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ABSTRACT OF DISSERTATION

SYN- TO POST-OROGENIC EVOLUTION OF COLLISIONAL MOUNTAIN
SYSTEMS: INVESTIGATING THE POTENTIAL FOR CRUSTAL FLOW USING
THERMOCHRONOLOGY AND NUMERICAL MODELS
This dissertation is composed of three distinct manuscripts which collectively
investigate processes that contribute to the late evolution of collisional mountain systems
—specifically, the ancient Appalachian-Caledonian system. In the first paper, 40Ar/39Ar
thermochronological data are used to constrain the timing of exhumation of the Scandian
orogenic wedge of northern Scotland. Muscovite and amphibole samples yield dates of
ca. 420-411 Ma, consistent with cooling after peak orogenesis. During this cooling phase,
dates from both systems in individual thrust sheets show an increase in cooling rate in the
later stage of exhumation; in the orogenic core, the cooling rate increases by 150-300%.
This increase is less pronounced in the immediate flanking sheets, and not present in the
most foreland-directed sheet. These rates imply very high unroofing rates during final
exhumation. Neither the increase in, nor magnitude of, these rates is consistent with the
presumed decrease in erosion rates once collision has ceased. Thus, a connection to a
proposed lower crustal flow mechanism in the East Greenland Caledonides is postulated;
this forms the basis for the next chapter, which aims to rule out erosion as the only driver
for denudation of the Scottish orogen.
The second chapter presents results of numerical models which are used to
simulate erosion, isostasy, and crustal thermal evolution in the Scandian wedge during
tectonic uplift (2-D model) and post-collisional decay (1-D and 2-D models). First,
interpreted late syn-orogenic uplift rates are used to (1) define the geothermal gradient of
the crust just prior to the decay phase, and (2) determine the initial topography and
erosion rate of the orogen in the 1-D model. Erosion and isostasy of the orogen over 10
Myr leaves high topography in the orogen core, and total erosion is not sufficient to fully
exhume exposed rocks in the time required by the data. The thermal model results in
geothermal gradients of 20-40 °C km-1, which confirms estimates based on a constant 25
°C km-1 gradient in the first chapter. The 2-D model, which uses constraints from the 1-D
model, confirms the results and indicates that denudation of the Scandian wedge likely
required geodynamic assistance to accomplish the post-orogenic topography and
exhumation rates implied by data.

Finally, the third chapter presents thermochronologic data for the Blue Ridge
(BR) and Inner Piedmont (IP) of the Southern Appalachians. The IP has been proposed
as a relict Neoacadian crustal channel, but the timing and extent of high-grade
metamorphism remain debated and must be constrained if the hypothesis is to be tested.
Amphibole 40Ar/39Ar dates for the BR and IP show (1) Neoacadian dates in the IP which
get younger to the southwest, and (2) no direct evidence for post-Taconic high-grade
metamorphism in the BR. The dates in the BR are consistent with the role of the BR as
the “buttress” of the proposed crustal flow system. The date trend in the IP suggests that
high-temperature conditions existed in the channel during the timing of proposed flow, as
well as earlier cooling in the northeast prior to southwestern-directed deflection along the
Brevard Fault Zone. All dates are older than the main Alleghanian event, and therefore
do not support later overprinting. Taken together, these dates provide the constraint
needed for further examination of the system and comparison to the hypothesized lower
crustal flow mechanism in the Scottish Caledonides.
KEYWORDS: Tectonics, thermochronology, Scotland, Appalachians, orogenic collapse
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CHAPTER 1. INTRODUCTION
Much of our understanding of the evolution of collisional mountains systems is
focused on the pre- to syn-collisional aspects of the system, yet it is increasingly apparent
that we have much to gain with respect to the later stages of orogenesis. For example, in
many classic orogens such as the Appalachians, erosional decay of the remnant mountain
chain occurs over tens to hundreds of millions of years. At the same time, evidence for
very rapid destruction (on the scale of ~10 Myr) is present in other systems such as the
Caledonides of northern Scotland. If we are to fully grasp the concept of orogenesis, from
beginning to end, then we must also focus our efforts on the end stages of these events and
how ancient orogens are preserved in the rock record.
One of the most influential ideas with regard to orogenic destruction is that of synconvergent gravitationally-induced collapse, wherein the thermally-weakened orogenic
core can no longer support the overlying mass of the orogen and the long wavelength
topography of the system is subsequently “balanced” by some combination of ductile
extrusion of the lower crust and brittle extension of the upper crust (e.g., Dewey, 1988;
England and Houseman, 1989; Bird, 1991; Platt and England, 1994; Royden et al., 1997;
Beaumont et al., 2001; Hodges et al., 2001). While direct evidence of this phenomenon is
limited due to the inherent covering of the lower crust in active orogens, we do have some
geophysical support for the idea (e.g., Unsworth et al., 2005; Bai et al., 2010), as well as a
suite of models which predict not only (1) the possibility of lower crustal flow, but also (2)
how this process would manifest at the surface in thermal and deformational histories of
extruded rocks of the orogenic “channel” (Beaumont et al., 2001, 2004; Jamieson et al.,
2004).
1

In order to investigate this idea, we need to be able to “see” the entire system: a
relatively strong, cold foreland which provides a stable block for channelized flow; a
ductile channel with evidence of high-temperature, low-differential stress flow; and a
relatively unmetamorphosed, low-grade roof of the orogenic system which structurally
overlies the ductile channel. These architectural elements should be separated by distinct
structural breaks, or decoupling horizons (Hodges, 2016). Evidence for this grouping of
structures has been noted in the Himalaya (Hubbard, 1996; Grujic et al., 2002; Beaumont
et al., 2004; Jamieson et al., 2004), the East Greenland Caledonides (Strachan, 1994;
Strachan et al., 2001; White and Hodges, 2002, 2003; Andresen et al., 2007; Gilotti and
McClelland, 2008), and more recently, in the southern Appalachian Blue Ridge-Inner
Piedmont system (Hatcher and Merschat, 2006). Here, the Blue Ridge terranes are thought
to represent the cold, strong foreland block against which the hot, weak Inner Piedmont
flowed during Neoacadian (ca. 380-340 Ma) orogenesis (Merschat et al., 2005; Hatcher
and Merschat, 2006) beneath the structurally-higher Carolina superterrane, separated by
the Brevard Fault zone and Central Piedmont suture (decoupling horizons).
Additionally, the Scottish Caledonides, situated on the periphery of the combined
Appalachian-Caledonian-Variscan orogen, show evidence of both rapid cooling and
denudation following orogenesis and structural features which may align with the channel
flow model. Sedimentary rocks of the Devonian Old Red Sandstone (e.g., Peach and Horne
1914; O’Reilly, 1983; Wellman, 2014) directly overlie high-grade migmatites and
anatectic granites of comparable age (e.g., Kinny et al., 1999, 2003; Kocks et al., 2006;
Alsop et al., 2010; Ashley et al., 2015; Mako et al., 2019), suggesting a rapid transition
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from high-grade metamorphism to deposition on a drastically altered topography (e.g.,
MacDonald et al., 2007).
Between these two systems (the Scottish Scandian wedge and Blue Ridge-Inner
Piedmont), we may be able to obtain significant evidence for the existence of lower crustal
extrusion in the form of either channel (orogen-normal) or escape (orogen-parallel) flow.
In this dissertation, we examine these two systems from a post-peak metamorphism
perspective: first, through the lens of

40

Ar/39Ar thermochronology, which allows us to

determine the last time a system experienced consistent high-temperature conditions; and
secondly, through numerical models of surface processes, which allow us to quantitatively
estimate the relative impacts of erosion and, by extension, geodynamics on orogenic
unroofing rates.
In Chapter 2, published in the Journal of the Geological Society of London (Spencer
et al., 2020), we show that cooling rates, and by extension unroofing rates, in the Scottish
Caledonides were very rapid and hypothesize that a combined erosional-geodynamic
process was responsible for the rapid collapse of the orogen. New

40

Ar/39Ar

thermochronological and deformation temperature analyses in the Scandian (ca. 435-420
Ma) orogenic retrowedge of northern Scotland demonstrate accelerated cooling during late
syn- to post-orogenic exhumation of the high-grade orogenic core. Initial cooling rates of
10-30 ºC Myr-1 immediately following peak orogenesis transitioned to rapid rates of 4590 ºC Myr-1 during final exhumation of the Naver thrust sheet in the orogenic core. The
flanking ductile thrust sheets exhibit similar, albeit less pronounced acceleration of
cooling, with rates increasing by ~150-300% following peak orogenesis. Closer to the
foreland, the Moine thrust sheet did not experience increased cooling rates. Calculated

3

unroofing rates of 3.75 mm yr-1 in the high-grade Naver thrust sheet suggest increasing,
rapid exhumation in the orogenic core during a presumed collapse phase of orogenesis.
This is contrary to the expectation of decreasing erosional efficiency as topography is
diminished, and is interpreted to suggest that unroofing of the Scottish Caledonides may
have been partially enhanced by upper crustal extensional deformation during ductile flow
of the infrastructure of the orogenic core. Similar processes have been interpreted in the
East Greenland Caledonides, which form the northern extension of the Scandian
retrowedge.
In Chapter 3, published in the Journal of Geophysical Research – Solid Earth
(Spencer et al., 2021), we employ surface process models to test the conclusions from
Chapter 1. Tectonic and surface processes (e.g., erosion) act in concert to denude and
flatten elevated topography during and following collisional uplift. In orogens that
collapsed rapidly (<10 Myr), the effectiveness and relative contribution of erosion remains
poorly understood. Here, we use 1-D and 2-D finite-difference models to test plausible
magnitudes of erosion during denudation of the Scandian orogenic wedge, in northern
Scotland, which previous work suggests may have been very rapid. Thermochronologic,
stratigraphic, and thermobarometric data constrain initial post-collision uplift rates as well
as the cumulative post-collisional exhumation magnitude. Using these constraints, we
consider an idealized orogen subjected to fluvial incision, hillslope diffusion, and
subsequent isostatic compensation for a duration of 10 Myr. Using a range of geomorphic
parameters, we evaluate whether erosion alone is sufficient to achieve the observed
cumulative exhumation. Additionally, we apply a thermal model during the same period
to determine the viability of the previous erosion estimates in the presence of a transient

4

geothermal gradient. For most cases with initial uplift rates of 0.5-2.5 mm yr-1, total
erosion is insufficient to account for the observed Scandian denudation history, regardless
of whether a fixed or transient geothermal gradient is assumed. Average elevations near
the crest of the modeled orogen after 10 Myr are >1.4 km, which is inconsistent with the
post-Scandian landscape relief interpreted from the reconstructed depositional surface of
the Emsian (407-403 Ma) Old Red Sandstone. Collectively these findings imply a
combination of rapid erosion and tectonic denudation likely accomplished the rapid
collapse of the Scandian wedge.
In Chapter 4, we expand this investigation to the southern Appalachians. Here,
limited constraints on the timing, spatial extent, and potential post-orogenic overprinting
of high-temperature Neoacadian (380-330 Ma) metamorphism in the southern
Appalachians have limited the continued development of emerging tectonic models for
continental collisional zones, such as the crustal escape flow hypothesis. New 40Ar/39Ar
thermochronological data provide critical spatio-temporal constraints for high-temperature
metamorphism in the southern Appalachian Blue Ridge and Inner Piedmont terranes.
Amphibole 40Ar/39Ar dates in the western and central Blue Ridge range from 512-496 Ma,
indicating that those units were not heated and reset during any phase of Paleozoic
metamorphism. Amphibole dates from the eastern Blue Ridge and structurally adjacent
Inner Piedmont all record cooling below a closure temperature of 500-530 °C during and
immediately following Neoacadian orogenesis. When integrated with previous geo- and
thermochronologic data, these new data support previous models wherein the Inner
Piedmont experiences peak sillimanite II conditions, anataxis, and migmatization during
Neoacadian orogenesis, followed by relatively rapid cooling. These high-temperature

5

conditions in the Inner Piedmont may have facilitated crustal escape flow of the meltweakened units to the southwest, as previously hypothesized. We interpret the general lack
of younger cooling dates associated with Alleghanian orogenesis to indicate that any
deformation associated with this later event occurred at relatively low-grade conditions.
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CHAPTER 2. RAPID COOLING DURING LATE-STAGE OROGENESIS AND
IMPLICATIONS FOR THE COLLAPSE OF THE SCANDIAN RETROWEDGE,
NORTHERN SCOTLAND
2.1

Introduction
Syn-orogenic collapse and post-orogenic decay represent critical phases in the

evolution of collisional systems. Despite this, the processes and mechanisms that drive
collapse and post-orogenic decay and the rates at which this occurs remain poorly
understood, particularly as most studies of this type focus on relatively large and active
orogens such as the Himalayan-Alpine system (e.g., Selverstone 2005; Jamieson and
Beaumont 2013). More specifically, it remains unclear how or why orogenic topography
in some systems persists long after collision has ceased, whereas other systems preserve
evidence that they may have been completely and rapidly exhumed immediately following
the compressional phase of orogenesis. For example, in many orogens such as the U.S.
Appalachians or Urals, erosional decay of the remnant mountain chain appears to occur
over relatively long timescales (10s to 100s Myr; Hatcher et al. 1989; Berzin et al. 1996;
Leech 2001). In other systems such as the North American Cordillera or Scottish
Caledonides, very high cooling rates (50-100° C Myr-1) derived from analyses of geo- and
thermochronological data suggest that complete orogenic unroofing may have occurred in
<20 Myr and possibly as little as 10 Myr (Vanderhaeghe and Teyssier 2001; Dallmeyer et
al. 2001; Thigpen et al. 2013; Mako et al. 2019).
Orogenic unroofing and syn- to post-orogenic reduction of collisional topography
is generally attributed to surficial processes such as fluvial and glacial incision and mass
wasting (Burbank 2002). The rates at which these processes occur range from <0.01 mm
yr-1 in the case of exposed bedrock weathering in tectonically quiescent orogens such as
7

the Appalachians (e.g. Linari et al. 2017), to >5 mm yr-1 in regions where active tectonic
uplift drives more rapid denudation, such as Taiwan, the Himalaya, or the Southern Alps
of New Zealand (Tippett and Kamp 1995; Zeitler et al. 2001; Willett et al. 2003). However,
very high erosional unroofing rates (>5 mm yr-1) are currently observed only in active
orogens, and thus it seems unlikely that these rapid unroofing rates could persist once
constructional growth has ceased, as topography is diminished in the absence of continued
uplift. Despite this, there is evidence that some orogens may be subjected to very rapid
denudation rates following their constructive phases. For example, trace geochemical
analysis of weathering products and very short detrital thermochronological lag times
reported from the Western Alps have been interpreted to represent intense erosion
following the Variscan orogeny (Capuzzo et al. 2003).
Geodynamic processes such as extensional/gravitational collapse or flow of meltweakened crustal material out of topographically-elevated regions in the center of an
orogen may also drive reduction of topographic relief (e.g., Dewey 1988; Platt and England
1994; Royden et al. 1997; Beaumont et al. 2001; Hodges et al. 2001). In the case of
extensional collapse, brittle deformation of the upper crust typically manifests as gravityinduced sliding of upper crustal units, wherein normal faulting along basal décollements
transitions to back-thrusting, often in the foreland of the orogen (e.g., Rey et al. 2001 and
references therein). This process is similar to that demonstrated in passive margins such as
the Gulf of Mexico, where forces associated with salt tectonics initiate gravity sliding of
material (e.g., Cobbold and Szatmari 1991). However, gravitational collapse in the upper
crust can be difficult to definitively identify in many orogens and may be analogous to
metamorphic core complex formation in extensional terranes, wherein a central migmatite
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dome is exhumed as upper crustal units are moved away from the core along low-angle
normal faults (Rey et al. 2009). Exhumation and deformation caused by this process can
be rapid, and may also occur in collisional orogens after magmatic intrusion. For example,
geo- and thermochronological ages of exhumed plutonic rocks and detrital
thermochronological ages of derived sediments in the NE Dinarian Alps suggest 8-12 km
of footwall exhumation and cooling from ~500 °C to the surface in less than 10 Myr
(Stojadinovic et al. 2017), likely accelerated by extension during post-orogenic rifting.
Alternatively, extrusion of lower crustal material, which numerical models show to be
driven by gravitational potential energy gradients (i.e., channel flow), is often considered
to fundamentally influence the tectonic evolution of collisional orogens such as the
Himalaya-Tibet, North American Cordillera, Western Alps, and other systems (e.g. Nelson
et al. 1996; Vanderhaeghe and Teyssier 1997; Valentino and Gates 2001; Beaumont et al.
2001, 2004; Hodges et al. 2001; Selverstone 2005). However, invocation of these processes
to explain orogenic collapse are typically limited to large, hot orogens. This is likely due
to the time necessary for sufficient heating to induce melting and subsequent flow in the
lower- to mid-crust (>20-25 m.y.; Jamieson and Beaumont 2013). If there is sufficient heat
production, or if additional heat sources are introduced into smaller, colder orogens, they
may then be susceptible to processes that are traditionally ascribed to larger, hotter orogens.
In the Scandian (435-410 Ma) retrowedge of the Scottish Caledonides, likely
Emsian (408-393 Ma) conglomerates of the lower Old Red Sandstone (ORS) (Collins and
Donovan 1977; O’Reilly 1983; Storhaug and Storetvedt 1985; Wellman 2015) are
preserved lying directly upon high-grade Moine Supergroup rocks of the Scandian
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metamorphic core (Fig. 2.1). These conglomerates contain clasts of the underlying
Precambrian to Cambrian rocks (Peach and Horne 1914; O’Reilly 1983) and are located in
“outliers” throughout the hinterland of the Scandian wedge (Fig. 2). The origin of these
outliers has been debated, but some have suggested their deposition in extensional halfgrabens during rapid, post-collision intra-orogen collapse of the Scandian wedge due to
instability of the overthickened crustal welt and accompanying lateral spreading (McClay
et al. 1986). Available palynological and palaeomagnetic age constraints (Collins and
Donovan 1977; Storhaug and Storetvedt 1985; Wellman 2015) suggest deposition prior to
or during early Emsian (407-403 Ma) time, which would lend support to this hypothesis.
Early to peak P-T-t conditions of the underlying metamorphic and igneous rocks across the
wedge have been continuously refined using geochronology (e.g. Kinny et al. 1999, 2003;
Kocks et al. 2006; Alsop et al. 2010; Goodenough et al. 2011; Kocks et al. 2014;
Holdsworth et al. 2015; Dunk et al. 2019; Mako et al. 2019) and metamorphic mineral
assemblages and geothermobarometry (Thigpen et al. 2013; Ashley et al. 2015; Mazza et
al. 2018; Mako et al. 2019). Despite this, constraints on the exhumational and/or collapse
phase of the Scandian orogen in Scotland remain limited to a few studies (Freeman et al.
1998; Dallmeyer et al. 2001; Kinny et al. 2003). Mako et al. (2019) suggested cooling rates
of 6-18° C Myr-1 immediately following peak P-T conditions and accelerated cooling rates
of 40-50° C Myr-1 during the end stages of orogenesis in the Naver thrust sheet, based on
integrated monazite-xenotime geochronology-thermometry and limited age control of the
overlying Emsian deposits above the eastern part of the hinterland wedge (Wellman 2015).
This study introduces new data related to the peak P-T and exhumational histories
of the Scandian wedge in Scotland and further constrains the apparently rapid post-
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Scandian collapse event. To do this, we present the results of new hornblende and
muscovite

