Kennecott (MacKevett et al., 1997).  During 
the late Jurassic to middle Cretaceous (~150-110 Ma) the area underwent a significant orogeny 
resulting in numerous thrust faults and upright to overturned folds that are interpreted to represent 
the docking of Wrangellia against North America (MacKevett 1970b, MacKevett 1971, Trop et 
al., 2002).  

Four principal veins—Bonanza, Mother Lode, Jumbo, Erie—and numerous subsidiary 
veins were mined underground by the Kennecott Copper Corporation during the period 1911-
1938, in which nearly 1.8 billion pounds of copper and 9 million ounces of silver were produced 
(original Kennecott mine records) for an in-ground value of ~US$5B at current metal prices.  It is 
helpful to visualize the largest deposits (particularly Jumbo, Bonanza, and Mother Lode) as being 
shaped like overturned canoes with exaggerated keels.  The veins (keels) strike northeast, and 
their enlarged fault-bound bases (overturned canoes) plunge approximately 30° northeast down-
dip in the limb of an anticline, essentially parallel to the Nikolai Greenstone-Chitistone Lime-
stone contact.  The width of the basal enlargements varied from a maximum of 8 meters (Mother 
Lode) to 18 meters (Jumbo).  The down-plunge length of the keels varied from 450 meters 
(Jumbo) to 1000 meters (Mother Lode) (MacKevett et al., 1997).  The orebodies were dominated 
by the assemblage chalcocite-djurleite with djurleite (Cu1.94S) comprising some 40% of the ore 
(MacKevett et al., 1997).  In addition, volumetrically-minor assemblages of chalcopyrite-bornite-
covellite-luzonite, digenite-spionkopite-yarrowite, malachite-azurite and cuprite were present 
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Fig. 3.1:  A) Location map, B) outcrop view, and C) schematic illustration of the carbonate phases colored according to 
their paragenetic position with respect to the copper orebodies at Kennecott, Alaska.  Dashed outline in ‘B’ indicates the 
surface trace of concentrated baroque dolomitization at Bonanza mine.  Small black circle indicates a geologist (seated) 
for scale. 

(Bateman and McLaughlin, 1920; MacKevett et al., 1997).  Copper sulfide stabilities indicate that 
the main-stage assemblage of chalcocite-djurelite was deposited initially near 103.5°C (inversion 
temperature from hexagonal ‘high’ to pseudo-orthorhombic ‘low’ chalcocite) then below 93°C, 
which is the threshold for djurleite stability (Bateman and McLaughlin, 1920; Ramdohr, 1980; 
MacKevett et al., 1997).  

3.3. Paleothermometry of Carbonate Phases

3.3.1. Motivation

  The Kennecott copper deposits represent an ideal case study for applying the “clumped” 
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isotope paleothermometer (Ghosh et al., 2006; Huntington et al., 2009) to the question of the tem-
perature of the ore fluids.  There are ten phases of carbonate present at Kennecott that we consider 
here (Fig. 3.4, Table in Appendix 3).  They include pre-, syn-, and postmineral calcite and pr-
emineral dolomite (“mineral” as used in this study refers specifically to the copper mineralization 
stage) in wallrock, tectonic and hydrothermal veins, and tectonic, hydrothermal, and karst brec-
cias.  Some of these phases have a clear paragenetic position relative to copper deposition, but 
others are uncertain.  Temperatures for the mineralization event have been constrained between 
premineral prehnite-pumpellyite-native copper and epidote-quartz-native copper veins (~250°C, 
2.5 kbar; Beiersdorfer and Day, 1995) in the greenstone immediately below the orebodies and 
main stage mineralization djurleite stability at < 93°C (Potter, 1977) and therefore fall into the 
measurable range for clumped isotope analysis (Eiler, 2011). The motivation to use the clumped 
isotope paleothermometer is: 1) to put carbonate phases of uncertain paragenetic position into 
their proper context, 2) to determine the temperatures of the carbonate phases in known parage-
netic positions (including those reassigned from previously uncertain paragenetic positions) to 
compare to the theoretical sulfide stabilities, and 3) to document time-temperature changes during 
the evolution of the mineralizing system thereby testing the genetic models of MacKevett et al. 
(1997) and Price et al. (2014). 