40

Ar/39Ar thermochronology that can be combined with previous P-T-t data

(Dallmeyer et al. 2001; Thigpen et al. 2013; Ashley et al. 2015; Mako et al. 2019) to
evaluate the unroofing history of the Scandian wedge. We also present new deformation
temperature data for an eroded clast from a Devonian conglomerate sourced from the
central part of the Skinsdale thrust sheet, which represents an area with limited P-T data on
the easternmost edge of the exposed Scandian wedge. The samples were collected from all
four of the major east-dipping Scandian thrust sheets (Moine, Ben Hope, Naver, and
Skinsdale, in ascending structural order) that are structurally juxtaposed above the Moine
thrust zone. Lastly, we integrate these new data with previous work to develop new
conceptual thermal-kinematic models for the Scandian retrowedge, including evaluating
possible links between the Scottish and East Greenland Caledonides during and
immediately following the Scandian collision. These mechanisms and rates of rapid
orogenic collapse will be tested in future numerical models.

2.2
2.2.1

Geologic background and tectonic setting
Regional overview
The Caledonian Orogeny in the Northern Highlands Terrane of northern Scotland

occurred over three pulses of metamorphism and deformation. The initial Grampian event
(Grampian I; ca. 475-460 Ma) involved the collision of an oceanic arc with the Laurentian
margin (Soper et al. 1999; McKerrow et al. 2000). The Grampian I event was followed at
ca. 450 Ma by the Grampian II event (sensu Bird et al. 2013), in which a microcontinental
fragment may have collided with the previous Grampian front and resulted in a
rejuvenation of metamorphic conditions in the orogenic core (Bird et al. 2013). The later
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Scandian event (ca. 435-420 Ma) involved closure of the Iapetus ocean as Baltica collided
with the combined margin of the remnant island arc and Laurentia (Coward 1990; Dewey
and Strachan 2003; Kinny et al. 2003). The Scandian orogeny culminated in the
development of both an orogenic prowedge (e.g. Willett et al. 1993) atop the subducting
Baltic continent, located today predominantly in Scandinavia, and a retrowedge that
includes East Greenland, Scotland and Ireland atop the overriding Laurentian plate. The
Scottish retrowedge is composed of a series of major east-dipping ductile thrust sheets
(from west to east; the Moine, Ben Hope, Naver-Sgurr Beag, and Skinsdale, in ascending
structural order) that structurally overlie the Moine thrust zone—a sequence of mylonites,
folds, and faults that becomes progressively brittle to the west from the Moine thrust (Fig.
2). The terrane is bounded to the southeast by the Great Glen Fault, a major sinistral strikeslip fault that may preserve >700 km of offset (Dewey and Strachan 2003).

2.2.2

Lithologies and thermobarometric constraints in the Scandian retrowedge
The Moine thrust sheet consists primarily of greenschist – lower amphibolite facies

Neoproterozoic Moine Supergroup metasedimentary psammites and semi-pelites that
record maximum burial pressures of 8.1 kbar and maximum temperature conditions of
~610 °C at 7 kbar at the structural top of the thrust sheet (Fig.2; Thigpen et al. 2013, Ashley
et al. 2015). The structural base of the Moine thrust sheet records P-T conditions of 420450 °C and 5.0 kbar, interpreted to record metamorphism during late-stage emplacement
of the Moine thrust sheet (Ashley et al. 2015). One area of notable exception to the
dominantly psammitic Moine lithology is in the north between the Kyle of Tongue and
Loch Eriboll, where there are inliers of Archean-age Lewisian basement rocks that are
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interpreted to stratigraphically underlie the Moine units (Peach et al. 1907; Holdsworth et
al. 2001; Butler 2010) but nonetheless record similar temperature conditions (Thigpen et
al. 2010). The Ben Hope thrust forms the eastern boundary of the Moine thrust sheet and
extends southwest from the Kyle of Tongue to the east of Assynt. In addition to Moine
psammites and metapelites, the Ben Hope thrust sheet contains Lewisianoid gneisses.
Prograde burial and heating in the Ben Hope thrust sheet led to maximum P-T conditions
of 675 °C and 8.5 kbar (Fig. 2; Thigpen et al. 2013; Ashley et al. 2015). To the east of the
Ben Hope thrust sheet, high-grade migmatites of the Naver thrust sheet were emplaced
above the Naver-Sgurr Beag thrust and formed the core of the Scandian retrowedge in
Scotland. During the Scandian event, P-T conditions in the Naver thrust sheet reached >730
°C and 8.5-10 kbar (Ashley et al. 2015), and may have been influenced by heat from a preexisting back-arc (Johnson and Strachan 2006) and/or pervasive syn-orogenic granitic
intrusions (e.g. Kocks et al. 2006; Holdsworth et al. 2015; Mako et al. 2019). Structurally
above the Naver thrust sheet, the Skinsdale thrust separates migmatites of the Naver thrust
sheet from quartz- and feldspar-dominated psammites, semipelites, and quartzites of the
Moine Supergroup in the Skinsdale thrust sheet (British Geological Survey 2003). The PT history of this thrust sheet is poorly constrained, but the syn-kinematic emplacement of
the Strath Halladale granite at the same structural level as the Skinsdale thrust, and the
presence of localized ductile structures along the periphery of this intrusion, suggest high
temperature conditions were attained in portions of the Skinsdale thrust sheet during
Scandian deformation.
Evidence for final exhumation of the Scandian retrowedge is recorded by
deposition of the Devonian (Emsian) lower Old Red Sandstone (ORS), a discontinuous
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fining-upward sequence of conglomerate to shale that is preserved throughout the northern
Highlands and was deposited directly upon the high-grade rocks of the Scandian wedge
(Fig. 2). These sediments are preserved in normal-fault bounded intramontane basins that
have been interpreted to have formed immediately following collision (e.g. Enfield and
Coward 1987). The basal ORS conglomerates reflect local igneous and metamorphic
bedrock lithologies (Peach and Horne 1914; O’Reilly 1983), including a conglomerate
composed entirely of locally-derived quartzite clasts in the Scaraben area (Crampton 1908)
from which sample SK-18-03-A2 of this study was obtained (Fig. 2). While little direct
evidence for a depositional age has been reported for many of these lower ORS deposits
overlying the western and central parts of the orogenic wedge, palynomorphs from lower
ORS shale units near Berriedale (Fig. 2; Wellman 2015), and similar mudrocks above the
lowermost ORS rocks at Sarclet Head (Collins and Donovan 1977), suggest an early
Emsian (407-403 Ma) depositional age. Additionally, a palaeomagnetic study of the lower
ORS units at Sarclet Head (Fig. 2) yields a detrital remanent magnetization similar to that
of uppermost Silurian-lowermost Devonian Scottish volcanics (Storhaug and Storetvedt
1985 and references therein).

2.3
2.3.1

Sampling and analytical methods
40

Ar/39Ar thermochronology

Eight samples were collected for 40Ar/39Ar thermochronological analysis from the
four major ductile thrust sheets of the orogenic wedge. Sample locations for six muscovite
samples were chosen to maximize spatial coverage across the region and to coincide with
the spatial occurrence of exposed lower ORS units (see Fig. 2). By sampling outcrops
located near lower ORS deposits, we are able to more confidently construct time14

temperature paths and cooling rates (see section 5.1) from muscovite

40

Ar/39Ar closure

depths to surface exposure and subsequent ORS deposition. Additionally, two amphibole
samples were collected from the Naver and greater Moine thrust sheets to provide higher
temperature data points for time-temperature paths to complement those reported by
Dallmeyer et al. (2001).
Samples were processed using standard mineral separation techniques at the
University of Kentucky. Separates of 125-500 µm optically-pure muscovite and
hornblende with little to no visible alteration were irradiated along with GA1550 biotite
fluence monitors (99.738 ± 0.104 Ma; Renne et al. 2011) in the Cd-lined (CLICIT) facility
at the Oregon State University (USA) TRIGA reactor for ten hours. Sample analyses were
carried out at the Noble Gas Geochronology and Geochemistry Laboratories at Arizona
State University. Two- to three-grain aliquots were then degassed by step-heating to total
fusion using a Photon Machines 55W CO2 laser. Isotopic data were collected using a Nu
Instruments Noblesse multi-collector mass spectrometer in single collector mode. An
40

Ar/36Ar value of 298.56 ± 0.31 (Lee et al. 2006) was used to correct the data for mass

discrimination through a power law function (Renne et al. 2009). Berkeley Geochronology
Centre software ‘Mass Spec’ (Alan Deino, Berkeley Geochronology Center software) was
used for data reduction and apparent date determinations using the decay constant of
5.5305 x 10-10 a-1 from Renne et al. (2011). The data were corrected for blank, radioactive
decay, mass discrimination and interfering reactions. Apparent age uncertainties are
reported at the 2σ level; uncertainties on the isotopic measurements are reported at 1σ. We
present muscovite and amphibole data using incremental release spectra (Figs. 3 and 4) in
which the derived dates for each heating increment are shown at the 2σ uncertainty level.
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Plateau dates are defined for muscovite samples as six or more contiguous gas fractions
that yield statistically consistent apparent ages (considering analytical uncertainties) and
that collectively constitute greater than 50% of the total

39

Ar released during the step-

heating experiment. A plateau date is calculated as the inverse variance-weighted mean of
all steps on the plateau, and is reported along with its mean squared weighted deviation
(MSWD; Wendt and Carl, 1991). None of our hornblende samples yielded statistically
defined plateaus. We instead report and interpret inverse isochron (39Ar/40Ar vs. 36Ar/40Ar;
Kuiper, 2002) or total gas dates for these experiments. For total gas dates, the reported
values are inverse variance-weighted means for all experimental steps. Inverse isochron
dates are determined from the 39Ar/40Ar intercepts of linear correlations of the isotopic data
as determined using the regression approach of York et al. (2004). All statistical
calculations were performed using Isoplot 4.15 (Ludwig 2012) or IsoplotR (Vermeesch
2018) software. Conversion of previously published dates to reflect an updated decay
constant and fluence monitor age was completed using ArAR software (Mercer and Hodges
2016).

2.3.2

Quartz c-axis opening angle thermometry
To provide a maximum temperature estimate for the Skinsdale thrust sheet, one

sample for deformation temperature thermometry was collected from a quartzitic clast in a
conglomerate near the southeasternmost extent of the Strath Halladale granite suite and
near exposed outcrop of Lower ORS units (Fig. 2). The unit is mapped as the
Neoproterozoic Scaraben Quartzite Formation, a member of the Moine Supergroup
(British Geological Survey 2003), but the conglomerate has been ascribed to the lower
Devonian along with other conglomerates that lie unconformably upon the metamorphic
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basement (Crampton 1908). Crystal fabric data for this sample (SK-18-03-A2) are reported
from a thin section cut perpendicular to foliation and parallel to lineation lying within the
foliation. The quartz c-axis fabric was measured on dynamically recrystallized quartz
grains using an optical microscope and Leitz universal stage. Universal stage data were
collected using an Excel macro developed by S. Mulcahy at University of California,
Davis. The fabrics was contoured using the Stereoplot software package developed by N.
Mancktelow at ETH, Zurich and displayed on a lower hemisphere equal area projection.
Deformation temperature was estimated from the opening angle of the cross-girdle fabric
using the thermometer of Faleiros et al. (2016).

2.4
2.4.1

Results
Muscovite 40Ar/39Ar thermochronology
Muscovite separates were prepared from samples collected from all four major

thrust sheets of the Scandian retrowedge (Fig. 2) and cooling ages determined (Table 1).
Incremental

40

Ar/39Ar age spectra were obtained for all samples (Fig. 3). See

Supplementary Data Table 1 for complete analytical data.
In the Moine thrust sheet, a semipelite located ~5 km west of the Ben Hope thrust
along a structural dip transect (MT-17-08; for location see green ellipse labelled 449 in Fig.
2) yields a plateau date of 449.0 ± 1.4 Ma (MSWD = 0.36). This date represents 84.6% of
radiogenic 39Ar. A garnetiferous pelitic schist from the south end of the Kyle of Tongue in
the immediate footwall to the Ben Hope thrust (MT-17-07, Fig. 2; same outcrop as sample
MT-09-09 of Ashley et al. 2015) yields plateau dates of 421.7 ± 2.2 Ma (MSWD = 1.6;
98.6% gas fraction) for one aliquot and 421.9 ± 2.2 Ma (MSWD = 0.024) for a second
aliquot, although the second plateau only represents 64.3% of total released
17

39

Ar. One

sample of Moine semipelitic gneiss from a roadcut near Coldbackie along the east side of
the Kyle of Tongue (BH-18-03; Fig. 2) within the Ben Hope thrust sheet yields lateScandian plateau dates of 414.7 ± 1.1 Ma (MSWD = 1.6; 99.34% gas fraction) and 414.9
± 1.7 Ma (MSWD = 1.13; 97.4% gas fraction) for two aliquots.
In the Naver thrust sheet, two samples were selected for analysis. Muscovites from
a Moine migmatitic schist at the leading edge of the thrust sheet just north of the Meall
Odhar ORS outlier (NT-18-05; Fig. 2) yields a plateau date of 411.0 ± 1.7 Ma (MSWD =
1.6; 82.7% gas fraction). An additional aliquot for this sample yields a date of 411.6 ± 1.7
Ma (MSWD = 1.5; 65.2% gas fraction). Further east in the Naver thrust sheet near the Ben
Griam ORS outlier, a basement semipelitic gneiss (NT-18-04) yields plateau dates of 410.9
± 1.3 Ma (MSWD = 0.34; 94.8% gas fraction) and 410.7 ± 1.2 Ma (MSWD = 1.05; 97.9%
gas fraction).
Lithologies in exposed Moine basement in the Skinsdale thrust sheet are generally
more psammitic than those in the other thrust sheets and in many exposures lack sufficient
modal quantities of muscovite for 40Ar/39Ar analysis. However, sufficient muscovite was
obtained from one sample from an outcrop of psammite near the northernmost extent of
the Berriedale ORS outlier in the Strath of Kildonan (Fig. 2) (SK-18-02). One aliquot of
this sample yields a date of 413.0 ± 1.2 Ma (MSWD = 0.49; 95.6% gas fraction), while the
other aliquot yields a date of 413.6 ± 1.0 Ma (MSWD = 1.12; 87.1% gas fraction).

2.4.2

Hornblende 40Ar/39Ar thermochronology
Hornblende 40Ar/39Ar dates were obtained for two samples in the Scandian wedge

(Fig. 2; Table 2). For complete amphibole thermochronological data sets see
Supplementary Data Table 2. Representative electron microprobe analyses are available in
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Supplementary Data Table 3. An optically-pure hornblende separate was obtained from
amphibolite gneiss of the Cambrian Strathy Complex along the northern coast (NT-18-03;
beige 414 ellipse in Fig. 2) in the Naver thrust sheet. The sample yielded ample quantities
of black amphibole in the 250-500 µm grain size range. Electron microprobe analyses of
representative grains reveal mostly tschermakitic hornblende, but the sample contains
varying quantities of pargasitic, edenitic, and magnesio-hastingsitic hornblende. In the
absence of plateau behavior during incremental heating analysis of these samples, total gas
and inverse isochron dates were calculated instead (Fig. 4). A total gas age of 416.2 ± 4.8
Ma was calculated for twenty step-heating increments in two aliquots. One aliquot plotted
on an inverse isochron (Fig. 4) yields an apparent age of 414.4 ± 5.7 Ma (MSWD = 1.4).
Sample BH-18-02 was collected from an inlier of Lewisian amphibolite gneiss ~12
km west of Golspie (beige 420 ellipse in Fig. 2). This location lies within the greater Moine
thrust sheet, which is undivided south of the Oykel Transverse Zone (see Fig. 2), but is
directly south of the high-grade core of the orogenic wedge. Two aliquots from an
amphibole separate of dominantly magnesio-hornblende (with minor amounts of
tschermakitic, pargasitic, edenitic, and actinolitic hornblende) in the 125-250 µm size range
yield a total gas age of 420.3 ± 4.6 Ma. An inverse isochron for one aliquot of this sample
(Fig. 4) and yields a Scandian apparent date of 412.5 ± 20 Ma (MSWD = 14).