3.3.2. Methodology 

Carbonate powders were drilled from rock samples using a small Dremel tool.  Aliquots 
of carbonate powder weighing approximately 10 mg apiece were put into silver capsule-type 
boats and introduced into 100% H3PO4 heated to 90°C on the Autoline attached to a Thermo 
Finnegan MAT 253 gas-source isotope ratio mass spectrometer at Caltech.  CO2 gas was allowed 
to evolve for about nine minutes before being carried through a series of purification steps down 
the line:  first through an ethanol-dry ice slurry to strip out water vapor, then through an LN2 bath 
to capture lighter, yet still condensable, phases, and finally through a GC column with Porapak 
filters to strip out any remaining organic contaminants.  Purified CO2 then entered the sample 
bellows on the MAT253.  Analysis on the MAT253 involved switching back and forth from an 
aliquot of unknown sample gas to an aliquot from a working gas of known, standard composition. 
Switching between known and unknown seven times constitutes one measurement, and the mean 
of eight measurements yields one datum to plot.  The entire process takes about three hours per 
sample.  Unknown samples were standardized against Carrara Marble and internal lab standards 
TV01 (2012-early 2013) and TV03 (late 2013-2014).  The reference line was established by gases 
(BOC and enriched BOC) heated to 1000°C for two hours to ensure a stochastic distribution of 
isotopologues.  Beginning in 2013, 25°C water-equilibrated gases became widely incorporated 
into the sampling process in order to project D47 data into the absolute reference frame (Dennis et 
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al., 2011).  Eight sessions were completed between June, 2012 and May, 2014.  Session two, dur-
ing August, 2012 had a problem with a falling heated gas line, but the reason for this was never 
discovered.  Session four, during Nov-Dec, 2012, had a problem in that the reference gas tank 
ran out in the middle of the run and had to be replaced.  Presumably as a result of this (although 
not for certain), the heated gas line dropped from the beginning to end of the session.  To attempt 
to correct for this problem, the session was subdivided into “old reference tank” (Session 4) and 
“new reference tank” (Session 5).  In both cases the heated gas line moved such that the standard 
residuals were more depleted with time (from ~0‰ to ~ -0.09‰).  A least-squares linear best fit 
was calculated for the standard residuals and applied as a standard correction to the unknowns 
from these two sessions (Fig. 3.2).  

All data reported here have been converted to the absolute reference frame.  For sessions 1 
and 3, where there were no problems with the heated gas line, the use of the Dennis et al. (2011) 
“secondary” conversion to the absolute reference frame (via standards of known composition) 
was used.  For sessions 6, 8, 9, the Dennis et al. (2011) “primary” conversion was used (via 25°C 
equilibrated gases).  For sessions 2, 4, 5 where there was a problem with heated gas line, a best  
fit line through TV01 standard (session 2) and Carrara marble standard (sessions 4, 5) was used 
to adjust sample D47 through the course of the sessions. The temperature-∆47 calibration curve 
used here was projected from the Caltech reference frame (Stolper and Eiler, 2015) by M. Lloyd 
(unpublished data, 2016) and fits the form ∆47 = ax2 + bx +c, where,

 x = 106/T2 (in kelvin)
 a = 0.001083
 b = 0.02854
 c = 0.2587
The total number of analyses, including heated gases, standards, and unknowns, was 329.  

Approximately 12 samples were discarded during the screening for D48 excess.  After replicates 
are taken into account and averaged, total new data reported are 65 calcite and 23 dolomite mea-
surements.  A summary data table can be found in Appendix Three.

Fractionation factors used to convert from raw isotopic ratios are: CO2(acid)-calcite (Kim et 
al., 2007), calcite-water d18O (Friedman and O’Neil, 1977), and dolomite-water d18O (Schmidt et 
al., 2005). 

3.3.3. Data

  Data are plotted in the absolute reference frame (Figs. 3.3, 3.4, 3.5).  Calcites of ‘un-
known’ paragenesis were first reassigned to a ‘known’ category based on their temperature (Fig. 
3.3, which shows replicates).  About half of the unknown calcites can be cleanly grouped with 
the syngenetic stage of mineralization based on their temperature.  Two samples clearly belong to 
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Fig. 3.2:  Standard residuals through time for eight analytical sessions between June, 2012 and May, 2014.  ‘Counter’ 
indicates position in the sample sequence.  Each sample takes approximately three hours to run; thus, ten Counter units 
is approximately 30-32 hours in real time, which makes a convenient proxy for time in these plots.  In sessions 2-5 (Aug, 
Sept, Nov, Dec, 2012), the heated gas line dropped during the run.  A least-squares best fit line through the standards was 
used to correct D47 for these sessions.  Otherwise, an average standard value was used (dotted line in sessions 1, 6, 8, 9).  
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a non-mineral stage.  The remaining three samples (K-225, K-256, KEN-42) are cooler than the 
narrow threshold which defines the main-stage of copper mineralization, but have been tentatively 
placed into the syngenetic category.  

 When plotted against bulk stable isotopes (d18O, d13C; Figs. 3.3, 3.4) several trends in the 
data are apparent.  Limestone (blue diamond in Fig. 3.4) and dolomite (orange X-box in Fig. 3.4) 
form overlapping clusters that are distinct from the  various cross-cutting calcite phases in that 
they are higher temperature (mean limestone, 113.4°C, mean dolomite wallrock, 116.2°C) and are 
slightly enriched in both d18Omineral (mean 19.2‰ for limestone and 18.1‰ for dolomite wallrock) 
and d13C (mean 4.16‰ for limestone and 3.66‰ for dolomite wallrock).  However, the two vary 
with no overlap in their calculated d18Owater compositions (mean 3.3‰ for limestone versus -2.6‰ 
for dolomite wallrock; Fig. 3.5).  It is noteworthy that, given the relatively restricted sampling 
area of c. 0.025 km2 and 200 m of stratigraphy, the limestone varies over a several per mil range 
in both d18Omineral and d13C, which is in contrast to the relatively homogeneous dolomite sampled 
over that same area.  Calcite found in greenstone veins (greenstone cal, upright blue triangle in 
Fig. 3.4) is depleted in d18O and overlaps the synmineral dedolomite phases, but in d13C space, 
it makes a markedly scattered yet clearly distinct population.  Calculated d18Owater compositions 
cluster around -1‰ (mean -1.7‰).  The hallmark dedolomite (downward-facing open triangles 
in Fig. 3.4) that forms selvages around chalcocite veins occurs in a relatively restricted range of 
106-93°C, consistent with the thermal stability of chalcocite.  In d18Omineral composition, dedolo-
mite scatters over about 5‰ (mean 15.7‰), but in d13C composition, it is buffered to <1‰ varia-
tion (mean 2.6‰), which is nevertheless depleted relative to the surrounding limestone wallrock. 
Calculated d18Owater composition for dedolomite is -1.8‰.  Other synmineral calcite phases (‘X’ in 
Fig. 3.4) scatter markedly in all fields, ranging from 58-139°C, to 15.8-20.8‰ d18Omineral, to -8.2 
to 4.4‰ d13C.  Despite such scatter in bulk stable isotopes and temperatures, calculated d18Owater 