2.4.3

Deformation temperatures and quartz c-axis fabric opening angle thermometry
Unlike the more foreland-positioned thrust sheets in which data on close-to-peak

deformation conditions are relatively abundant, almost no such data have so far been
obtained from the metasedimentary rocks of the Skinsdale thrust sheet. The Scaraben
Quartzite (Strachan 1988) located within the eastern part of the Skinsdale thrust sheet may
19

be one potential target for future research. Here we report petrofabric analyses from an
angular pebble of foliated and lineated quartzite obtained from a conglomerate composed
entirely of angular quartzite pebbles. This quartzite conglomerate is presumably derived
from the adjacent Scaraben Quartzite of the underlying Skinsdale thrust sheet and is
thought to be of Devonian (ORS) age (see description and interpretation by Crampton
1908, p. 89).
A single deformation temperature was determined from a quartz c-axis fabric
opening angle measured on quartzite pebble sample SK-18-03-A2 (Fig. 2). The sampled
outcrop consists of chaotically bedded clasts of quartzite ranging from <5 mm to >20 cm
diameter which appear to have been recemented by quartz following deposition (Fig. 5c).
The outcrop appears distinctly different from other Scaraben Quartzite outcrops in the area
which exhibit consistent structural trends (Figs. 5b, c). Individual clasts have stronglydeveloped foliation and lineation associated with high-temperature deformation that is
likely inherited from the basement source rock and not due to post-deposition deformation
of the conglomerate. As some individual boulders within the conglomerate are >1m in size,
it is probable that these are locally-derived conglomerates.
This sample yields a transitional cross girdle to small circle girdle fabric centered
about the lineation (Fig. 6), indicating deformation within the constrictional field (Schmid
and Casey 1986; Law 2014). It has a c-axis fabric opening angle of 91° which yields a
minimum estimated temperature of 677 ± 64 ºC, based on the Faleiros et al. (2016) linear
thermometer for fabric opening angles greater than 87° and including uncertainty at the
95% confidence level. Although the age of this high-temperature pre-Devonian
deformation is uncertain, the inferred deformation temperature is consistent with the
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presence of quartz chessboard extinction microstructures (deformation T > 650 °C; Stipp
et al. 2002), which are observed in samples of the pervasively sheared 426 Ma Strath
Halladale granite (Kocks et al. 2006) located on the western edge of the thrust sheet.

2.5
2.5.1

Discussion
Thermobarometric and structural evolution of the Scandian orogenic retrowedge
These new results provide important cooling history constraints for the Scandian

retrowedge and further refine deformation conditions and existing P-T-t histories (Thigpen
et al. 2013; Ashley et al. 2015; Thigpen et al. 2017; Mako et al. 2019). Syn-kinematic UPb monazite ages in migmatites of the Naver thrust sheet indicate deformation in the core
of the Scandian wedge likely initiated in the Naver thrust sheet at 431 ± 10 Ma (Kinny et
al. 1999; Friend et al. 2000), emplacing high-grade migmatites over Moine Supergroup
rocks of the Ben Hope thrust sheet. Zircon U-Pb crystallization ages of deformed
metagranites yielded similar ages to the aforementioned monazites, providing further
evidence for the timing of Naver thrust activity (Fig. 2; Strathnaver granite, 429 ± 11 Ma,
and Klibreck granite, 420 ± 6 Ma) (Kinny et al. 2003). Peak orogenic temperature
conditions in the Naver thrust sheet likely reached >700 ºC at ca. 425 Ma at pressures of
6-7 kbar (Fig. 7; marker N1), indicating heating during decompression from peak burial
pressures of >9.0 kbar (Ashley et al. 2015; Mako et al. 2019). Sample NT-18-03 indicates
cooling through the hornblende 40Ar/39Ar closure temperature (~550 ºC) at 414.4 ± 5.7 Ma
(Fig. 7; marker N2), which yields a range of cooling rates of ~9-31 ºC Myr-1 (averaged to
~20 ºC Myr-1) from maximum temperatures of 700-730 ºC at 425 Ma. This cooling age is
indistinguishable from a titanite U-Pb cooling age of 417 ± 3 Ma obtained from the nearby
Klibreck granite (Fig. 2; Kinny et al. 2003), which has a similar closure temperature of
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550-600 ºC (Cliff 1985; Cherniak 1993). This is also consistent with temperatures of 601
± 25 ºC at 418 Ma reported from monazites in the Naver thrust sheet (Mako et al. 2019).
Muscovite 40Ar/39Ar ages of 411.0 ± 1.7 and 410.9 ± 1.3 Ma (Fig. 7; marker N3) from the
Naver thrust sheet (samples NT-18-05 and NT-18-04) place additional constraints on T-t
conditions in the Naver thrust sheet and indicate an increase in cooling rate from ~20 ºC
Myr-1 to ~45 ºC Myr-1 between 414.4 Ma and 411 Ma, assuming an average closure
temperature of 400 ºC for the muscovite system (Harrison et al. 2009; Hodges 2014;
Reiners et al. 2018). These rates are comparable to the 15-20 ºC Myr-1 rates recently
reported using monazite-xenotime thermometry and U-Pb geochronology (Mako et al.
2019). If the Meall Odhar, Strathy, and Ben Griam ORS outliers (Fig. 2), which are
deposited directly upon the exposed Naver migmatitic core, are time correlative (407-403
Ma) with those reported by Collins and Donovan (1977) and Wellman (2015) (Fig. 7;
marker E), then cooling from ~400 ºC to surface conditions from ~411 to 407-403 Ma
would require either sustained cooling at 45 ºC Myr-1 or an increase in cooling rate to as
much as ~90 ºC Myr-1.
During the time of peak P-T conditions in the Naver thrust sheet, the structurally
overlying Skinsdale thrust was also likely active. A U-Pb monazite date of 426 ± 2 Ma
from the Strath Halladale granite within the Skinsdale thrust zone is interpreted to indicate
crystallization during the latest stage of thrusting (Kocks et al. 2006). The deformation
temperature of 677 ± 64 ºC (Fig. 7; marker S1) reported in this paper from a quartzite
conglomerate clast (Figs. 5c and 6), when combined with data from the sheared Strath
Halladale granite (Kocks et al. 2006), indicates that the Skinsdale thrust sheet deformation
temperatures were probably similar to those of the underlying Naver thrust sheet (Ashley
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et al. 2015; Mako et al. 2019). Existing thermometry data from the Skinsdale thrust sheet
is limited to a single hornblende 40Ar/39Ar date of 424.2 ± 1.2 Ma (Fig. 7; marker S2) from
the Reay diorite (Fig. 2), which is located north of, and is interpreted to be
contemporaneous with, the Strath Halladale granite and other late Silurian to early
Devonian granitic intrusions (Dallmeyer et al. 2001; Kocks 2002). Conversion of this date
to reflect an updated fluence monitor age for standard MMhb-1 and

40

K decay constant

(Renne et al. 1998 and 2011, respectively) yields a date of 426.4 ± 1.2 Ma.
While the deformation temperature from the quartizite clast in this study cannot be
definitively linked to Scandian deformation, multiple lines of evidence in the Skinsdale
thrust sheet and immediate Naver footwall to the Skinsdale thrust corroborate hightemperature conditions during Scandian deformation. Kocks et al. (2006) reported fibrolite
mats in pelitic rocks adjacent to the Strath Halladale granite that have been attributed to
thermal overprinting during late-tectonic pluton emplacement (Watson 1948, Strachan
1988, Kocks et al. 2006), suggesting heating of the surrounding country rock by the pluton.
Monazite-xenotime time-temperature constraints reported by Mako et al. (2019) also
indicate high temperatures (~665 ºC) during Scandian deformation (ca. 421.5 Ma) in the
immediate footwall to the Skinsdale thrust, consistent with the pattern of increasing
temperatures across the orogenic wedge according to deformation fabrics and metamorphic
mineral assemblages noted by Thigpen et al. (2013). Finally, the ~413 Ma muscovite
40

Ar/39Ar date for sample SK-18-02 reported in this paper indicates temperatures in the

Skinsdale thrust sheet were at least 400 ºC in the Skinsdale thrust sheet during Scandian
deformation.
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Assuming the deformation temperature recorded in the quartzite clast does
represent maximum possible temperatures in the Skinsdale thrust sheet during Scandian
deformation, cooling from peak temperatures of 680 °C at ~426 Ma to 550 °C appears to
have proceeded rapidly when considering the amphibole 40Ar/39Ar date of the Reay diorite
(Dallmeyer et al. 2001). This rapid rate is likely indicative of cooling of the igneous
intrusions following emplacement, which has been interpreted as late syn-thrusting (e.g.
Kinny et al. 2003; Kocks et al. 2006). Sample SK-18-02 (Fig. 2) yields a muscovite
40

Ar/39Ar date of 413.0 ± 1.2 Ma (Fig. 7; marker S3). Taken with the converted Reay diorite

date at a similar structural level, this indicates that cooling proceeded at an average rate of
~10-14 ºC Myr-1 from ~550 to 400 ºC between 426-413 Ma. Exhumation to the surface by
407-403 Ma (Fig. 7; marker E) indicates a cooling rate of ~37.5-62.5 ºC Myr-1, suggesting
the Skinsdale thrust sheet underwent a cooling pattern similar to that experienced by the
underlying Naver thrust sheet.
Zircon crystallization dates from a deformed metagranite in the immediate footwall
to the Ben Hope thrust indicate thrust motion after ~415 ± 6 Ma (Alsop et al. 2010). U-Pb
dates of 432.4 ± 0.5 Ma from a granite in the Naver thrust footwall (Vagastie Bridge
granite; Strachan et al. in press) constrain the timing of movement along that structure and
indicate a broadly foreland-propagating deformation sequence. Peak deformation
conditions in the Ben Hope thrust sheet reached 675-680 ºC (Fig. 7; marker B1) based on
quartz deformation temperatures (Thigpen et al. 2013) and a peak P of 8.5 kbar from
thermodynamic modeling (Ashley et al. 2015). Cooling data from muscovite and
hornblende 40Ar/39Ar (Dallmeyer et al. 2001) and titanite U-Pb analyses (Kinny et al. 2003)
indicate cooling of the Ben Hope thrust sheet over several hundred degrees between 421-
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413 Ma. Hornblende from sample BH-18-02 in the southeastern part of the greater Moine
thrust sheet, south of the Ben Hope thrust, yields a total gas date of 420.3 ± 4.6 Ma (Fig.
7; marker B2). This date lies within the uncertainties of previously reported amphibole
dates of 423.6 ± 0.4 and 423.8 ± 0.3 Ma (recalculated samples 13 and 7 of Dallmeyer et al.
2001), which are located at the northern end of the Ben Hope thrust sheet (tan ellipses 421
and 422 of Fig. 2). A muscovite date of 414.7 ± 1.1 Ma from sample BH-18-03 (Fig. 7;
marker B3) indicates cooling to ~400 ºC at the base of the thrust sheet at that time. If the
Ben Hope thrust sheet experienced peak T conditions at ~425 Ma, similar to the Naver
thrust sheet, then integration of muscovite cooling data yields cooling rates of ~15-50 ºC
Myr-1 (averaged to 25 ºC Myr-1) from ~425-414 Ma. If the Ben Hope thrust sheet was then
subsequently exhumed to the surface from 414 to 403-407 Ma (Fig. 7; marker E), this
implies average cooling rates of ~34-53.5 ºC Myr-1, comparable to rates calculated for the
Skinsdale thrust sheet.
Ductile motion along the Moine thrust is interpreted to have started during early
Scandian orogenesis (>429 Ma) based on relationships with plutons that are inferred to
either cut the thrust plane and/or be truncated and deformed by the thrust (e.g., Goodenough
et al. 2011). Along the north coast near Loch Eriboll, Scandian mylonitic fabrics are
continuous from the Moine thrust sheet into the structurally underlying ductile thrust sheets
of the Moine thrust zone (Holdsworth et al. 2006; Thigpen et al. 2010). This suggests that
ductile motion along the Moine thrust continued as the deformation progressed from the
hinterland into the foreland, likely as part of a broadly foreland propagating sequence
within the upper ductile thrust sheets (e.g., Thigpen et al. 2013). Rocks in the upper part of
the Moine thrust sheet followed a prograde path from ~550 ºC at 8.1 kbar to 590-605 ºC
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(Fig. 7; marker M1) at ~7 kbar (Thigpen et al. 2013; Ashley et al. 2015). The base of the
Moine thrust sheet near the MTZ yields more variable data (Fig. 2); temperatures of ~450
ºC and pressures of ~5.0 kbar (Thigpen et al. 2013; Ashley et al. 2015) are recorded in the
central and northern parts of the thrust sheet, while deformation temperatures of 575-590
ºC have been reported to the south in the Assynt recess (Thigpen et al. 2013). A muscovite
40

Ar/39Ar date of 421.7 ± 2.2 Ma (Fig. 7; marker M2) from sample MT-17-07 (sample site

MT-09-09 of Thigpen et al. 2013 and Ashley et al. 2015) at the south end of the Kyle of
Tongue (Fig. 2) indicates that the uppermost Moine thrust sheet in the footwall of the Ben
Hope thrust cooled below ~400 ºC during Scandian thrusting. This age is broadly
correlative with white mica Rb-Sr ages (closure temperature ~500 °C) of 437-408 Ma from
mylonites at the base of the Moine thrust sheet (Freeman et al. 1998). Using the 421.7 ±
2.2 Ma muscovite cooling age from sample MT-17-07 and a peak temperature of ~600 ºC
at 425 Ma, cooling rates at the upper edge of the Moine thrust sheet during peak orogenesis
were approximately 60 ºC Myr-1. This apparently rapid rate is consistent with the
interpretation of the thermal evolution of the upper Moine thrust sheet proposed by Ashley
et al. (2015), wherein peak P-T conditions existed for less than 500,000 years and high heat
flow due to rapid exhumation and isotherm advection along the Ben Hope thrust permitted
rapid cooling following peak temperature. Although no Devonian sedimentary rocks are
preserved atop the Moine thrust sheet near to this location, the assumption of a similar age
of unroofing as the other thrust sheets (Fig. 7; marker E) would yield cooling rates of ~2025.5 ºC Myr-1 from 421.7 ± 2.2 Ma.
Sample MT-17-08, which is located ~2.5 km west of the Ben Hope thrust (Fig. 2),
yields a muscovite

40

Ar/39Ar date of 449.0 ± 1.4 Ma. Although it could generally be
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interpreted that the lower parts of the Moine thrust sheet did not reach sufficient peak
temperature to reset muscovite Ar systematics during Scandian deformation, quartz c-axis
fabric opening angles from samples in the immediate vicinity yield deformation
temperatures of 540-585 ºC (Thigpen et al. 2013). A possible alternative is that this
anomalously old age may result from an excess 40Ar component. Some mica phases can
contain excess

40

Ar obtained from

40

Ar-enriched intergranular fluids (Hodges 2014),

including metamorphic fluids (e.g. de Jong et al. 2001). Freeman et al. (1998) reported
excess

40

Ar in phengites of the Moine mylonites in the Moine thrust zone south of the

Assynt culmination, yielding K-Ar dates of 449 ± 13.5 Ma, ~30 Myr older than comparable
Rb-Sr dates of 417 ± 5.2 Ma from the same study. Additionally, Dallmeyer et al. (2001)
interpreted three muscovite

40

Ar/39Ar dates from the Moine thrust sheet as anomalously

old due to excess 40Ar. Given the uncertainty in the meaning of old isotopic ages in the
Moine thrust sheet away from the Ben Hope thrust, we have not shown calculated cooling
rates for the lower to middle Moine thrust sheet in Figure 7.

2.5.2

Erosion and unroofing rates in the Scandian wedge compared with active and
decaying orogens
In the Scandian wedge, peak P estimates of 8.5-10 kbar for the Naver thrust sheet

(Ashley et al. 2015; Mako et al. 2019) indicate approximately 32-38 km of exhumation in
the core of the Scandian hinterland, assuming a geobarometric gradient of ~3.8 km kbar-1.
If exhumation proceeded at a constant rate from ~425 Ma to early Emsian time this would
yield linear average exhumation rates of 1.5-2.1 mm yr-1 for the Naver thrust sheet. The
flanking Ben Hope thrust sheet yields calculated exhumation rates of 1.5-1.8 mm yr-1 over
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the same time interval based on maximum pressures of 8.5 kbar (~32 km). Maximum P for
the Moine thrust sheet (~7.0 kbar, ~27 km) yields exhumation rates of 1.2-1.5 mm yr-1.
The rates calculated above, which consider exhumation to proceed at a timeaveraged constant rate and in a vertical direction, are based on pressure estimates only. If
these calculations instead consider non-constant exhumation paths using temperature as a
proxy for depth, estimated rates of unroofing are more variable. Although the thermal
structure of the Scandian wedge is not very well constrained, calculation of a uniform linear
geothermal gradient using the reported P-T conditions in the Moine, Ben Hope, and Naver
thrust sheets (from Thigpen et al. 2013; Ashley et al. 2015; Mako et al. 2019) yields 2022 °C km-1. Recently, attempts have been made to characterize the general architecture of
a Scandian-type thrust wedge due to thrust heating and advection (e.g. Thigpen et al. 2017).
In these models, at high rates of thrusting (50 mm yr-1), significant surface-directed
isotherm deflection occurred in deeper portions of the wedge (below ~20 km depth) but
shallower isotherms were not severely deflected. Maximum orogen-normal plate motion
estimates for the Scandian orogeny are estimated at ~50-60 mm yr-1 (Dewey and Strachan
2003), and therefore the models of Thigpen et al. (2017) may serve as a useful indicator of
possible upper crustal thermal structure during Scandian thrusting. Thus, assuming a
similar geothermal gradient of ~25 °C km-1, closure temperatures for the hornblende
40

Ar/39Ar (~550 °C) and muscovite

40

Ar/39Ar (~400 °C) systems would correspond to

approximate depths of 21 and 15 km, respectively. Following these parameters, cooling
from 550 °C (21 km) at ~416 Ma to 400 °C (15 km) at ~411 Ma in the Naver thrust took
place at rates of ~30 °C Myr-1. This translates to an exhumation rate of approximately 1.2
mm yr-1. Cooling in the Ben Hope thrust sheet from 550 °C at ~420 Ma to 400 °C at ~415
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Ma is consistent with these results, suggesting that initial unroofing of the orogen may have
been similar across the wedge. Final exhumation from ~400° C to the surface, however,
appears to have occurred at a much more rapid pace in the core of the orogen. In the Naver
thrust sheet, 40Ar/39Ar muscovite dates of ~411 Ma imply exhumation rates of 1.9-3.8 mm
yr-1, assuming a surface temperature of 25 °C and that the Meall Odhar and Ben Griam
ORS outliers (Fig. 2) have a similar depositional age as the Berriedale outlier (Fig. 2; 407403 Ma). Using the same assumptions, muscovite dates in the Ben Hope and Skinsdale
thrust sheets of 413-414 Ma imply exhumation rates of 1.4-2.5 mm yr-1. In the Moine thrust
sheet, muscovite dates of ~421 Ma imply a rate of 0.8-1.1 mm yr-1. These late-stage
exhumation rate calculations are in agreement with the trend of the pressure-derived (linear
averaged) rates and imply that rates are highest in the Naver thrust sheet and decrease away
from the core of the orogen.
In active orogens, tectonic uplift and surface denudation drive the system towards
a topographic “steady state,” wherein erosion occurs at a rate similar to that of uplift and
serves to stabilize the average topography of the system (Willett et al. 2001). A broad range
of steady-state denudation rates have been estimated in the literature for different orogenic
settings: from as low ~0.3-0.75 mm yr-1 in the Olympic Mountains (Brandon et al. 1998)
and European Alps (Bernet et al. 2001) to as high as 3-5 mm yr-1 in the Himalaya (Zeitler
1985; Zeitler et al. 2001; Burbank et al. 2003) and Taiwan (Suppe 1981; Willett et al. 2003;
Stolar et al. 2007). However, these rates are unlikely to be sustained as collisional activity
wanes, topographic relief is diminished, and the efficacy of surface denudation
mechanisms are reduced. Thus, post-collisional topographic denudation rates are generally
orders of magnitude lower. For example, erosion rates in the Appalachians have recently
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been reported as less than 1 mm yr-1, and as low as 0.005-0.035 mm yr-1 (Portenga et al.
2013; McKeon et al. 2014; Linari et al. 2017).
While the orogenic exhumation rates discussed above provide some context for the
rates calculated in this study, they are average rates and therefore incorporate numerous
mechanisms, some of which may not be dominant in every orogen. Mechanical denudation,
including fluvial and glacial incision and bedrock landsliding, is the main process by which
orogenic topography is denuded (Burbank 2002). Glacial incision is generally capable of
erosion rates in excess of 5-10 mm yr-1, with faster rates concentrated in region of higher
precipitation and bulk ice flux (Burbank 2002, and references therein). However, the nearequatorial (~15º latitude) position of Scotland during the time of Scandian orogenesis (e.g.
Torsvik et al. 1996; Cocks and Torsvik 2011) and Silurian palaeotemperature estimates of
25-30 ºC (Joachimski et al. 2009) indicate a temperate to subtropical climate during later
orogenesis, limiting the potential influence of glacial activity and suggesting fluvial and
hillslope diffusion processes likely served as the dominant mechanisms of erosion. Rates
of erosion due to bedrock landsliding are more difficult to measure directly, but have been
estimated to produce time-averaged erosion rates of 5-13 mm yr-1 in the Southern Alps of
New Zealand (Hovius et al. 1997; Burbank 2002). However, fluvial incision is commonly
considered to be the governing threshold for hillslope diffusion, as fluvial incision
generally establishes channel slopes and effectively sets the base level for hillslope
diffusion (Burbank 2002). If this assumption is correct, long-term erosion rates can be
simply reduced to fluvial erosion rates in the absence of glacial incision.
Fluvial incision in orogens is dependent on multiple factors, including drainage
area, material erodibility, and channel slope, parameters which can be represented in the
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simplest form of the stream power law (Harel et al. 2016 and references therein), which is
frequently used during landscape evolution modeling. If drainage area is assumed to be
relatively constant and the erodibility of exhumed rock does not change significantly, it
follows then that channel slope is the dominant factor in determining erosion rate. This
dependency on elevation, or change in elevation, is also employed in more general erosion
rate calculations, and can exert an exponential control over erosion rates (e.g. Blackburn et
al. 2018).
Average fluvial incision rates for high-elevation stream catchments are commonly
2-10 mm yr-1 (Milliman and Syvitski 1992; Burbank 2002) but vary according to orogen.
Rates have been reported at 4-8 mm yr-1 in the Himalaya (Lave and Avouac 2001), 2-9 mm
yr-1 in Taiwan (Yanites et al. 2011), and 1.8 mm yr-1 in the Alps (Fox et al. 2015), but also
at lower rates, such as 0.5 mm yr-1 in the North American Cordillera (Donahue et al. 2013)
and 0.03-0.06 mm yr-1 in the Appalachians (Sasowsky et al. 1995, Miller et al. 2013).
These rates corroborate the assertion that higher-elevation, high-relief areas are more prone
to efficient fluvial erosion, and therefore a decrease in erosion rate is to be expected both
away from the orogenic core, and as topography is progressively diminished following
collisional deformation (Figs. 8a and 8b). Importantly, the highest rates reported here are
all from actively-building orogens. In orogens where collision has ceased such as the
Appalachians and North American Cordillera, rates are considerably lower. In the Scandian
orogenic wedge in Scotland, the apparent acceleration in cooling rate from peak to late
stage orogenesis revealed by our thermochronological data is counter to the expectation
that exhumation and erosion rates decrease as orogen topography is progressively
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diminished after collision has ceased (Fig. 8c). If correct, this system may require
additional mechanisms to explain rapid, late-stage exhumation rates.

2.5.3

Exhumation in Scotland as part of the Greater Caledonides
If surface denudation by erosion alone cannot account for the entire exhumation

and unroofing that apparently occurred in the Scandian retrowedge, additional
denudational mechanisms must be considered. Many collisional orogens have been
interpreted to experience extensional (gravitational) collapse and/or lower- to mid-crustal
flow processes (e.g. Coney and Harms 1984; Molnar et al. 1993; Nelson et al. 1996;
Vanderhaeghe and Teyssier 1997; Hodges et al. 2001; Beaumont et al. 2004; Jamieson et
al. 2004) that redistribute material from the core of an orogen toward its margins. In
orogens that have been interpreted to be affected by crustal flow, key components of the
system usually include: 1) a sole thrust separating the orogenic wedge from the underlying
substrate; 2) a low-grade fold and thrust belt in the frontal parts of the orogenic wedge that
transitions to higher grades toward the hinterland; 3) a rheologically weak hinterland
infrastructure consisting predominantly of anatectites and gneisses that experienced highgrade metamorphic conditions; and 4) a lower metamorphic grade to unmetamorphosed
superstructure, which is separated from the infrastructure by a single major detachment
horizon or series of detachment zones with normal-sense kinematics (Fig. 9; Hodges 2016).
The structurally higher detachments, along with the sole thrust, serve as fundamental
decoupling horizons separating thermally-weakened infrastructure from both the
underlying foreland and the overlying superstructure. In the Himalaya, Miocene
decoupling horizons were the Main Central thrust and South Tibetan detachment systems.
Similar structures are recognized in the East Greenland Caledonides (Strachan 1994;
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Strachan et al. 2001; White and Hodges 2002, 2003; Andresen et al. 2007; Gilotti and
McClelland 2008; Fig. 10).
The deformation temperature reported here for the central Skinsdale thrust sheet,
as well as temperatures of >700 ºC recorded in the Naver thrust sheet (Ashley et al. 2015;
Mako et al. 2019) suggest that high-temperature conditions were pervasive structurally
above the Naver thrust. The high temperatures recorded in the Naver thrust sheet and syntectonic Scandian-aged granites (e.g. Kinny et al. 1999; Kocks et al. 2006; Holdsworth et
al. 2015; Strachan et al. in press) along the structural level of the Skindale thrust suggest
that this portion of the orogenic wedge may have evolved in a similar way to the
infrastructure of the East Greenland Caledonides. Several lower ORS deposits in the
Scandian wedge of Scotland are bounded by normal faults (Fig. 2) that reflect upper crustal
extension during late-state orogenesis. Rifts formed during syn-collisional extension are
common in the Himalayan-Tibetan orogenic system (Molnar et al. 1993), and Basin and
Range extension and the development of metamorphic core complexes in the North
American Cordillera have been attributed to gravitational extensional collapse of
overthickened crust immediately following collision (Coney and Harms 1984; McClay et
al. 1986; Vanderhaeghe and Teyssier 1997). Additionally, 435-415 Ma monazite and
zircon U-Pb dates from amphibolite-facies migmatites and 423-413 Ma muscovite and
biotite 40Ar/39Ar dates from granitic and metamorphic rocks (Gilotti and McClelland 2008,
p. 264, Fig. 10, and references therein) located throughout the East Greenland Caledonides
provide evidence for rapid, syn-tectonic cooling similar to that reported in this paper. An
important difference, however, between the Scottish and Greenland Caledonides is the
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absence of Scandian eclogite facies metamorphism in Scotland, indicating that Scotland
was located on the periphery of this large orogenic system (e.g. Brueckner et al. 1998).
Based on the evidence above, we interpret the Scandian wedge in northern
Scotland, albeit less complete at the present-day, as the southern extension of the same
crustal flow system proposed for the East Greenland Caledonides (Fig. 10). This also
supports previous interpretations of the Scottish wedge as a backthrust-retrowedge system
(e.g. Strachan et al. 2002) linked to the greater Caledonian orogen. Although neither a clear
superstructure nor the uppermost decoupling horizon are currently exposed in the Scottish
Caledonides, their existence cannot be ruled out. The Skinsdale thrust sheet may represent
a lower, uneroded portion of the superstructure (see Fig. 10), given the overall lower
preserved metamorphic grade and temperatures relative to the Naver thrust sheet.
Alternatively, the deposition of the ORS and opening of the Orcadian basin during the early
Devonian may have led to the burial of such a structure. Additional field structural and
microstructural

analyses

and

low-temperature

thermochronological

constraints,

particularly for the Naver and Skinsdale thrust sheets, are needed to further refine this
proposed connection to the broader Caledonian orogen. Finite element modeling of the
orogen will also be necessary to determine the possible contributions of ductile thinning of
the lithosphere or upper mantle flow during post-orogenic collapse.

2.6

Conclusions
New thermochronological and deformation temperature analyses indicate that the

Scandian retrowedge in Scotland experienced an acceleration in exhumation, inferred from
cooling, during late stage orogenesis. Initial cooling rates of 15-30 ºC Myr-1 following peak
orogenesis transitioned to more rapid cooling rates of 45-90 ºC Myr-1 during final
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exhumation of the Naver thrust sheet in the orogenic core, which translates to a denudation
rate of 1.88-3.75 mm yr-1. Denudation rates also increased in the flanking thrust sheets
during late-stage orogenesis to rates of approximately 1.36-2.5 mm yr-1. This late-stage
increase of denudation rates is contrary to predictions that erosion via fluvial incision
should decrease as orogenic topography is diminished following mountain building. We
propose that the Scandian wedge in Scotland may be the southern continuation of the
crustal flow architecture documented in the East Greenland Caledonides, with the Naver
thrust sheet representing a high-metamorphic-grade, deformed infrastructure similar to that
described in East Greenland. Additionally, the Scandian wedge contains localized normalfault bounded sedimentary basins that are likely of lowermost Devonian (Emsian) age and
which may have marked the onset of upper crustal extension during late-stage orogenic
collapse. Future work will examine the interplay between construction of the orogenic
wedge, surface processes, and crustal flow conditions.
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Table 2.1 Summary of 40Ar/39Ar results for muscovite samples
Plateau
J-value
Age
and
Sample
% 39Ar in
J-value
Location
Unit
error
(1s;
Uncertainty plateau
ID
(x10-3)
x10-3)
(2s; Ma)
NC 55361
MT-17-07
A’Mhoine 421.7 ± 2.2
98.6
2.6886
0.0028
53132
NC 42423
MT-17-08
Altnaharra 449.0 ± 1.4
84.6
2.6433
0.0027
41661
NC 61059
BH-18-03
Altnaharra 414.7 ± 1.1
99.34
2.6227
0.0024
60058
NC 79192
Loch
NT-18-04
410.9 ± 1.3
94.8
2.6557
0.0028
35499
Choire
NC 57790
Loch
NT-18-05
411.6 ± 1.7
65.2
2.6808
0.0027
24740
Choire
NC 92700
SK-18-02
Kildonan 413.0 ± 1.2
95.6
2.6833
0.0028
19019
Note: Sample locations given according to Ordnance Survey of Great Britain 1936 (OSGB
1936) datum.

Table 2.2 Summary of 40Ar/39Ar results for hornblende samples
Inverse
Total gas
isochron
Sample ID Location
Unit
age (2s;
age (2s;
Ma)
Ma)
NH 70807
420.3 ±
412.5 ±
BH-18-02
Lewisian
94135
4.6
20
NC 79844
416.2 ±
414.4 ±
NT-18-03
Strathy
63941
4.8
5.7
Note: Sample locations given according to OSGB 1936 datum.
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J-value
(x10-3)

J-value
error (1s;
x10-3)

2.6057

0.0028

2.6514

0.0027
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(2010).
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Figure 2.5. Outcrop photos of Neoproterozoic Scaraben Quartzite and associated quartzite
conglomerate in Skinsdale thrust sheet. (a) Regular joint patterns in Scaraben Quartzite.
(b) Ductile deformation of well-bedded quartzite. (c) Chaotically bedded quartzite-derived
conglomerate. Sample SK-18-03-A2 obtained from similar outcrop.
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Figure 2.6. Quartz c-axis fabric for sample SK-18-03-A2, a pebble of foliated and lineated
quartzite in Devonian conglomerate deposited on (and presumably derived from) the
eroded Skinsdale thrust sheet. (a) Raw quartz c-axis data plotted on lower hemisphere
projection oriented at right angles to foliation (east-west vertical) and parallel to lineation
(L). (b) Data contoured at 0.5x times uniform increments; opening angle of 91° measured
across pole to foliation between two fabric girdles.

42

Temperature (°C)

0

E

N1

Naver thrust sheet

100

S1

Skinsdale thrust sheet

B1

Ben Hope thrust sheet

200

M1

Upper Moine thrust sheet

E

Unroofing and ORS deposition

300
400

B3

M2

S3

N3

500
S2

600

~7.5-8 kbar
~8.5 kbar

700
800

~7 kbar

B2

Ms 40Ar/39Ar Closure
~4 kbar?

Hbl 40Ar/39Ar Closure
~5.5 kbar?