composition (Fig. 3.5) is surprisingly restricted to -2 to +1‰ with a few outliers that extend up to 
+6‰.  Fault steps (blue circles in Fig. 3.4) comprise calcite slickenfibers that grow on strike-slip 
faults in mesoscopic faults which underlie (but do not cut up into) the main ore horizon.  They 
are invariably cooler than main-stage ore formation and scatter widely in d18O composition but 
less so in d13C.  There is one fault step outlier that is depleted in both d18O and d13C.  Calculated 
d18Owater composition for fault steps overlaps that of synmineral calcite and baroque dolomite with 
a mean of -1.3‰.  Early and late calcite are invariably cool (<75°C) and are markedly scattered 
in both d18Omineral, d18Owater, and d13C compositions.  Baroque dolomite is a coarse-grained pre-
mineral phase that ranges from c. 90-140°C with two outliers at >160°C and has bulk d18Omineral 
ranging from 17.6-20.2‰ and bulk d13C ranging narrowly from 3.2 to 3.8‰.  Calculated d18Owater 

compositions scatter over a range of -4.3 to 1.6‰ but exhibit a binned behavior  rather than a 
smooth scatter.
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Fig. 3.3.  Temperature vs. d18Omineral for 
calcite phases of indeterminate paragen-
esis.  Horizontal lines at 104°C and 90°C 
delineate the thermal range over which 
dedolomite is found. Temperature is 
useful discriminator of the phases.  Rep-
licates are included in this plot but are 
removed for subsequent plots.  
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We find that the hottest reliable temperatures for all phases are ≤ 140°C (Fig. 3.5).  A 
‘hot’ group consists of the phases dolomitized wallrock, baroque dolomite, greenstone calcite, 
limestone wallrock, and breccia matrix, whose range of medians is 117.2°C (greenstone calcite, 
maximum of the group as well as the entire study) to 110.2°C (breccia matrix, minimum of the 
group).  Below this group is a smaller group of ‘warm’ synmineral calcite veins and dedolomite, 
whose range in medians is 101.6°C (synmineral calcite) to 95.4°C (dedolomite).  Hotter outli-
ers in the synmineral calcite population readily overlap the ‘hot’ group, but only a single outlier 
in the ‘warm’ group (a dedolomite) barely overlaps the bottom of the range for the ‘hot’ group.  
Remaining calcite phases are all ‘cool’ (≤ 61°C median), in particular early and late calcite and 
fault slickenfibers from the limestone.  Lowest synmineral calcite temperatures overlap the ‘cool’ 
range.

When examined in terms of stratigraphy (Fig. 3.6), temperatures are hottest above the algal 
mat (AM1) and in the Nikolai Greenstone (Fig. 3.6A).  The basal 32 m of the Chitistone Lime-
stone host all the phases from the ‘cool’ group, but ‘warm’ and ‘hot’ phases can be found there as 
well.  Intriguingly, d18Owater (Fig. 3.6C) varies only a few permil over the full stratigraphic range 
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Fig. 3.4.  A) T(°C) vs d18Omineral and B) T(°C) vs d13C for all carbonate phases.  
The narrow threshold of the important synmineral dedolomite phase is marked 
by heavy lines.  
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Fig. 3.5. Boxplots of carbonate phases showing the range of temperatures and d18O water compositions over which they 
occur.  Whisker length extends to the highest or lowest value that falls within 1.5*interquartile range.  Values outside of 
the whiskers are considered to be outliers following Tukey (1977).   
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from c. -20 m up to c. +70 m, and all of the depleted phases occur within the very narrow strati-
graphic interval between the flat fault (FF) and the first algal mat horizon (AM1).  It is possible 
that this latter point is the result of sampling bias, as the intial study was focused on hydrother-
mal, not stratigraphic, features.  Bulk stable isotopes (Fig. 3.6B, D) indicate a reasonably tight 
buffering of d13C values in the Chitistone Limestone by the limestone wallrock and possibly the 
introduction of a hydrocarbon species in the Nikolai Greenstone to account for depleted d13C 
down to -10.4‰.  18O ratios in the Chistone Limestone are depleted moving upsection and reach 
a value of c. 14‰, which is equivalent to the mean value (14.03‰) measured in calcite veins in 
the Nikolai Greenstone. 