N2

M1
S1 B1
N1

Peak Temperatures

(heating during decompression)

435

430

425

420

415

Time (Ma)

410

405

400

Figure 2.7. T-t paths for the Scandian retrowedge in northern mainland Scotland. Approximate closure temperatures for muscovite and amphibole are indicted by yellow and orange
boxes (respectively) containing sample markers, and dashed bars indicate uncertainty
ranges. Early displacement along the Skinsdale thrust begins burying the Scandian wedge,
leading to prograde metamorphism in the underlying Naver thrust sheet at peak metamorphic conditions of >700 °C and ~7 kbar at ~425 Ma following decompression from
~8.5-9.5 kbar, based on coupled monazite-xenotime thermometry and geochronology of
Mako et al. (2019). Following peak conditions, the Naver thrust becomes active and leads
to coeval burial of the underlying Ben Hope (max. P-T; 8.5-9 kbar, ~675 °C) and Moine
thrust sheets. Subsequent activation of the Ben Hope thrust continues to bury the upper
Moine thrust sheet, producing peak footwall conditions of 7.8 kbar and 590-605 °C (Thigpen et al. 2013; Ashley et al. 2015). Following maximum temperatures at ~425 Ma, cooling presumably linked to exhumation of the orogenic wedge proceeds at rates of 20-25 °C
Myr-1 across the wedge with the exception of the Moine sheet (path M1-E), where immediate cooling rates are higher due to sampling locations very near to the Ben Hope thrust
and consequent high heat advection rates. Cooling rates in the Moine thrust sheet are
approximately 20-25 °C Myr-1 from muscovite 40Ar/39Ar closure until final unroofing,
while rates increased during late orogenesis in the Ben Hope (path B1-E), Naver (path
N1-E) and Skinsdale (path S1-E) thrust sheets. The thrust sheets (Ben Hope and Skinsdale)
flanking the Naver thrust sheet cooled at rates of 35-60 °C Myr-1 between the muscovite
40Ar/39Ar closure temperature and reaching the surface, while results from the high-grade
Naver thrust sheet itself indicate rates as high as 45-90 °C Myr-1 above the muscovite
closure temperature. Unroofing calculations include the implicit assumption of an early
Emsian (407-403 Ma) depositional age (Wellman 2015; green box and marker E) for ORS
sediments that were deposited directly upon the high-grade orogenic core. See section
2.5.1 of the text for more detailed descriptions for each thrust sheet. 40Ar/39Ar age for
marker S2 from Dallmeyer et al. (2001).
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Figure 2.8. Comparison of fluvial erosion rates with key controlling factors, including
catchment size, steepness, and overall erosional potential. (a) Erosion rate decreases with
increasing catchment size, indicating high erosion rates dominate in small catchments in
high mountain areas. Modified from Milliman and Syvitski (1992) and Burbank (2002).
(b) Erosion rate as a function of steepness index, which is channel slope normalized for
drainage area (Harel et al. 2016). Erosion rate increases with increasing steepness index,
where stream power is more efficient. Modified from Harel et al. (2016). (c) Conceptual
diagram of erosion rate compared with overall erosional potential, a term that encompasses
uplift rate, stream power parameters, and elevation, and can be used as a qualitative proxy
for describing orogenic evolution. Present day orogens with current uplift have high potential, such as the Himalaya and Taiwan. Orogens in which collision has slowed or recently
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CHAPTER 3. AN EVALUATION OF EROSIONAL-GEODYNAMIC THRESHOLDS
FOR RAPID OROGENIC DENUDATION
3.1

Introduction
The exhumation and decay of collisional mountain belts are integral parts of the

orogenic cycle, yet despite decades of research into mountain-building processes, our
understanding of post-tectonic landscape evolution in these systems is far from complete
(e.g., Bishop, 2007). For example, it is generally accepted that the denudation of high
elevation, long-wavelength topography is accomplished by some combination of two
primary mechanisms: 1) erosional surface processes such as weathering, fluvial and glacial
incision, and mass movement (e.g., Avouac & Burov, 1996); and 2) geodynamic processes,
such as collapse due to gravitational instabilities (England & Houseman, 1989). However,
attempts at quantifying the relative contributions of these distinct mechanisms on posttectonic landscapes have proven inconclusive (e.g., Jadamec et al., 2007).
The process of geodynamic collapse depends on the regional state of stress. In the
simplest case, transitioning from convergent to divergent plate motion following
orogenesis leads to extension and subsequent reduction of post-collisional topography.
During collision, in the absence of plate tectonic divergence, the over-thickened crust in
the orogen core may become thermally-weakened, leading to flow of crustal material out
of the orogenic core (Bird, 1991; Vanderhaeghe, 2012). This process of channelized crustal
flow, often acting in conjunction with erosion, has been proposed as a major process in
many orogenic systems, including the Himalaya and Tibet (Nelson et al., 1996; Royden et
al., 1997; Beaumont et al., 2001, 2004; Hodges et al., 2001; Jamieson et al., 2004), the East
Greenland Caledonides (e.g., Hodges 2016) and the southern Appalachian Neoacadian
system (Hatcher & Merschat, 2006), among others. Syn-tectonic collapse may also result
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in the development of high-grade metamorphic core complexes and/or upper crustal
grabens, similar to structures observed in the Himalayan-Tibetan system (e.g., Molnar &
Tapponnier, 1978; Chen et al., 1990; Jessup et al., 2008; Larson et al., 2020, and references
therein), the Variscan orogen (Echtler & Malavielle, 1990) and the Alps (e.g., Campani et
al., 2010).
Erosion due to fluvial and glacial incision and hillslope processes is also a primary
contributor to post-collisional topography reduction. Rapid erosion (>5 mm yr-1) has been
interpreted as a major driver for exhumation in the Himalaya, where deformation in the
orogenic syntaxes has been linked to crustal extrusion due to focused erosion (Zeitler et
al., 2001). Erosion rates in the High Himalaya are as high as 3-5 mm yr-1 (Galy & FranceLanord, 2001; Burbank, 2002; Burbank et al., 2003), similar to those reported in other
active orogens such as Taiwan (4-6 mm yr-1: Willett et al., 2003; Fellin et al., 2017; Chen
et al., 2020, 2021). In older orogens where collision has slowed, such as the Alps,
exhumation rates have been reported in the range of ~0.2-1.0 mm yr-1 (Bellahsen et al.,
2014; Häuselmann et al., 2020). In contrast, reported erosion rates in the Appalachians,
where collision ceased during the late Paleozoic, are much lower. Along the Blue Ridge
escarpment, which preserves some of the highest relief in the Appalachians, erosion rates
are two orders of magnitude lower (<0.1 mm yr-1: Boettcher & Milliken, 1994; McKeon et
al., 2014; Linari et al., 2017; Shorten & Fitzgerald, 2021) than those in active orogens. This
correlation between orogen age and erosion rates is to be expected given the wellestablished relationships between slope (or local relief) and fluvial erosion (e.g., Ahnert,
1970; Milliman & Syvitski, 1992; Montgomery & Brandon, 2002; Portenga and Bierman,
2011; Larsen et al., 2014; Harel et al., 2016). Based on these observations, elevated erosion
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rates are not expected to be sustained for long in decay-phase orogens as topographic relief
and hillslope gradients decline (e.g., Pinet & Souriau, 1988). Indeed, nonlinear negative
correlations exist among orogen age, remnant topographic relief, and erosion rates, which
can be expressed qualitatively as the erosional potential of the orogen (Fig. 3.1).
The observed progression of decreasing erosion rates as orogens are denuded does
not hold true for all orogenic systems. In the Scottish Caledonides (Spencer et al., 2020),
the French Variscides (Capuzzo et al., 2003, and references therein) and the western and
central European Alps (Fox et al., 2015), studies have reported high (1-4 mm yr-1)
sustained, or even increasing, exhumation rates after the cessation of collisional uplift. In
the Scottish Caledonides, thermochronologic data indicate cooling rates of 45-90 ºC Myr1

following Scandian (ca. 435-415 Ma) orogenesis, an increase of 150-300% from

estimated rates during peak orogenesis (Spencer et al., 2020). Metamorphic data and
monazite-xenotime geochronology yield pressure estimates of 5-6 kbar at ca. 417 Ma in
the core of the wedge (Mako et al., 2019), which would require complete exhumation of
rocks from ~21-23 km depth in approximately 4-8 Myr (Fig. 3.2; Spencer et al., 2020),
followed by deposition of Emsian (407-403 Ma; Wellman, 2014) sediments directly on the
exhumed core.
If these rates are attributed entirely to surface-directed transport of material from the
orogen core during erosional unroofing, then unroofing rates may have exceeded a
cumulative average of 3 mm yr-1 after tectonic uplift ceased. This is contrary to the
expectation that erosion rates should decline with reduction of topographic relief. Although
short timescales have been proposed for orogenic decay based on estimates of regional
denudation rates (10-25 Myr: e.g., Gilluly, 1955; Schumm, 1963; Judson & Ritter, 1964),
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potential timescales for orogen topographic decay might be much longer (10-100 Myr)
according to models utilizing erosion and isostatic response (e.g., Baldwin et al., 2003;
Egholm et al., 2013; Blackburn et al., 2018). Thus, the apparently rapid decay of the
Scottish Scandian wedge highlights the need to better understand the potential limits of
erosion as a mechanism for post-collisional topographic reduction and the potential
contribution of any geodynamic drivers of orogenic collapse.
The Scandian orogenic wedge in northern Scotland is a well-documented natural
laboratory for examining topographic reduction in ancient mountain belts. The collisional
evolution

of

this

orogen

is

well-constrained

by

numerous

metamorphic,

thermochronologic, and structural studies (e.g., Kinny et al., 1999, 2003; Friend et al.,
2000; Thigpen et al., 2013; Ashley et al., 2015; Mako et al., 2019; Spencer et al., 2020;
Strachan et al., 2020; Thigpen et al., 2021). Furthermore, deposition of the lower Old Red
Sandstone (LORS) during early Emsian (407-403 Ma; Wellman, 2014) time provides
minimum age constraints for exhumation of the orogenic core. The regional unconformity
between the LORS and rocks of the high grade core serves as a key constraint for variations
in local elevation and topography immediately following Scandian orogenesis (e.g.,
O’Reilly, 1983; MacDonald et al., 2007; Strachan et al., 2021).
Here, we present a series of new finite difference surface process and thermal models
that explore the potential rates and magnitudes of erosion and topographic denudation in
an orogenic system, in order to test the limits of those processes in syn- to post-tectonic
settings. Although glacial and hillslope processes can act as efficient agents of orogenic
erosion (Burbank, 2002, and references therein; Marc et al., 2019; Cook et al., 2020),
fluvial incision is capable of producing incision rates that equal or even exceed glacial
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incision (e.g., Koppes & Montgomery, 2009; Rolland et al., 2017). Additionally,
paleoclimate and paleogeography data suggest a temperate climate at low latitudes for the
Scottish portion of the Scandian wedge during orogenesis (Joachimski et al., 2009; Cocks
and Torsvik et al., 2011). As such, these simple models consider fluvial incision and linear
hillslope diffusion, syn-collisional tectonic uplift, and post-collisional isostatic uplift as the
primary drivers of topographic change. Model results are then integrated with
thermochronologic data to test the hypothesis that rapid post-collisional exhumation of the
Scandian wedge could not be driven solely by surface erosion (e.g., Spencer et al., 2020).

3.2
3.2.1

Geological Setting
Scandian orogenic wedge, northern Scotland
The Scandian orogenic wedge in northern Scotland represents the culmination of

three separate collisional events spanning approximately 60 Myr. Two phases of
deformation and metamorphism occurred from 475-460 Ma and at ca. 450 Ma as the result
of the collision of the Laurentian margin with an oceanic arc (Grampian I; Soper et al.,
1999; McKerrow et al., 2000) and a microcontinental fragment (Grampian II; Bird et al.
2013). This was followed by the Scandian orogenic event, which was driven by the
Laurentia-Baltica collision at ca. 435 Ma and which persisted for 15-20 Myr (Coward
1990; Dewey & Strachan 2003). The Scandian event resulted in the formation of an
orogenic prowedge (sensu Willett et al., 1993) above the subducting Baltica plate and a
retrowedge atop the overriding Laurentian plate that is preserved in parts of East
Greenland, Ireland, and Scotland.
In northernmost mainland Scotland, the retrowedge is composed of four major
ductile thrust sheets: the Moine, Ben Hope, Naver, and Skinsdale sheets (in ascending
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structural order, from west to east; Fig. 3.3). The Moine thrust sheet overlies the Moine
thrust zone, where the Neoproterozoic Moine Supergroup was emplaced over Lewisian
(Archean to Paleoproterozoic) gneisses and Meso- to Neoproterozoic Torridonian and
Cambro-Ordovician sedimentary rocks. The Moine thrust sheet attained peak temperatures
of ~610 °C (Thigpen et al., 2013) in the uppermost part of the thrust sheet. Above the
Moine thrust sheet, the flanking thrust sheets of the orogenic wedge (the Ben Hope and
Skinsdale) consist of Moine Supergroup metamorphic rocks and have recorded maximum
temperatures of ~680 °C (Thigpen et al., 2013; Ashley et al., 2015; Spencer et al., 2020).
The Skinsdale thrust sheet also hosts numerous Silurian to early Devonian granitoid
plutons, including the ca. 426 Ma Strath Halladale granite (Kocks et al., 2006). West of
and structurally below the Skinsdale thrust in the core of the orogenic wedge, the Naver
thrust sheet contains pre- to early-Scandian migmatites (Kinny et al., 1999) of the Moine
Supergroup that attained peak temperatures of ~730 °C during Scandian deformation at ca.
425 Ma (Mako et al., 2019). The Naver thrust sheet also contains Ordovician to Devonian
felsic plutons, some of which were emplaced during Scandian deformation (e.g., Kinny et
al., 2003).

3.2.2

Syn- to post-collisional collapse of the Scandian wedge
Following peak burial at pressures of 8.5-10 kbar (Ashley et al., 2015) and peak

temperatures of ~730 °C (Mako et al., 2019), the core of the Scandian retrowedge
underwent rapid cooling and unroofing during subsequent decompression starting at ca.
425 Ma (Fig. 3.2). Rocks currently exposed at the surface in the Naver thrust sheet record
an amphibole 40Ar/39Ar date of 414.7 ± 5.7 Ma (Spencer et al., 2020), which indicates the
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time of cooling through approximately 550 °C (Hodges, 2014). Thermobarometric data
from the Naver thrust sheet (Mako et al., 2019) suggest these rocks were at ~21-23 km
depth at ca. 417 Ma, within the uncertainty of the amphibole date. Muscovite

40

Ar/39Ar

dates of 410.9 ± 1.3 Ma and 411.6 ± 1.7 Ma from the Naver thrust sheet (Spencer et al.,
2020) indicate passage through approximately 390-400 °C (Hodges, 2014), that when
combined with the amphibole date implies a cooling rate of approximately 45 °C Myr-1.
Final exhumation from 390-400 °C to the surface is constrained by Emsian (403-407 Ma)
deposition of LORS units directly upon the exhumed orogenic core. Assuming a surface
temperature of 25 °C, cooling is estimated to have proceeded rapidly at a rate of 45-90 °C
Myr-1 during this final phase. The flanking thrust sheets (Ben Hope and Skinsdale) exhibit
similar, albeit less-pronounced increases in cooling rate (~25 °C Myr-1 increasing to 35-60
°C Myr-1; Spencer et al., 2020).

3.2.3

Deposition of the Lower Old Red Sandstone (LORS)
LORS sediments derived from the collapsing orogenic wedge are preserved

throughout the Northern Highlands terrane (Fig. 3.3). Provenance analyses have indicated
a regionally extensive fluvial distribution network resulting in the transport of Balticaderived sediments to northern Scotland (Strachan et al., 2021). Additionally, some coarse
conglomerates have been derived from locally exhumed basement rocks (O’Reilly, 1983)
and deposited in normal fault-bounded intramontane basins that have been interpreted as
syn-collisional extensional structures (Enfield & Coward, 1987). While isotopic dating has
proven difficult for these rocks due to a paucity of marine fossils, palynologic assemblages
from the east coast of northern Scotland yield an early Emsian (ca. 407-403 Ma) lower age
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limit on the basal conglomerates (Wellman, 2014). Importantly, these LORS deposits rest
unconformably upon rocks of the high-grade orogenic core and thus provide a temporal
constraint on the evolution of the topographic surface of the orogenic wedge. The
topography of the LORS basal contact (Fig. 3.4), when integrated with constraints from
previous studies (e.g., MacDonald et al., 2007), requires at least 21 km of overburden to be
removed from above the orogenic core to denude the topographic relief to less than 1 km
in ~10 Myr. This forms the framework constraint for the models presented here.

3.3
3.3.1

Modeling Methods
1-D post-collision fluvial and isostatic model
We use a finite-difference model that simulates fluvial incision and erosionally-

induced isostastic rebound to test whether fluvial erosion alone can denude the Scandian
mountain range down to a post-tectonic surface elevation (~ 1 km) in the ~10 Myr period
indicated by the data. The model is a 500 km-wide orogen, which is the approximate prerifted width of the Scandian belts through east Greenland and western Norway (Fig. 2 of
Fossen et al., 2017). The 1-D model includes two symmetrical rivers draining in opposite
directions from a fixed common drainage divide in the middle of the model domain. The
outlets of each river are fixed at zero elevation. For the initial condition, we assume the
divide elevation is 5 km and that the river profiles are in equilibrium with the imposed
initial rock uplift rate (Fig. 3.5a; see details below). The initial maximum elevation was
constrained by considering calculated depths of eclogite formation in Norway (>100 km;
Fossen et al., 2017, and references therein) and applying Airy isostasy to calculate a
maximum mountain height of 10 km, given a crustal thickness of 40 km. The maximum
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model elevation was scaled down by 50% to reflect the likely position of Scotland on the
periphery of the main orogen.
The MATLAB-based 1D model uses the implicit finite difference scheme of Braun
& Willett (2013) to solve the generic detachment-limited stream power erosion rule (after
Howard & Kerby, 1983):
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where z is elevation (m), K is erodibility (m1-2m yr-1), A is catchment area (m2), m and n are
area and slope exponents, and xG is the distance from the stream outlet (m). Maximum river
lengths were set to half of the orogen width, and drainage area was estimated using the
river length and Hack’s law assuming typical values (e.g., Hack, 1957; Whipple and
Tucker, 1999). For each model run, K is calculated assuming initially steady-state
topographic conditions (sensu Eq. 11 of Kirby & Whipple, 2012) to match the assumed
mountain height at peak orogenesis based on the input river length, initial uplift rate, and
the prescribed stream power exponents m and n.
Because K is calculated for each model to correspond to the maximum initial
elevation, it varies with the imposed uplift rate assuming constant m and n values. In other
words, erodibility decreases (e.g., bedrock strength increases) under lower initial uplift
rates. The exponent n was varied from 0.5-2.0 for a range of initial models used to test
parameter viability, reflecting the range of commonly used values in recent studies (Lague,
2014; Harel et al., 2016); m was varied for each value of n to satisfy the concavity ratio
0.35 ≤ m/n ≤ 0.6, reflecting a range based on theoretical considerations that align with
empirically-estimated values in many studies (e.g., Howard & Kerby, 1983; Whipple &
Tucker, 1999). The value of K, which can also be taken to represent the erodibility of the
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landscape according to factors such as climate and lithology, varies by several orders of
magnitude; this is largely due to the fluctuation of the m exponent of the spatial component
of the units, but in most models is in the range of 10-4 to 10-7 m1-2m yr-1 and is similar to
values reported by other studies (e.g., Stock & Montgomery, 1999). To summarize the
findings, we report results of a final series of models for which concavity was fixed at m/n
= 0.45.
Isostatic uplift as a response to fluvial incision is accomplished by calculating the
change in loading due to the removal of eroded material by the fluvial incision code.
Flexural isostatic rebound due to erosion is modeled using an infinite plate approximation
solved by summing the flexural response of a series of finite line loads, Vo, distributed as
a function of distance along the model domain, x. The local value of Vo is determined by
the local incision rate, the assumed density of eroded material, the width of the line load,
and gravitational acceleration. The associated flexural response, w, to the finite line load
is calculated as (Turcotte & Schubert, 2014):
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where D is flexural rigidity and a is the flexural parameter calculated, respectively, as:
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In these equations, E is Young’s modulus, Te is effective elastic thickness, v is Poisson’s
ratio, and ra and rm correspond to the density of air and mantle, respectively. Constant
values for these and other variables are given in Table 3.1.
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The transient evolution of the river profiles was run for 10 Myr to reflect the
interpreted post-collision collapse duration of the Scandian retrowedge using time steps of
5,000 years. Initial uplift rate Ui (mm yr-1), which reflects vertical uplift at the cessation of
collisional tectonics, was tested over the range defined by 0.5 ≤ Ui ≤ 2.5 mm yr-1 during
initial parameter testing in order to determine a reasonable value of K for the duration of
tectonic uplift in the 2-D model, and then set at 1.5 mm yr-1 for final 1-D models to
correspond with the late syn-collisional exhumation rates estimated by Spencer et al.
(2020). To simplify the models, we do not consider the exhumation of foreland basins and
subsequent widening of the orogen; the domain width is fixed at 500 km (see Table 3.1) in
each model.

3.3.2

1-D thermal conduction-advection model
As the estimation of depth based upon thermochronologic data with limited

pressure constraint is dependent upon an assumption of a constant geothermal gradient, it
is possible that depth may be overestimated due to thrusting- and/or erosion-induced
surface-directed isotherm compression (e.g., Moore & England, 2001; Fox & Carter,
2020). To investigate the effects of potential isotherm compression on erosion rates
estimated using thermochronologic data, we apply a 1-D thermal conduction-advection
code in MATLAB that models the transient geotherm in the lithosphere based on initial
and calculated erosional unroofing rates. The code solves the transient conductionadvection heat equation:
!9
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(5)

where k is diffusivity, nz is velocity, and T is temperature, using equations of Moore &
England (2001) and Braun et al. (2006). The model incorporates average crustal heat
production over a domain that extends to 35 km depth and which has a maximum basal
temperature of 800 °C. Erosion rates from the 1-D fluvial-isostatic model provide timeiterative inputs into an explicit solver that calculates the geothermal gradient and tracks the
thermal history of an arbitrary particle from an intial temperature of 700 °C (based on
thermobarometric estimates during decompression just prior to the 10 Myr model window;
Mako et al., 2019) as it is exhumed toward the surface. The initial geotherm is assumed to
be in steady-state based on the input boundary conditions, model constants, and initial
erosion rate from the fluvial incision model. In each simulation, the model runs to the same
10 Myr runtime as the 1-D incision and isostasy model. All parameters used in the model
are listed in Table 3.1.

3.3.3

2-D Landlab model: tectonic uplift, fluvial incision, hillslope diffusion, and
isostasy
For comparison and to verify the results of the 1-D model while including hillslope

diffusion, a series of 2-D landscape evolution models were also created using the Pythonbased Landlab modeling suite (Hobley et al., 2017; Barnhart et al., 2020). While the initial
condition for the 1-D model considers an orogen in topographic steady state based on the
prescribed uplift rate, designing such a system in the 2-D space is less straighforward.
Furthermore, while the 1-D model utilizes only an initial uplift rate and stream power
parameters as inputs to calculate steady-state and decay-phase erosion rates and 1-D
elevation, the decay phase of the 2-D model uses an erodibility parameter derived from the
1-D model and prescribed isostatic compensation based on interpreted exhumation rates
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and returns a 2-D elevation grid. The 2-D model is designed to first proceed through a
wind-up phase of 20 Myr which simulates tectonic uplift of the orogen from a flat surface
to a similar steady-state condition prior to transitioning to the decay phase that lasts for 10
Myr, consistent with the 1-D models. The model utilizes a modified version of the implicit
Fastscape stream power algorithm (Braun & Willett, 2013) to simulate fluvial incision and
linear hillslope diffusion. A time step of 10,000 years was used in all 2-D model runs.
Values of bedrock channel erodibility, K, were derived from the 1-D model, while
diffusivity (k, m2 yr-1) for the hillslope diffusion component was varied according to values
in published literature (Martin, 2000); for the active tectonic phase, diffusivity was set to k
= 0.1, then varied from 1.0 x 10-1 to 1.0 x 10-3 during the decay phase to determine the
effects of variable diffusivity. A second set of models, including a two-phase decay period
with variable values of K and k was also tested in order to simulate the earlier, slower range
of exhumation rates in the 2-4 Myr immediately following the cessation of tectonic uplift
reported by Spencer et al. (2020).
Each model run consisted of an initial build-up period to achieve topographic
steady-state (less than 20 Myr in each case) before tectonic uplift was turned off in the
model to simulate post-collisional decay. The north and south boundaries were designated
as open cells to allow material flux out of the grid. During the build-up phase, the grid was
uplifted incrementally using a triangular uplift function from zero uplift at the west and
east boundaries to an equivalent rate of 3 mm yr-1 in the orogen core. This rate was
estimated from metamorphic data that constrain near-peak orogenic conditions (Ashley et
al., 2015). After reaching steady state, the model progresses to the decay phase that
includes only erosion (fluvial incision and hillslope diffusion) and a prescribed isostatic

59

uplift proportional to the estimated exhumation rates of Spencer et al. (2020) for 10 Myr.
The isostatic response is simulated using an Airy isostasy method (e.g., Molnar & England,
1990) and crust and mantle densities of 2750 kg m-3 and 3300 kg m3, respectively. The
method simulates simple flexure, in that the eastern and western boundaries of the model
grid are held pinned and the Airy response is scaled from a maximum in the orogen core
to a minimum at the flanks.
In the single decay phase models, isostasy compensates for the estimated
exhumation rates of Spencer et al. (2020) by uplifting the grid in a similar fashion as
tectonic uplift to a maximum of 2.5 mm yr-1 (based on crust-mantle density ratio of 5/6 and
the late rates of 3 mm yr-1 reported by Spencer et al., 2020). In the two-phase decay models,
isostatic uplift is implemented at a rate of 1 mm yr-1 (5/6 of 1.2 mm yr-1, the early posttectonic uplift rate estimated by Spencer et al., 2020) for 4 Myr before transitioning to the
single-phase value of 2.5 mm yr-1 for the duration of the model run. The value of k was
also varied in the two-phase models to simulate decreasing efficiency of mass-wasting
proceses as the orogen transitions from a tectonically-active (k = 10-1) to a post-tectonic
setting (k = 10-3) (Martin, 2000).
Grid elevation field data were exported at multiple timesteps to generate 100 kmwide topographic swath profiles across the model orogen using the SwathProfiler add-in
(Pérez-Peña et al., 2017) for ArcGIS. The swath profiles were used to analyze the
maximum and mean elevations of the orogen core at 20 Myr and 30 Myr model time, as
well as the range of relief in along-strike segments of the orogen core to assess impacts of
hillslope diffusion on elevation variability.
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3.4
3.4.1

Results
1-D fluvial incision and isostasy model results
1-D incision-isostasy models were completed using a range of m/n (0.35 ≤ m/n ≤

0.6, with n values of 0.5, 1, and 2) and Ui (0.5 ≤ Ui ≤ 2.5) values. As several studies have
found that m/n values of ~0.45 are appropriate for most natural systems (Gallen &
Wegmann, 2017, and references therein) final results are presented for model cases with
0.4 ≤ m/n ≤ 0.5 (a total of 45 simulations) and are tabulated in the Appendix. The maximum
total erosion magnitude obtained from any model, 20.3 km, occurred with m/n = 0.4 (n =
0.5) and Ui = 2.5 mm yr-1. Erosion decreased consistently with reduction of the initial uplift
rate, with values of 0.5 and 1.0 mm yr-1 generating less than 11 km of total erosion in all
cases. Maximum remaining elevation exceeded 1.5 km in all but 16 of 45 models; only five
were capable of completely denuding the orogen. In these five models, initial uplifts were
set to Ui = 2.0 mm yr-1 (2) or Ui = 2.5 mm yr-1 (3), and all five were cases with n = 0.5.
These results are achieved with a combination of initial uplift rates on the high end of the
parameter range and slope exponents, n, on the low end of empirically observed values and
corresponded to erosion magnitudes of 18.1-20.3 km.
Considering all model runs, the mean remaining maximum elevation was 2.2 km,
while the mean total erosion magnitude was approximately 12.8 km at that final model
condition. Erosion rates (essentially exhumation or unroofing rates) decreased to <1 mm
yr-1 in nearly all cases. For Ui = 1.5 mm yr-1, which is consistent with the estimated steadystate exhumation rates reported by Spencer et al. (2020) at the end of collision, uplift rates
due to isostatic response decreased to approximately 0.65 mm yr-1 as topography was
diminished during the model runs. The nine models that use this initial uplift rate yield
topographic profiles with maximum remaining elevations in the orogenic core ranging
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from approximately 1.4 km to 2.4 km, with a mean of 1.9 km. The three models with m/n
= 0.45 exhibited maximum elevations in the orogenic core of 1.6, 2.0, and 2.2 km (Fig.
3.5a). Slope magnitudes in the orogenic core after 10 Myr are extreme in some models
where slopes of greater than 15° are preserved for up to 5 km from the central drainage
divide. Slopes in the core of the orogen in the second of the above-mentioned models (Ui
= 1.5 mm yr-1, n = 0.5, m = 0.225) are lower, with a value of 8.4° at 3 km distance from the
drainage divide. K varied considerably in these models, with orders of magnitude ranging
from 10-9 to 10-4 (median value of 8.3 x 10-6). This value was then used as a first-run value
for the K parameter during Landlab modeling.

3.4.2

1-D thermal advection-conduction model results
Results of the advection-conduction model are summarized here and shown for one

case (Ui = 1.5 mm yr-1, m = 0.45, n = 1) in Figure 3.6; complete results (all cases with 0.4
≤ m/n ≤ 0.5, total = 45) are tabulated in the Appendix. Models with a prescribed initial
uplift rate Ui = 1.5 mm yr-1 and an initial particle temperature of 700 °C yielded an initial
particle depth of ~23.8 km along the steady-state geotherm (Figs. 3.6a, 3.6b), consistent
with thermobarometric estimates (Mako et al., 2019). The nine models with this uplift rate
resulted in cooling to ~478-516 °C over 10 Myr, and final depths of ~14.9-18.5 km, or
surface-directed motion of 5.3-8.9 km. The models did not result in the complete
exhumation of the particle of interest. The instantaneous geothermal gradient experienced
by the particle increased from less than 15 °C km-1 at the initial depth in the steady-state
geotherm to ~23 °C km-1 at the final position in the relaxed geotherm. Geothermal gradients
in the lower model domain (depths greater than ~20 km) were similarly low (< 20 °C km1

) in all cases. In the shallower crust (above the final particle depths), while geothermal
62

gradients in the initial advected geotherm increase to as high as ~50 °C km-1, the final
relaxed geotherm shows only slightly elevated gradients of ~30 °C km-1. For cases with
lower initial uplift rates, the initial depth of the particle was too great (26.5-28.8 km) to be
considered viable given the available geobarometric data; nonetheless, they yield lower
geothermal gradients and less surface-directed particle motion. When initial uplift rates
were higher (Ui = 2.0-2.5 mm yr-1), the particle began at initial depths of 18.3-20.8 km then
traveled to final depths of ~8.3-15.1 km and cooled to temperatures of 297-444 °C. For
cases with m/n = 0.45, instantaneous geothermal gradients experienced by the particle did
not exceed 30 °C km-1; geothermal gradients in the shallower crust above the final particle
position decreased from as high as 75 °C km-1 in the initial geotherm to less than 35 °C
km-1 in the final relaxed geotherm.

3.4.3

2-D Landlab tectonics-erosion-isostasy model results
The results of the Landlab models are summarized in Table 3.2, and a series of

vertical elevation field grids for one model run are shown in Figure 3.7. A summary of
elevation profiles for all cases is shown in Figure 3.7. Parameters for the model in Figure
3.7 are italicized in Table 3.2 and noted in the description of the figure. The value of K was
varied by two orders of magnitude during initial model runs to ensure the viability of using
K from the 1-D model, then held constant during tectonic uplift at the 1-D model value for
final models. For models run to steady state with a constant tectonic uplift rate of 3.0 mm
yr-1 and erodibility and diffusivity constants of K = 8.3 x 10-6 and k = 0.1-0.001,
respectively, maximum elevations are 3.8-4.2 km and maximum relief between incised
drainages and peaks in the orogen core is 2.3-2.4 km after 20 Myr and prior to the
simulation of 10 Myr of post-collision decay. For one model with the same parameters but
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not including hillslope diffusion, maximum elevation in the core at steady-state (after 10
Myr) is 4.1 km, and relief in the core at 20 Myr is 1.7 km.
After the build-up period, tectonic uplift ceases, and continued uplift results from
the isostatic response due to continued erosion of the orogen with K = 8.3 x 10-6 and k =
0.001-0.1. In models with a single phase of decay that include hillslope diffusion,
maximum and mean elevations are reduced to 2.9-3.8 km and 2.2-2.7 km, respectively, by
the end of the model run (30 Myr). Maximum relief in the core for these models is 1.9-2.2
km. For the model without hillslope diffusion, maximum and mean elevations at 30 Myr
are 3.1 and 2.4 km, respectively, and maximum relief in the orogen core is 2.1 km.
For models with a two-stage decay, with and without hillslope diffusion, maximum
and mean elevations in the orogen core reduce to 1.2-1.4 km and 0.8-0.9 km, respectively,
by the end of the first stage at 24 Myr model time. Elevations then increase with the higher
isostatic uplift rate to values similar to those produced by the single-phase decay models;
maximum elevations are 2.9-3.2 km with hillslope diffusion and 3.1 km without hillslope
diffusion. Mean elevations in the core are 2.1-2.2 km with or without hillslope diffusion.
Maximum relief is ~1.9-2.0 km in the orogen core.
In cases of either single- or two-phase decay, topography is rapidly reduced
immediately following the switch to isostatic uplift, then either stayed relatively consistent
(single-phase) or increased rapidly when transitioned to a higher isostatic compensation
rate (two-phase). Slopes in the core region of the Landlab model results at 30 Myr model
time, defined here as the central ridge ± 4 km to the east and west, are steep (~9°). This is
very similar to those produced by the 1-D model, with significant inflection points to much
lower slopes located from 20-30 km from the drainage divide (Fig. 3.8).
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3.5
3.5.1

Discussion
Impact of hillslope diffusion on initial steady-state topography
One of the primary goals of this study is to determine plausible rates of erosion in

a post-tectonic landscape. As erosion in these systems is expected to include both fluvial
and hillslope mechanisms, the 2-D models were run with variable hillslope diffusion rates
to investigate the relative efficacy of each process during decay. During the build-up
period, the models reach a topographic steady state after approximately 5-10 Myr of
tectonic uplift, indicating that at that point erosion rates in the orogenic core balance the
prescribed tectonic uplift rate of ~3 mm yr-1. This rate is comparable to rates determined
from other active orogens such as the Himalaya (3-5 mm yr-1; Galy & France-Lanord,
2001; Burbank et al., 2003) and Taiwan (4-6 mm yr-1; Willett et al., 2003; Fellin et al.,
2017; Chen et al., 2020, 2021), and is well within the maximum rates that have been
attributed to fluvial incision (Burbank, 2002, and references therein). In our models, it is
clear that the primary effect of hillslope diffusion during the tectonic uplift phase is the
reduction of maximum relief in the orogen core from 2.3-2.4 km to ~1.7 km; we interpret
this to result from the smoothing of modeled high-relief areas via mass wasting. However,
as expected with decreasing relief, hillslope processes become less efficient and thus
overall topographic denudation is controlled dominantly by fluvial incision.

3.5.2

Modeled geothermal gradients and implications for interpreted erosion rates
Rapid erosion and exhumation have the potential to drive considerable surface-

directed isotherm advection and subsequent increased geothermal gradients (e.g., erosion
rates of 3-5 mm yr-1 yielding a geothermal gradient of ~60-90 °C km-1: Winslow et al.,
1994; Whittington 1996; Moore & England, 2001; Zeitler et al., 2001). The 1-D thermal
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conduction-advection models here suggest that high erosion rates, if present during postcollisional denudation of the Scandian wedge, likely resulted in moderate surface-directed
advection and compression of isotherms. Models with initial post-collision uplift rates of
1.5-2.5 mm yr-1 show particle travel through geothermal gradients that increase from less
than 15 °C km-1 at initial depths (14.9-23.8 km) to less than 30 °C km-1 at final depths (8.318.5 km). This suggests subsurface isotherms may have been compressed in the shallow
crust and is consistent with periods of rapid exhumation. However, none of these models
result in passage of the particle through rapidly increasing geothermal gradients late in the
model, which would correspond with exhumation through compressed isotherms.
Furthermore, all of the models produce less than 10 km of surface-directed particle travel
and show decreasing erosion rates during the post-collision phase, which results in the
inability of the particle to transport far enough vertically to experience very high
geothermal gradients. Despite consistently decreasing erosion rates, cooling rates for these
models actually increase during the early stages of the model (Fig. 3.6c) as isotherms relax
downwards and the particle passes into shallower depths where the geothermal gradient
remains higher even during relaxation. However, these cooling rates are eventually
outpaced by both the loss of erosional efficiency and the passage of the particle into
previously-relaxed isotherms.
For initial post-collision uplift rates similar to or lower than the syn-collisional rates
interpreted by Mako et al. (2019) and Spencer et al. (2020) (Ui = 0.5-1.5 mm yr-1), the
models yield lower geothermal gradients that do not exceed 25 °C km-1 at depth and are
less advected from the final relaxed geotherm. This suggests that lower exhumation rates
were not capable of advecting isotherms enough to affect interpretation of
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thermochronologic data. Taken together, the results of the erosional-isostatic and thermal
models indicate that: (1) reduced erosion rates during a late erosion-only scenario are
unlikely to fully exhume rocks from depth through shallow, compressed isotherms, and (2)
an average geothermal gradient of 25 °C km-1 and the resulting calculated unroofing rates
of Spencer et al. (2020) were reasonable estimates and are viable inputs for the erosion
models in this study.