3.4. Discussion

3.4.1.  Utility of the clumped isotope tool for assignment of paragenesis

The orebodies at Kennecott are massive, structurally-controlled concentrations of copper 
which have very small footprints (<1 km2).  They are fringed with varible amounts of carbonate 
phases hosted in a carbonate unit.  Single calcite veins or isolated pockets of breccia, particularly 
100s of meters away from the ore zones cannot be assigned a paragenesis (relative to ore forma-
tion) in the field because such features could conceivably be related to early diagenesis, karst-
ing, orogenic deformation, ‘blind’ mineralization, or even late, post-mineral volcanism (i.e., the 
hypabyssal Porphyry Mountain stock located only about 3 km south of the Bonanza mine or the 
more distant, but far more voluminous, Wrangell Mountains volcanic field).  Economic geolo-
gists seek clues in outcrop that may guide drilling efforts to find buried mineralization, but foolish 
would be the geologist who drilled every local zone of calcite or carbonate breccia, even around 
productive districts like Kennecott, in hopes of finding more ore. Thus, the clumped isotope tool 
is capable of distinguishing between carbonate veins or breccias of higher temperature, and there-
fore potentially copper-mineralized, or lower temperature, and therefore most likely unmineral-
ized.  In addition, calculated d18Owater compositions strongly indicate the presence or absence of 
particular fluids associated with copper mineralization (i.e., marine vs. meteoric).  At Kennecott 
specifically, the synmineral phases are all associated with a fluid broadly similar to standard mean 
ocean water (SMOW) in composition with temperatures in the range 140 to 80°C, whereas phases 
that are clearly unrelated to copper mineralization are depleted in d18Owater and are cooler (<75°C), 
which is a strong indication that meteoric fluids flooded the system after copper deposition.  From 
an exploration standpoint, distinguishing between such phases, particularly when there is no cop-
per mineralization in sight, is an extremely useful exploration criterion with wide applicability to 
carbonate terrain worldwide.  

3.4.2. Retention of D47 signal through geological time
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Our analyses give an indication that the D47 double-substitution is stable over long peri-

ods of geologic time.  The only two phases that are certain in their premineral paragenesis are 
baroque dolomite and limestone wallrock because chalcocite is observed to crosscut and replace 
those phases.  Baroque dolomite and limestone wallrock present some of the highest tempera-
tures recorded in this study (dolomite slightly higher than limestone).  However, two additional 
calcite phases, while not observed to be cross-cut by the ore veins, have a high probability of 
being premineral (but not primary):  a “toothy” calcite epitaxial cement which grows in an ir-
regular hemispherical form at the stratigraphic level of the first algal horizon (AM1 in Fig. 3.1), 
and, occuring at the same stratigraphic horizon, an undolomitized pure-calcite polymictic brec-
cia containing clasts of algal mat (AM1).  Both of these phases yield temperatures in the c. 50°C 
range, which could reflect the temperature of recrystallization during diagenesis when the Trias-
sic-Jurassic basin was forming.  If true, their proximity to the main Bonanza orebody (m to 10s 
of m) would indicate that they were insensitive to peak diagenesis, orogeny, and mineralization.  
However, depleted d18Owater compositions favor an alternative hypothesis: these two phases were 
modified after mineralization by a meteoric fluid which permeated the tectonically and hydrother-
mally disrupted  AM1 stratigraphic horizon, and thus, these two suspected early phases based on 
textural evidence have not preserved their early chemistry.  Even so, high temperatures measured 
for premineral dolomite, much of the synmineral calcite, and greenstone calcite indicate that these 
have not been modified by subsequent meteoric fluids.  While timing of the mineralization event 
is not tightly constrained, it is certainly post-Triassic (age of host rock) and pre-Miocene (age of 
nearby cross-cutting dikes) and likely occurred sometime during a poorly dated orogeny which 
occurred between c. 160-110 Ma based on unconformable stratigraphic relationships observed in 
the district (MacKevett et al., 1997).  

3.4.3.  Implications for model of ore formation

Bateman and McLaughlin (1920) presented a model of ore formation in which the ore 
bodies are structurally controlled along faults and formed in response to heating from a hypotheti-
cal pluton.  MacKevett et al. (1997) presented a model of ore formation in which ground was 
prepared by karst collapse and brecciation some 100 m.y. prior to arrival of the ore-forming fluids 
which were sourced, not from a plutonic source, but from connate fluids which scavenged copper 
from the underlying Nikolai basalts.  Price et al. (2014) presented a model in which the orebodies 
are controlled by structures as initially suggested by Bateman and McLaughlin (1920) and formed 
from connate fluids which scavenged copper from the Nikolai basalts similar to that suggested by 
MacKevett et al. (1997).  

Fig. 3.6.  Temperature, d18Owater, d18Omineral, and d13C plotted against stratigraphic position.  AM1: first algal mat horizon; 
CL: Chitistone Limestone; FF: flat fault (base of the orebody); NG: Nikolai Greenstone
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MacKevett et al. (1997) placed temperature constraints on ore formation based on sulfide 