3.5.3

Denudation of the Scandian wedge during late syn- to post-tectonic collapse and
decay
MacDonald et al. (2007) used unconformity relationships between the crystalline

basement rocks and basal LORS deposits to reconstruct the immediate post-Scandian
topography in northern Scotland (Fig. 3.4). That study proposed that, immediately
following Scandian orogenesis, generally less than 1 km of topographic relief remained in
the orogenic core, similar to the present-day. The MacDonald et al. (2007) reconstruction
included the positions of multiple intramontane basins, and suggested a broad, gentle raised
topography from ~400-1100 meters in the NW Highlands, with the steepest slopes to the
northeastern end of the Scottish mainland (Fig. 3.4). The area that includes most of the
Scandian high-grade core, east of the Naver thrust (marked by “OC” in Fig. 3.4), was
interpreted to preserve only ~800-1,000 meters, just over half of the remaining topography
indicated by our erosion-isostasy models. When compared to the modern-day landscape by
a grid subtraction method, isochore values NW of the Great Glen Fault ranged from ~0500 meters (Fig. 12 of MacDonald et al., 2007), suggesting minimal potential for postCaledonian elevation changes in northern Scotland due to continued uplift or subsidence.
The LORS likely conformed to depositional patterns that were strongly influenced by local
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topographic relief, such as deeply-incised NW-flowing river channels (e.g., O’Reilly,
1983; Strachan et al., 2020). Considering the uncertainty of localized post-Caledonian
exhumation and depositional patterns, direct, grid-based comparison of our model
topography is difficult, and, therefore, we focus on maximum and mean elevations of 100km along-strike swaths instead of reporting local maxima.
Data from previous studies (Mako et al., 2019; Spencer et al., 2020) provided the
P-T-t constraints for the orogenic core used for comparison with our results and both
studies estimated syn-collisional erosion/unroofing rates of ~1-2 mm yr-1. Thus, the initial
uplift in our primary 1-D model was constrained by these rates. For models with Ui = 1.5
mm yr-1 and 0.4 ≤ m/n ≤ 0.5, average erosion rates in the orogen core during post-collisional
denudation and isostatic uplift reduce steadily from 1.5 to < 0.5 mm yr-1, and maximum
preserved elevations following 10 Myr of orogenic decay are 1.4-2.4 km. In several of
these models, maximum erosion rates in the core exceed 2.0 mm yr-1 during the model run
but ultimately reduce to ~1 mm yr-1 or less by the model end.
Models which exhibit sustained high maximum erosion rates throughout the
duration of the run were limited to cases for which n = 0.5. However, n values near 0.5
have rarely been reported in the literature (Royden & Perron, 2013; Gallen & Wegmann,
2017), and therefore this model may be unrealistic. Importantly, the erosion rates calculated
from the 1-D erosion-isostasy models are less than the 1.9-3.8 mm yr-1 unroofing rates
estimated for the post-collisional phase of Scandian wedge decay. Importantly, in all model
runs, erosion rates decrease through time, contrary to interpretations of thermochronologic
data that require an increasing rate of exhumation at that time. As such, the disparity
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between the rates of Spencer et al. (2020) and the rates produced by the models here
suggests additional processes are necessary to fully denude the orogen.
Our 2-D models indicate higher maximum elevations of 1.7-2.9 km (Fig. 3.8)
following the 10 Myr post-tectonic phase, down from maximum steady-state elevations of
3.8-4.2 km. Composite topographic denudation rates (i.e., considering both erosion and
isostatic compensation) during the decay phase of the 2-D model (Figs. 3.7f-j) were
comparable to those calculated from the 1-D model. During the first 2 Myr of the erosionisostasy phase (20-22 Myr 2-D model time, 0-2 Myr 1-D model time) for single-phase
decay models, composite denudation rates in the core were 0.3-0.4 mm yr-1. The rate
reduced quickly in the 2-D models to less than 0.1 mm yr-1 for the duration of the model.
In the 1-D model, composite rates after 22 Myr reduced to approximately 0.2-0.3 mm yr-1
by the end of the models. For models with two-stage decay, the first stage (isostatic uplift
set at 1.0 mm yr-1) yielded relatively rapid denudation of ~0.8-1.0 mm yr-1, over twice the
rate of the early stage for single-phase models. However, transitioning to the isostatic
response rate based on the more rapid exhumation estimates (2.5 mm yr-1) quickly led to
increased elevations as erosion could not compensate for the prescribed uplift. Hillslope
diffusion using rate constants typically attributed to creep processes did not produce
appreciable differences in denudation rates, consistent with the limited influence of
diffusive processes noted during tectonic uplift and with observations from other studies
(e.g., Martin, 2000).
Importantly, none of the models described here remove sufficient material through
erosion to bring rocks at 21 km depth to the surface in 10 Myr, as calculated in previous
studies (Mako et al., 2019; Spencer et al., 2020). Model cases with the highest initial
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erosion rates (≥ 2.0 mm yr-1) also exhibit the highest cumulative erosion, with two models
removing a maximum of 20.0 (Ui = 2.0 mm yr-1, m = 0.2, n = 0.5) and 20.3 (Ui = 2.5 mm
yr-1, m = 0.2, n = 0.5) km of material from the orogen. Although the total erosion in these
models approaches the minimum estimated cumulative erosion magnitude needed for
exhumation of the rocks analyzed by Mako et al. (2019), the aforementioned parameter
restraints—specifically, the paucity of evidence for natural systems with n = 0.5—suggest
they are unlikely to be viable scenarios.

3.5.4

Implications for potential geodynamic collapse of the Scandian wedge
The majority of our finite-difference models suggest that, assuming typical stream

power parameters and simple isostatic compensation, fluvial surface processes are likely
insufficient to accomplish denudation of the Scandian orogenic wedge as interpreted by
multiple studies (MacDonald et al. 2007; Spencer et al., 2020). Furthermore, the thermal
model supports the existing interpreted denudation rates and the hypothesis that erosion
alone could not accomplish them by showing that increasing cooling rates are unlikely to
be due to passage of rocks through compressed isotherms at shallow depths. As such,
additional processes are needed to reconcile the Scandian data. Two potential mechanisms,
vertical ductile thinning and normal faulting, have been discussed in other studies of the
Scandian wedge. Thigpen et al. (2010) suggested 12-40% of Moine thrust zone exhumation
near the orogenic foreland may have been attributable to vertical ductile thinning.
However, Feehan & Brandon (1999) and Ring et al. (1999) have indicated that ductile
thinning is a slow process, acting on the order of ~0.3 km Myr-1. The short duration of
orogenic collapse in the core of the Scandian wedge in Scotland (~10 Myr) would therefore
only allow for vertical ductile thinning of ~3 km at those rates.
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Multiple studies have also documented late syn- to post-tectonic extension and
normal faulting in the Scottish Caledonides resulting in the development of grabens (Fig.
3.3; Blundell, 1984), and many such faults are interpreted to be reactivated Scandian
structures (e.g., Brewer & Smythe, 1984). Some of these faults are associated with
localized, smaller sedimentary deposits that contain basal LORS conglomerates and
sandstones sometimes referred to in the literature as “outliers,” (such as the Strathy, Ben
Griam, and Meall Odhar outliers located in the Naver thrust sheet; see Fig. 3.3), but the
larger Orcadian Basin and other basins in the region, which received several kilometers of
eroded Caledonian sediments (McClay et al., 1986), suggest extension on an orogen-wide
scale. The presence of these faults and associated grabens may be interpreted as indicating
that ductile thinning and exhumational faulting both likely contributed to collapse of the
Scandian wedge, and these processes may contribute to development of increased nearsurface geothermal gradients (e.g., Dewey, 1988; Mancktelow and Grasemann, 1997)
similar to those produced by our high-erosion rate 1-D thermal models.
Lastly, Hodges (2016) proposed that the East Greenland Caledonides (EGC) may
preserve evidence indicating Himalayan-type channelized flow for the Scandian system.
In Scotland, Spencer et al. (2020) proposed that rapid cooling and denudation of the
Scandian wedge may have been driven, at least in part, by ductile flow of crustal material
out of the orogenic core, similar to the EGC mechanism (Figs. 9 and 10 of Spencer et al.,
2020). From west to east across the Scandian wedge, maximum deformation temperatures
increase from ~450 °C near the Moine thrust to >675 °C in the orogenic core (Thigpen et
al., 2013; Ashley et al., 2015). The Naver thrust sheet, which underwent ductile
deformation at temperatures of >700 °C during Scandian thrusting (Mako et al, 2019), is
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analogous to the infrastructure of the EGC, where upper amphibolite grade metamorphism
and anatectic melts have been documented (Hodges, 2016, and references therein). In
addition to upper amphibolite conditions, the Naver and overlying Skinsdale thrust sheets
host multiple Scandian anatectic granites (e.g., Kinny et al., 2003; Kocks et al., 2006). A
deformation temperature reported by Spencer et al. (2020) and currently interpreted to be
of Scandian age indicates high-temperature deformation (>675 °C) in the Skinsdale thrust
sheet. This suggests that the Skinsdale thrust sheet may be the upper part of the ductile
infrastructure and that the uppermost decoupling horizon that marks the lower boundary of
the undeformed, low-grade superstructure (Decoupling Horizon I; sensu Hodges, 2016) is
buried beneath the overlying Old Red Sandstone deposits to the east of the high-grade core.
All of these models must be further explored with both additional geo- and
thermochronologic data from multiple isotopic systems and thermal-mechanical/kinematic
models of the orogen during Scandian thrusting in order to fully investigate the potential
of possible geodynamic mechanisms and their potential contributions to the collapse of the
orogenic wedge.

3.6

Conclusions
The Scandian orogenic retrowedge of northern Scotland exhibits cooling rates, based

on thermochronologic data, that are not fully compatible with an erosion-isostasy model of
orogenic collapse and decay. We utilize a finite-difference modeling approach to simulate
the construction and destruction of an idealized orogen of comparable dimensions and have
applied fluvial incision, hillslope diffusion, and isostatic rebound codes to model the
evolution of the orogenic topography for 20 Myr of tectonic uplift and 10 Myr of postcollisional erosion. The models presented here indicate erosion rates decrease from a
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steady-state rate of ~1-3 mm yr-1 to <1 mm yr-1 during the post-collision erosion-isostasy
phase. In most scenarios, utilizing initial conditions based on either thermochronologic
data or combined geochronologic-metamorphic data, more than 1.4 km of topographic
elevation remains in the orogen core and an arbitrary particle, which represents the modernday exposed orogenic core initially at depth, is not fully exhumed. These results are
inconsistent with the modeled post-Scandian topography and the timing of deposition of
the overlying Emsian LORS. The only models that approach the estimated exhumation
require parameter sets that are likely unrealistic, and all other models were at least ~2 km
short of the required magnitude of total erosion. The decrease in erosion rates suggests a
reduction in erosional potential due to decreasing slopes and relief. Additionally, low
topographic denudation rates following constructional orogenesis from our 2-D models
suggest that in the presence of rapid isostatic uplift, and without additional denudation from
glacial processes, erosion was unlikely to have been efficient enough to completely denude
the topography. Additionally, we have modeled the transient geothermal gradient produced
by estimated late syn-collisional erosion rates. Particle exhumation and cooling magnitudes
along modeled geotherms are not consistent with full erosional unroofing of the currently
exposed orogenic core prior to the deposition of the LORS.
We suggest a combination of geodynamic mechanisms working in concert with
moderate to rapid erosion may have contributed to the rapid collapse of the Scandian
retrowedge in Scotland, similar to the finding of Spencer et al. (2020). The Scottish system
shares several characteristics with the Eastern Greenland Caledonides, where evidence for
lower crustal flow has been identified in recent years. The orogen exposed in northern
Scotland may be a southern extension of that system and, therefore, may have implications
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for geodynamic processes at the periphery of large, hot orogens. Better constraints may be
placed on the thermal structure of the post-Scandian crust using multiple geo- and
thermochronologic isotopic systems. Such multi-disciplinary studies, in combination with
coupled thermal-mechanical and kinematic models and the surface process models
presented here, are needed to more meaningfully investigate the evolution of the Scandian
wedge.

74

Table 3.1 List of model parameters for 1-D and 2-D models
Parameter
Value
Units
Fluvial Incision Model Parameters
Model time step
5 – 10
kyr
Grid node spacing
0.5 – 1.0
km
Model domain width
500
km
Model domain length
200
km
Maximum stream length
250
km
Maximum model elevation
5
km
Initial uplift rate, Ui
0.5-2.5
mm yr-1
Stream power drainage exponent, m
0.175 – 1.2
-Stream power slope exponent, n
0.5 – 2
-Stream power exponent ratio, m/n
0.35-.0.6
-Critical drainage area, Acrit
106
m2
Inverse of Hack’s constant, ka
6.69
-Inverse of Hack’s exponent, h
1.67
--10
-4
1-2m
Erodibility coefficient, K
10 – 10
m
yr-1
Hillslope diffusivity, k
10-1 – 10-3
m2 yr-1
Flexure and Isostasy Model Parameters
2750
kg m-3
Density of crust, rc
3300
kg m-3
Density of mantle, rm
Effective elastic thickness, Te
104
m
Gravitational acceleration, g
9.81
m s-2
Young’s modulus, E
100
MPa
0.25
-Poisson’s ratio, n
1-D Thermal Conduction-Advection Model Parameters
Crustal heat production, A
1.5
°C Myr-1
Thermal conductivity, K
1
W m-1 K-1
25
km2 Myr-1
Thermal diffusivity, k
Surface temperature, Ts
25
°C
Depth to lower boundary
35
km
Temperature at lower boundary
800
°C
Initial particle temperature
700
°C
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Table 3.2 Results of Landlab tectonic-erosion-isostatic models for K = 8.3 x 10-6.
k (early)
k (late)
Early
Late
Zmax, 20
Zmax, 30
Rmax, 30
Isostasy
Isostasy
Myr (m)
Myr (m)
Myr (m)
(mm yr-1) (mm yr-1)
0.1
0.1
2.5
-4200
3770
2200
0.1
0.001
2.5
-4150
2890
1850
0.1
0.1
1.0
2.5
3990
3180
1980
0.1
0.001
1.0
2.5
3780
2900
1860
--2.5
-3830
3140
2130
--1.0
2.5
3720
3060
1930
Note: Zmax = remaining maximum elevation; Rmax = maximum relief; Rmean = mean relief.
Italicized case is shown in Figure 3.7.
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Figure 3.1. Conceptualization of erosional potential. As an orogen ceases to undergo
tectonic uplift, the reduction in steepness, elevation, and uplift rate negatively impacts the
ability of fluvial incision to erode the landscape. Young, active orogens such as the Himalaya and Taiwan have very high erosional potential due to their continued uplift and steep
topography, while old, decaying orogens such as the Appalachians are less capable of high
rates of erosion. The Scottish Caledonides appear to be an exception, as the erosion rate
during late orogenesis (1) did not continue along the expected path, instead increasing well
into the post-collisional phase. The models presented here are utilized to determine whether the system reverted to a high degree of erosional potential (2), or if it maintained a lower
potential and unroofing was enhanced by another means (3). Modified from Spencer et al.
(2020).
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Figure 3.2. P-T-t evolution of an arbitrary rock particle within the Naver thrust sheet of the
Scandian orogenic wedge. (a) Burial beneath the overlying Skinsdale thrust sheet proceeded to a maximum pressure of approximately 9.5 kbar (Ashley et al., 2015; Mako et al.,
2019), followed by (b) heating to 700-730 °C during decompression to 7 kbar by ca. 425
Ma (Mako et al., 2019). (c) The thrust sheet was exhumed to a depth of approximately
21 km (5.5 kbar, 550 °C) at 414.7 ± 5.7 Ma according to amphibole 40Ar/39Ar data of
Spencer et al. (2020). (d) Muscovite 40Ar/39Ar data then indicate exhumation continued
to a depth of approximately 15 km (4 kbar, 400 °C) at ca. 411 Ma (Spencer et al.,
2020). (e) Finally, the particle was unroofed at ca. 407-403 Ma prior to deposition of
the Emsian lower Old Red Sandstone (Wellman, 2014).
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Figure 3.4. Topography of northern Scotland. (a) The modeled post-Caledonian
(post-Scandian) surface of northern Scotland, adapted from MacDonald et al. (2007). High
elevation regions are evident in the Grampian Highlands to the southeast and in the Northwest Highlands. Maximum elevations in the Scandian wedge, northwest of the Great Glen
Fault (GGF), were less than 1200 m in the entire modeled area. In the orogen core (OC),
remaining topography was modeled at ~800-1,000 m. (b) Modern topography of northern
Scotland, generated using the Shuttle Radar Topography Mission (SRTM GL1) Global
30m(SRTM_GL1) dataset
(NASA, 2013; http://www2.jpl.nasa.gov/srtm/srtmBibliography.html).
Contours generated using ArcMap and smoothing function. Maximum elevations in the
Scandian wedge northwest of the GGF are less than 1,000 m; the most significant differences since immediate post-Scandian time are within the OC region, where most areas are
now less than ~500-600 m.
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Figure 3.5. Results of selected 1-D fluvial incision-isostasy model runs. (a) Initial orogenic
profiles with maximum elevation of 5,000 m were calculated according to initial uplift
rates Ui, then evolved by fluvial incision and isostatic rebound over 10 Myr runtime. Three
models with Ui = 1.5 mm yr-1 and m/n = 0.45 retained maximum elevations of 1,593 m,
2,026 m, and 2,193 m. (b) Only one model approached the 21 km total erosion required to
unroof thermochronologically- and metamorphically-constrained rocks (Ui = 2.5 mm yr-1,
m = 0.2, n = 0.5, m/n = 0.4) and completely denuded topography in the orogen core. The
initial erosion rate throughout the orogen (Ė0 = 2.5 mm yr-1) is set to a topographic steady
state, matching the uplift rate. As the model progresses, high erosion rates in the flanks of
the orogen (Ėmax = 2.8 mm yr-1 at 1 Myr runtime) converge on the core as slopes in the
flanks rapidly decrease.
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Figure 3.6. 1-D thermal model results for initial particle temperature of 700 °C. Model
parameters for this cases are Ui = 1.5 mm yr-1, m = 0.45, and n = 1. (a) The particle begins
at 700 °C at a depth of 23.8 km on the initial calculated geotherm. The modeled geotherm
shifts to the left on the graph over the model run, indicating relaxation of compressed
near-surface isotherms as erosion rates decrease. (b) The particle ascends from 23.8 km to
15.8 km, a total of 8 km of surface-directed motion. The rate of ascent slows as erosion
rates decrease. (c) Particle cooling rate increases during the first ~4 Myr as the particle
ascends into relaxing, downward-advecting isotherms, but decreases as relaxation is
outpaced by decreasing erosion rate.
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Figure 3.7. (a) 3-D cross-sectional approximation of the Scandian wedge showing correlations of subsurface crustal units to the final modeled surface. The ductile infrastructure,
here shown as “lower crust,” would be extruded to the immediate flank of the orogen core.
At this point of maximum erosional potential, focused erosion would allow for rapid exhumation of the flowing lower crust. This is comparable to the focused erosion reported in
the frontal Himalaya by previous authors (e.g., Beaumont et al., 2001; Hodges et al.,
2001). (b-k) Results of construction and subsequent destruction of orogen utilizing Landlab. Orogen is uplifted at constant tectonic uplift rate of 3.0 mm yr-1 and subjected to fluvial incision (K = 8.3 x 10-6) and (in the case shown here) hillslope diffusion (k = 0.1) for 20
Myr. At 5-10 Myr, maximum elevation in the orogenic core is ~4.3 km. By 10 Myr, a topographic steady state has been achieved, with maximum elevations at ~4.0-4.1 km along
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Myr) codes. During collapse, maximum elevations decrease across the orogen briefly
before reaching an effective steady-state with the isostatic compensation. Maximum and
mean elevations at the conclusion of the model run are ~2.9 km and ~2.2 km, respectively.
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CHAPTER 4. 40AR/39AR THERMOCHRONOLOGY OF THE BLUE RIDGE AND
INNER PIEDMONT, SOUTHERN APPALACHIANS: IMPLICATIONS FOR THE
TIMING OF HIGH-TEMPERATURE DEFORMATION, METAMORPHISM, AND
THE CRUSTAL “ESCAPE” FLOW HYPOTHESIS
4.1