mineral stability of copper sulfide minerals in the Chitistone Limestone: 1) volumetrically minor 
chalcopyrite-bornite exsolution indicates T < 200°C, 2) volumetrically minor and anomalous 
bornite- and covellite-exsolution from chalcopyrite is only stable at T < 150°C, 3) Chalcocite 
inverts from the hexagonal ‘high’ to (pseudo) rhombohedral ‘low’ polymorph at 103.5±1.5°C, 
and 4) Djurleite is only stable at T <93±2°C. Using quartz-epidote d18O measurements, Silberman 
et al. (1980) estimated temperature and water composition  of quartz-epidote-(native copper-
calcite-copper sulfide) veins in the upper Nikolai Greenstone to be c. 200°C and 1‰ (using an 
unpublished calibration curve and tacitly assuming, but not demonstrating, that epidote and quartz 
are cogenetic, which may not be true as euhedral, terminated epidote everywhere forms vein 
margins, whereas anhedral quartz fills vein interiors).  MacKevett et al. (1997) report a single 
fluid inclusion analysis of late-calcite collected from the nearby Jumbo mine dump, which yielded 
a pressure-corrected homogenization temperature of 93°C, a salinity of 15±3 wt % NaCl equiva-
lent, and a calculated d18O water composition of -4‰.  Combining all of these observations, 
MacKevett et al. (1997) state that there were four temperature stages for copper mineralization 
at Kennecott: Stage 1) c. 200°C for earliest sulfide-free vein formation, Stage 2) c. 200-150°C 
for first appearance of sulfides as volumetrically minor chalcopyrite-bornite, Stage 3) 100-80°C 
for main-stage djurleite-chalcocite mineralization, and Stage 4) 70-50°C late oxidation to form, 
among others, malachite, azurite, and blaubleibender covellite (i.e., yarrowite-spionkopite).  Price 
et al. (2014) estimated temperatures of associated carbonate minerals by substituting a range of 
likely temperatures into the carbonate paleothermometer equation of Friedman and O’Neil (1977) 
and determined that the water compositions allowed by the assumed temperatures were too broad 
to place further constraints on the Silberman et al. (1980) and MacKevett et al. (1997) tempera-
ture models.  No other paleothermometry techniques have proven useful on these rocks (e.g., illite 
crystallinity, fluid inclusions on main-stage phases, etc.; MacKevett et al., 1997; Price, 2004), 
except for clumped isotopes.

Our maximum reliable temperatures of c.140°C are slightly lower than the estimates made 
by MacKevett et al. (1997) for the early stage I and stage II mineralization and suggest that the 
formation of dolomite and greenstone calcite occurred at about the same temperature as the 
formation of early sulfides.  The ages of the dolomitization and the formation of epidote-quartz-
native copper-(calcite-copper sulfide) veins in the Nikolai Greenstone are unknown, but our re-
sults suggest that an isothermal period existed during their formation, which implies, but does not 
prove, a short duration between their formations.  Our measured temperatures for breccia matri-
ces, synmineral calcite, and dedolomite overlap those estimated for the main-stage mineralization 
event and show that in fact, volumetrically (sample count as a proxy), most of the calcite phases 
associated with mineralization precipitated at T ≤ 110°C.  The important dedolomite selvages 
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record temperatures in the 93-105°C range, which is a little above the reported thermal stability 
field of djurleite and squarely in the range for ‘low’ chalcocite (Roseboom, 1966; Potter, 1977).  
MacKevett et al. (1997) report that strongly twinned djurleite was the first phase to form during 
main-stage mineralization, and it was overgrown by chalcocite and untwinned djurleite as the 
main-stage proceeded.  If their observation is true, our measured temperatures suggest that early 
main-stage djurleite must have been highly metastable and, most likely, there was rapid cooling in 
order to quench twinned djurleite.  Roseboom (1966) reports that a number of low-temperature (≤ 
100°C) copper sulfides cannot be quenched even at room temperature because they so readily re-
crystallize into another similar phase.  The fact that our measured syngenetic temperatures dribble 
downward to c. 60°C more or less supports the observation from MacKevett et al. (1997) that 
Stage 4 oxidation occurred over a range of 70-50°C, although our data suggest that it be a little 
higher, c. 80-60°C.  Importantly, calcite veins at this temperature indicates that fluid movement 
and mechanical deformation in the form of tensile fractures continued down to quite low crustal 
temperatures.  Likewise, the low temperatures recorded by fault slickenfibers indicate on-going 
deformation at a high supracrustal position. 

Calculated d18O water compositions indicate that phases associated with mineralization 
precipitated from fluids similar to SMOW.  Two phases in particular, breccia matrices (median 
-0.1‰) and synmineral calcite veins (median 0.2‰) are essentially identical to SMOW.  A more 
depleted group includes dedolomite (median -2.1‰), dolomitized wallrock (median -2.6‰), and 
greenstone calcite (median -1.6‰).  Of note, limestone records the heaviest d18Owater of 3.6‰.  
Dedolomite is the product of a recrystallization reaction in the dolomite wallrock adjacent to a 
vein with enough activity to remove an Mg2+ ion in exchange for a Ca2+ ion.  It can be seen in the 
d18Owater data that dedolomite falls on a mixing line between the two end members dolomitized 
wallrock and synmineral calcite veins.  

MacKevett et al. (1997) state that because the late calcite vein from the Jumbo dump had 
a calculated d18Owater of -4‰ and they expected main-stage fluids to be hotter than those which 
precipitated that vein, they predicted that main stage d18Owater should be essentially 0‰ or maybe 
slightly enriched.  Our data indicate that the median d18Owater compositions for both synmineral 
calcite and breccia matrices are close to SMOW in composition, and a few symineral calcite 
outliers have enriched d18Owater compositions.  However, several of the early phases, particularly 
dolomite wallrock and greenstone calcite have d18Owater compositions that are c. 2 permil depleted 
relative to SMOW. 

Thus, we find that our clumped isotope temperatures agree generally with the estimations 
for temperatures made by MacKevett et al. (1997), but our data have the capacity to refine the 
range in temperature responsible for ore formation.  In particular, the data indicate that the maxi-
mum temperature which precipitated carbonate minerals was <160°C and that nearly all of the 
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carbonate phases that have an association with ore minerals precipitated below c. 110°C.  Finally, 
if the main-stage mineralogy observed by MacKevett et al. (1997) is true, the clumped isotope 
temperatures indicate a rapid drop in temperature during ore formation (in order to quench 
twinned djurleite).  Price et al. (2014) concluded that the limiting factor for ore formation was the 
availability of a reductant that could produce sulfide.  These new data suggest that, in addition, 
falling temperatures also played a role in limiting the availability of sulfide.

3.4.4. Zebra Dolomite

Zebra dolomite (Fig. 3.7) is a distinctive carbonate texture in numerous carbonate-hosted 
ore deposits worldwide, i.e, Irish-type (Hitzman and Large, 1986), Mississippi Valley type 
(Leach et al., 2005), Carlin-type Au deposits in Nevada (Emsbo et al., 1999), and Kennecott, 
Alaska (Price et al., 2014); and in a variety of carbonate reservoir oil and gas fields, including the 
Western Canada, Michigan, and Appalachian basins (Davies and Smith, 2006).  Zebra dolomite 
consists of rhythmic layers of dark grey, fine-grained replacement dolomite often with geopetal 

Fig.3.7:  A) Temperature and B) d18O water composition of banded Zebra dolomite from Bonanza mine, collected near 
the horizon of the main orebody.  Grey bands are earlier dolomitized wallrock and are represented by smaller circles in the 
plots.  Yellow bands are later “cements” of baroque dolomite that replace and cross-cut the wallrock and are represented 
by larger orange bulls-eye circles in the plots.  Dolomite powders were drilled out of the numbered slots on the left side 
of the photograph.  Deliquescent edges are the result of scanning the sample, the sawn face of which was coated by a 
thin film of water.
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filling, and coarse-grained white or yellow sparry baroque (saddle) dolomite (Diehl et al., 2010).  
The prevailing hypthothesis is that zebra dolomite is formed from deeply circulating, hot (up to 
200°C), salty (up to 30 wt% NaCl equivalent) brines that may travel long distances, including 
from carbonate shelf to basin or vice versa (Diehl et al., 2010).  Davies and Smith (2006) sug-
gest that the coarse-grained bands of the zebra dolomite form during a pressure drop and release 
of CO2 associated with fault slip.  In mineral districts, zebra dolomite tends to host ore, but it is 
unclear how much older the zebra dolomite is compared to the ore it hosts.  

Although Zebra dolomite at Kennecott is volumetrically small and, as in other global oc-
currences, predates ore formation, because of its distinctive rhythmic texture, it is of interest to 
examine with clumped isotopes to see if there is a regular pattern in either temperature or d18Owater 
that can be observed.  In particular, no one has reported clumped isotope temperatures on zebra 
dolomite, and to date, the only way to determine temperature of formation is by measuring ho-
mogenization temperatures of fluid inclusions. 

Preliminary results (Fig. 3.7) suggest that a slight variation in temperature can be observed 
between the layers.  In particular, coarse-grained baroque dolomite (larger circles in Fig. 3.7) 
tend to be some 10-20°C cooler than the fine-grained dolomite wallrock (Fig. 3.7A), which is 
particularly evident for ZD-01, -02, -03, and -05, -06, -07, which we will call “well behaved.”  It 
is unknown why ZD-08 and ZD-10 spiked so high in temperature.  ZD-08 and -10 excavation pits 
(cf. photo in Fig. 3.7) are close to the small fault offset, and maybe this is the cause of the high 
temperature.  Calculated d18Owater compositions (Fig. 3.7B) indicate similar rhythmic fluctuations 
as found for temperature but variation of individual bands is not able to be discriminated within 
error.  Nevertheless, the median water composition for the zebra population is -2.8‰.

Although these few data are preliminary, they offer an indication that, in fact, temperature 
and d18Owater do fluctuate between the formation of the fine-grained dolomite wallrock and the 
coarse-grained baroque dolomite ‘stripes’.  If, as postulated by Davies and Smith (2006), there 
is a pressure drop which is responsible for the formation of the coarse-grained zebra ‘stripes’, 
there is apparently also a concomitant drop in T, a dP/dT.  Such a change in temperature contrasts 
with one model that calls for isothermal boiling to form saddle dolomites in MVT deposits in the 
Tri-State district (Leach et al., 1991).  Since zebra dolomite predates ore minerals at Kennecott, 
this drop in temperature to form the ‘stripes’ may have been the beginning of falling temperatures 
that is observed in both sulfide mineralogy (MacKevett et al., 1997) and in the rest of the clumped 
isotope dataset, particularly for syngenetic calcite veins and breccia matrices.
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Appendix II.  

Table of new thermochronologic ages 
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Appendix 2.1. Table of 40Ar/39Ar ages
(a) 110825-14 (1847-01)
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(a) 130819-08b and 130819-08 (1844-01, 1845-01 replicate)
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(a) 130819-07 (1842-01)
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Piz Lunghin augen gneiss, Margna (~20 m below Platta contact)
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(a) 130818-04 (1841-03)
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40/39 Argon analyses from Graubünden (Profiles 1, 4, 5 in 
Chapter 1).  Measured at U.S. Geological Survey, Denver, 
Colorado with Mike Cosca.
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(a) 110906-01 (1838-01)
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(a) 110909-08 (1843-01)
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110909-08, base of GSB, at Randa
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40/39 Argon analyses from Valais (Weisshorn traverse, unpublished). Measured at U.S. Geological Survey, Denver, 
Colorado with Mike Cosca.
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Field.no total	  spots	  	  	   accepted	  spots sumNs sumRho sumRho	  (1σ)	  	   Dpar.m	  	  	  	  	  	  	  	  	   Dper.m [U]	  ppm [Th]	  ppm [Sm]	  ppm eU.ppm
110826-‐08 16 8 459 15.40 1.33 0 0 176.86 104.31 0.00 201.37
110825-‐03 1 0 -‐ -‐ -‐ -‐ -‐ -‐ -‐ -‐ -‐
110831-‐02 20 20 538 19.63 1.09 0 0 163.03 169.21 0.00 202.79
110823-‐06 20 18 1089 36.26 2.19 0 0 162.82 67.17 0.00 178.61
110909-‐04 21 20 1265 59.60 3.90 0 0 164.66 155.21 0.00 201.13
110909-‐03 21 16 530 36.01 2.50 0 0 148.17 135.06 0.00 179.91
110906-‐01 8 8 437 27.03 2.26 0 0 597.00 559.57 0.00 728.50
130819-‐06 5 5 40 7.41 0.09 0 0 134.05 192.90 0.12 179.38

Field.no wm	  pz:sz	  UCa	  	   wm	  pz:unk	  Ca	  	   relerr	  pz:sz	  	   relerr	  analyst relerr	  deficit relerr	  Ca	  apfu pZeta pZeta	  (1σ) χ2 Q(χ2)
110826-‐08 0.9563 1.0002 2.22E-‐02 0.203 0.000 0 1955899 12225.72 11.62 0.11
110825-‐03 -‐ -‐ -‐ -‐ -‐ -‐ -‐ -‐ -‐ -‐
110831-‐02 1.0033 1.0068 2.22E-‐02 0.203 0.173 0 1955899 12225.72 39.74 0.00
110823-‐06 0.9187 0.9901 7.87E-‐02 0.203 0.147 0 2496646 30158.46 35.70 0.01
110909-‐04 1.1017 1.0008 2.22E-‐02 0.203 0.454 0 1955899 12225.72 127.64 0.00
110909-‐03 0.9713 0.9993 2.22E-‐02 0.203 0.397 0 1955899 12225.72 77.23 0.00
110906-‐01 0.9472 0.9888 2.22E-‐02 0.203 0.000 0 1955899 12225.72 10.37 0.17
130819-‐06 0.9737 1.0010 -‐ 0 0.211 0 6658103 206438.00 15.32 0.00

Field.no pooled	  age 95%-‐CI 95%+CI avgerror geologic	  position
110826-‐08 58.02 10.32 12.54 11.43 Sella,	  Alp	  Munt
110825-‐03 -‐ -‐ -‐ base	  of	  Corvatsch	  teildecke
110831-‐02 53.38 7.00 8.05 7.53 Bernina	  nappe,	  near	  summit	  of	  Piz	  Roseg
110823-‐06 74.55 9.52 10.91 10.21 Margna	  augen	  gneiss	  Piz	  Lunghin
110909-‐04 41.38 5.50 6.34 5.92 Berhard	  nappe	  midway	  up	  hill
110909-‐03 28.72 4.35 5.12 4.73 Berhard	  nappe	  near	  Weisshornhütte
110906-‐01 31.54 5.52 6.69 6.11 augen	  gneiss	  base	  of	  Dente	  Blanche,	  Weisshorn
130819-‐06 35.50 9.82 13.57 11.70 Turba	  mylonite	  footwall

Appendix 2.2.  Table of zircon fission track ages 

Fission track ages measured by Ray Donelick at A to Z, Inc. 
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Appendix 2.3. Table of zircon U-Th/He ages
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Appendix 2.4. Table of apatite U-Th/He ages
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Appendix III.  

Clumped isotope data for Kennecott, Alaska

(no ∆48 excess in any of these samples)
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NAME EXPLANATION

Sample.ID abbreviated	  sample	  ID

dup B:	  There	  was	  a	  duplicate	  measurement	  made	  in	  a	  
separate	  session,	  Z:	  zebra	  dolomite

MS name	  of	  the	  mass	  spectrometer,	  P.	  Leia	  is	  the	  
original	  MAT253,	  A.	  Akbar	  is	  the	  second	  MAT253.

Session sequential	  order;	  session	  7	  analyzed	  samples	  from	  
other	  projects	  and	  is	  not	  included	  here

Comment comment	  about	  the	  run,	  including	  pressure	  drops
Date date	  of	  run

mass.spec.room location	  of	  the	  mass	  spectrometer	  in	  North	  Mudd	  
building	  at	  Caltech

Sample.ID.orig.data sample	  ID	  used	  during	  the	  run
mineral cal:	  calcite;	  dol:	  dolomite

min.type specific	  geological	  designation	  based	  on	  paragenesis	  
or	  host	  rock

carb.code1 original	  carbonate	  designation,	  including	  "unknown"	  
for	  ambiguous	  paragenetic	  position

carb.code2
updated	  carbonate	  designation,	  assigning	  
"unknowns"	  a	  paragenetic	  position	  based	  on	  
clumped	  measurements

reltime paragenetic	  position	  relative	  to	  copper	  
mineralization	  where	  '2'	  is	  coeval	  with	  copper

strat.height_m stratigraphic	  height	  in	  meters	  above	  the	  Nikolai	  
Greestone-‐Chitistone	  Limestone	  contact

notes additional	  notes	  about	  geologic	  locations	  or	  
relationships

spec.num assigned	  by	  the	  data	  management	  program	  on	  the	  
mass	  spec

num.acq number	  of	  acquisitions,	  used	  to	  computer	  standard	  
error

δ13C	  (‰) 13C	  permil	  relative	  to	  VPDB

δ13C.stdev	  (‰) 13C	  standard	  deviation

δ13C.sterr	  (‰) 13C	  standard	  error

δ18O.gas	  (‰)
18O	  of	  O2	  gas	  liberated	  during	  the	  run,	  relative	  to	  
VSMOW

δ18O.gas.stdev	  (‰) 18O	  gas	  standard	  deviation

δ18O.gas.sterr	  (‰) 18O	  gas	  standard	  error

δ47	  (‰) 	  mass	  47	  relative	  to	  working	  gas

δ47.stdev	  (‰) 	  mass	  47	  standard	  deviation

δ47.sterr	  (‰) mass	  47	  standard	  error
Δ47	  (‰) proportion	  of	  mass	  47	  to	  all	  isotopologues	  of	  CO2

Δ47.stdev	  (‰) proportion	  of	  mass	  47	  to	  all	  isotopologues	  of	  CO2,	  
standard	  deviation
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Δ47.sterr	  (‰) proportion	  of	  mass	  47	  to	  all	  isotopologues	  of	  CO2,	  
standard	  error

δ48	  (‰) mass	  48	  relative	  to	  working	  gas	  

δ48.stdev	  (‰) 	  mass	  48	  standard	  deviation

δ48.sterr	  (‰) mass	  48	  standard	  error
Δ48	  (‰) proportion	  of	  mass	  48	  to	  all	  isotopologues	  of	  CO2

Δ48.stdev	  (‰) proportion	  of	  mass	  48	  to	  all	  isotopologues	  of	  CO2,	  
standard	  deviation

Δ48.sterr	  (‰) proportion	  of	  mass	  48	  to	  all	  isotopologues	  of	  CO2,	  
standard	  error

Δ47.extvar	  (‰)2 D47	  external	  variance	  (σ2)
Δ47.extsterr	  (‰) D47	  external	  standard	  error	  (1σ)
HGcorrΔ47	  (‰) heated	  gas	  corrected	  D47

Stretch.corrΔ47	  (‰) stretch	  corrected	  D47
CIT.Acid.corrΔ47	  (‰) Caltech	  reference	  frame,	  acid	  corrected	  D47

CIT.Δ47stdcorr.allstds	  (‰)

Caltech	  reference	  frame,	  Standard	  corrected	  D47,	  
considered	  to	  be	  "final"	  D47	  used	  to	  compute	  
Temperature	  and	  d18O	  water	  until	  the	  beginning	  of	  
2013.

ARF.ghosh.temp.sec.allstds	  (°C)
Absolute	  reference	  frame,	  Ghosh	  et	  al.	  (2006)	  
calibration	  curve,	  using	  the	  secondary	  method	  of	  
Huntington	  et	  al.	  (2009)	  to	  convert	  CIT	  to	  ARF

ARF.std.corr.toapply	  (‰) Absolute	  reference	  frame,	  value	  of	  the	  standard	  
correction	  applied	  to	  the	  D47	  in	  this	  data	  set

ARF.whichstdcorr
Absolute	  reference	  frame,	  tells	  which	  standard	  
correction	  was	  applied	  based	  on	  the	  standard	  
residuals	  plotted	  in	  Fig.	  3.2.

ARF.stdcorrΔ47.dup.mean	  (‰)
Absolute	  reference	  frame,	  standard	  corrected,	  and	  
including	  duplicate	  measurements	  of	  unknowns;	  
considered	  to	  be	  "final"	  for	  this	  study

ARF.Δ47err.dup Absolute	  reference	  frame,	  error	  in	  standard	  
corrected	  D47

ARF.T.final	  (°C) final	  temperatuer	  in	  the	  absolute	  reference	  frame
ARF.T.err.u	  (°C) final	  temperature,	  upper	  error	  bar	  value	  (1σ)
ARF.T.err.d	  (°C) final	  temperature,	  lower	  error	  bar	  value	  (1σ)

δ18O.min.SMOW	  (‰)
calculated	  d18O	  of	  the	  mineral	  relative	  to	  SMOW,	  
CO2-‐calcite	  fractionation	  from	  Kim	  et	  al.	  (2007)

δ18O.water.SMOW	  (‰)

calculated	  d18O	  of	  the	  water	  of	  formation	  relative	  
to	  SMOW,	  calcite-‐water	  fractionation	  from	  
Freidman	  and	  ONeil	  (1977),	  dolomite-‐water	  from	  
Schmidt	  et	  al.	  (2005)

δ18O.water.err.u	  (‰)
calculated	  d18O	  of	  the	  water	  of	  formation	  relative	  
to	  SMOW,	  upper	  error	  bar	  (1σ)

δ18O.water.err.d	  (‰)
calculated	  d18O	  of	  the	  water	  of	  formation	  relative	  
to	  SMOW,	  lower	  error	  bar	  (1σ)