Introduction
In tectonics research, many outstanding questions persist due to our incomplete

understanding of the evolution of continental collision systems—particularly large, hot
orogens in which most components of the system are inaccessible and crustal rheology and
thermal domains are characterized almost exclusively by geophysical techniques. One of
the most effective means of understanding and predicting the evolution of these critically
important orogenic systems is by identifying and characterizing ancient and/or modern
analogs. For example, current research in the modern Himalayan-Tibetan (H-T) system has
led to the hypothesis that the high-grade core of the orogen, the Greater Himalayan
sequence (GHS), may represent a ductile orogenic channel which, when active, permitted
syn-collisional orogen-normal flow of mid- to lower crust out of the orogenic core and
toward the topographic front of the orogen (Fig. 4.1; Beaumont et al., 2001, 2004; Hodges
et al., 2001; Grujic et al., 2002; Jamieson et al., 2004). This hypothesis has emerged as a
result of several lines of evidence, including: (1) the observation of coeval motion on
normal- and reverse-sense faults structurally above and below the high-grade orogenic
core, respectively (Grujic et al., 2002); (2) inverted metamorphic sequences within the
GHS (e.g., Hubbard, 1996); and (3) pervasive migmatization and anatexis within the GHS.
However, the lack of motion along the faults that bound the presumed channel since the
Miocene (~17 Ma) has been interpreted to indicate that orogen-normal crustal flow has
ceased (e.g., Cottle et al. 2015 and references therein), despite predictions from the original
numerical models that flow should continue with ongoing collision (Beaumont et al.,
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2004). This recognition, coupled with the observation of orogen-perpendicular normal
faults and potential core complexes within and north of the Himalayan front in Tibet (e.g.,
Jessup et al., 2008; Larson et al., 2020), rapid exhumation at the eastern orogenic syntaxis
near Namche Barwa (Zeitler et al., 2001; Unsworth et al., 2005), and geomorphic and
geophysical indicators of weak crustal flow east of the main collision zone (Clark and
Royden, 2000; Bai et al., 2010) has led to the provocative hypothesis that crustal flow has
switched from orogen-normal to orogen-parallel and is now “escaping” the collision zone
to the east (Fig. 4.2).
Although these crustal flow hypotheses have been challenged by studies that
propose critical wedge models for the H-T system wherein continued thrusting is balanced
by changes in erosion rates (e.g., Kohn, 2008), models of this type were generally
developed for lower-grade orogenic thrust stacks (Davis et al., 1983; Dahlen 1990), such
as those observed in the frontal H-T system (Avouac, 2003; Robinson et al., 2003;
Bollinger et al., 2006). What is perhaps a greater challenge for testing these hypotheses is
that the modern high-grade orogenic core, which includes the presumed escape flow
channels (e.g., Bai et al., 2010), currently lies beneath the Tibetan plateau (Fig. 4.2). This
orogenic “lid” essentially limits investigations of these systems to measurements and
observations made in the high-grade core north of the orogenic front, which represents the
interpreted Miocene orogen-normal crustal channel, or to geophysical (e.g., Nelson et al.,
1996; Unsworth et al., 2005; Bai et al., 2010), geomorphic (Clark and Royden, 2000), and
numerical modeling studies (Beaumont et al., 2001, 2004; Jamieson et al., 2004).
The Neoacadian (ca. 380-330 Ma) orogeny, which spans the Blue Ridge (BR),
Inner Piedmont (IP), and Carolina terranes in the southern Appalachians (Fig. 4.3; Hatcher
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et al. 2007; Merschat et al. 2017) has been interpreted to preserve a potential orogen-scale
crustal escape flow system (Hatcher and Merschat, 2006). There, orogen-parallel escape
flow of melt-weakened IP rocks was interpreted to occur first toward the orogenic front
(NW-directed) before being redirected to the W-SW along the Brevard fault zone (BFZ),
which separates the BR and IP (Figs. 4.3 and 4.4). In the BR-IP system, the BR is
considered to have acted as the rheologically strong buttress at the base of the channel,
with the Brevard fault zone acting as an equivalent of the Main Central thrust in the H-T
system. Structurally above the BFZ, in the core of the crustal escape “channel”, IP units
preserve high-grade metamorphism (mostly sillimanite I and II), pervasive migmatization,
and abundant anatectic granites (Merschat et al., 2005; Hatcher and Merschat, 2006),
making them rheological equivalents of the Greater Himalayan sequence in the H-T system
(Fig. 4.5). Structurally above and to the southeast of the IP, the Central Piedmont suture
(Fig. 4.3) separates these high-grade units of the IP from relatively low-grade rocks of the
Carolina superterrane (Thomas and Hatcher, 2020, and references therein) and is
considered to be structurally equivalent to the South Tibetan detachment in the H-T system.
The Carolina superterrane, then, would in this case serve as the superstructure of the system
(sensu Hodges, 2016), similar to the Tibetan plateau.
Although these simple correlations can be made between the potential orogenic
channel components in the composite H-T and Neoacadian systems, the polyorogenic
history of the southern Appalachian BR-IP system, and specifically the interpreted spatial
extent and intensity of multiple Paleozoic deformation and metamorphism events,
complicates process-focused interpretations. In the western and central BR terranes, classic
Taconian (470-440 Ma) metamorphism is dominant (Absher and McSween 1985; Butler,
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1973; Hatcher, 1978, 1987; Eckert 1988; Eckert et al. 1989; Rankin, 1975; Dallmeyer,
1975; Kish, 1991; Connelly and Dallmeyer, 1993; Moecher et al., 2004, 2005; Corrie and
Kohn, 2007), and this metamorphic footprint extends east into the EBR (Merschat et al.
2017, and references therein; Thigpen et al., in prep). The EBR also preserves evidence for
Neoacadian (380-340 Ma) metamorphism (Merschat et al., 2017) and Taconic,
Neoacadian, and Alleghanian (335-280 Ma) plutonism (Mapes, 2002; Miller et al., 2006;
Stahr, 2008). In the IP to the southeast, high-grade metamorphism (sillimanite I and II) has
been shown to be dominantly Neoacadian (Merschat et al., 2017), but like the EBR, the
ages of anatectic plutons span all three orogenic events. Lastly, the onset and spatial extent
of any high-temperature (e.g., amphibolite facies) metamorphism during the Alleghanian
event remains unresolved, and emplacement and reworking of the entire BR-IP system
during Alleghanian thrusting led to reworking of the entire southern Appalachian system,
including the BR-IP terranes (Hatcher et al., 1989, 2007).
Thus, if we are to develop a more refined understanding of any channel or escape
flow process present in the BR-IP system that may have been active during the Neoacadian,
we must first demonstrate that (a) high-temperature metamorphism and deformation
associated with the Taconic orogeny in the BR can be clearly separated from similar
Neoacadian deformation and metamorphism in the EBR and IP, and (b) that potential hightemperature Alleghanian deformation and metamorphism does not overprint and/or
obscure the Neoacadian signature in the proposed Neoacadian channel. To do this, we
present new results from 40Ar/39Ar thermochronology of amphiboles and one white mica
obtained from the BR and IP of North and South Carolina and far northeastern Georgia
(Fig. 4). As 40Ar retention in the amphibole 40Ar/39Ar system begins just at or below the
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minimum temperatures required for amphibolite-facies metamorphism (~500 °C), these
dates may be used to establish the maximum time at which different BR and IP terranes
experienced conditions above this approximate temperature, providing spatio-temporal and
thermal constraints for cooling paths that might help delineate tectonic histories of the
appropriate channel architectural elements. When integrated with previous geo- and
thermochronologic studies, these data should allow us to better define the spatial extent of
thermal conditions associated with the three Paleozoic orogenies.

4.2
4.2.1

Geological Setting
The Southern Appalachians of the Carolinas, Tennessee, and Georgia
The Southern Appalachians record the metamorphic and structural history of an

entire Wilson cycle that spans over one billion years. The initial Grenville orogeny (ca.
1.25-0.9 Ga) involved the collision of Laurentia with Amazonia during the amalgamation
of Rodinia (Aleinikoff et al. 2013). Following the opening of the Iapetus Ocean during
post-Grenville rifting, the Taconic event (ca. 480-450 Ma; Drake et al. 1989; Hatcher et al.
1989; Moecher et al. 2004) resulted from partial subduction of the eastern Laurentian
margin, development of an accretionary complex (Merschat et al., 2017), and obduction of
an island arc during closure of the Iapetus Ocean (Hatcher et al. 2007 and references
therein). The Neoacadian event spanned approximately ~50 Myr (ca. 380-330 Ma) and
resulted from partial subduction of eastern Laurentia beneath the Gondwanan-affinity
Carolina superterrane during closure of the Theic and Rheic oceans (Merschat et al. 2005;
Hatcher et al. 2007). Paleozoic orogenesis culminated with the Alleghanian orogeny (ca.
330-280 Ma) as Gondwana and Laurentia collided to form the supercontinent Pangaea
(Hatcher et al. 2007 and references therein).
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The BR-IP system in Tennessee, the Carolinas, and Georgia are commonly
organized into tectonostratigraphic terranes, based on their affinity (e.g., Laurentian, periLaurentian, suspect, exotic Gondwanan, etc.). Because this work is focused on further
constraining the spatial and temporal extent of the Paleozoic tectonothermal events in the
BR-IP system, we follow the approach of Thigpen et al. (in prep), wherein tectonic units
are defined either as terranes (sensu Hatcher et al., 2007) or as major thrust sheets with
variable tectonothermal histories. This approach also allows us to identify/highlight major
fault boundaries that play key roles during each Paleozoic orogenic event. From
structurally lowest (foreland, northwest) to structurally highest (hinterland, southeast),
these subdivisions include: (1) the western and central Blue Ridge (WBR-CBR), including
the Blue Ridge basement complex and the Grandfather Mountain window (GMW); (2) the
eastern Blue Ridge (EBR); (3) the Inner Piedmont; and (4) the Carolina superterrane (CT),
after Hatcher et al. (2007).

4.2.2

Western (WBR) and central Blue Ridge (CBR)
The WBR, which is bound to the northwest by the brittle Great Smoky-Cartersville

fault system, preserves Grenville (1.3-1.0 Ga) basement gneisses (Aleinikoff et al., 2013)
and their stratigraphically and structurally overlying Laurentian-sourced NeoproterozoicCambrian Ocoee Supergroup and Chilhowee Group cover sequences, with minor midPaleozoic thrust slices also preserved near the northwestern margin of the terrane (Unrug
et al. 2000; Repetski et al., 2006; Thigpen et al., 2016). In the WBR, basement units are
exposed either as structural windows (e.g., the GMW), or as a culmination of thrust sheets
in the Blue Ridge basement complex (Merschat and Cattanach, 2008). The CBR, which is
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separated from the WBR by the Hayesville-Allatoona-Soque River fault system (Massey
and Moecher, 2005), is subdivided into the Cartoogechaye, Cowrock, and Dahlonega gold
belt terranes (e.g., Hatcher et al., 2007). The CBR contains mostly metasedimentary units
that are also interpreted to be Laurentian-sourced and thus are considered as broad
depositional equivalents of the Neoproterozoic metasedimentary units in the WBR. The
CBR also contains lesser Mesoproterozoic gneisses, Ordovician plutons, and minor mafic
and ultramafic units (Mapes, 2002; McDowell et al. 2002; Hatcher et al. 2004; Miller et al.
2006; Merschat and Cattanach 2008; Merschat et al. 2010; Larkin 2016; Walsh 2018). The
Chattahoochee-Holland Mountain-Burnsville fault system marks the southeastern
boundary of the CBR and separates that terrane from the EBR.
Metamorphism in the WBR and CBR thrust sheets has traditionally been attributed
to Taconic (470-440 Ma) orogenesis, with the classic Barrovian progression from
anchizone grade on the northwestern WBR margin to granulite facies (hypersthene) in the
CBR considered to be intact (Butler, 1973; Hatcher, 1978, 1987; Rankin, 1975; Dallmeyer,
1975; Glover et al., 1983; Kish, 1991; Connelly and Dallmeyer, 1993; Moecher et al., 2004,
2005; Corrie and Kohn, 2007). The granulite facies zone in the CBR is commonly
considered to the represent the core of Taconic metamorphism in the southern
Appalachians, and peak P-T conditions there have been estimated at 750-850 °C and 7.09.8 kbar using various thermobarometric techniques (Absher and McSween 1985; Eckert
1988; Eckert et al. 1989; Moecher et al. 2004).
Following Taconic metamorphism and deformation, the WBR and CBR terrranes
were exhumed during later Neoacadian and Alleghanian thrusting, including as part of the
Blue Ridge-Piedmont megathrust sheet that drove development of the brittle Alleghanian
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foreland fold-thrust belt to the northwest of the Blue Ridge terranes (Hatcher et al., 1989,
2007). The timing of both Taconic metamorphism and Neoacadian-Alleghanian unroofing
of the WBR and CBR terranes has recently been confirmed with new monazite U/Pb laser
ablation split stream geochronology and synthesis of multiple thermochronologic datasets
across these terranes, respectively (Connelly and Dallmeyer, 1993; Goldberg and
Dallmeyer, 1997; Southworth et al., 2005; McDonald, 2008; Kunk and McAleer 2011;
Naeser et al., 2016; Thigpen et al., in prep).

4.2.3

Eastern Blue Ridge (EBR)
The EBR is dominantly composed of medium- to high-grade, variably deformed

metasedimentary rocks of the Ashe-Tallulah Falls Formation, magmatic intrusions of
Ordovician, Devonian, and Mississippian age (Miller et al. 1998, 2000; Mapes, 2002;
Miller et al., 2006; Hatcher et al., 2007; Stahr, 2008; Merschat et al., 2010), and
Mesoproterozoic gneisses of the Tallulah Falls and Toxaway domes (Carrigan et al. 2003).
Metamorphism in the EBR reaches at least sillimanite I grade but decreases to kyanite
grade approaching the BFZ to the southeast. On its northeastern end near the Grandfather
Mountain window, mafic eclogite pods (slivers of MORB?) interpreted to be a remnant of
the Taconic subduction system are preserved, and these assemblages indicate minimum
estimates of peak P-T conditions at 625-790 °C and 13-17 kbar, with retrogradation to
amphibolite facies conditions of 640-700 °C, 7-9 kbar (Willard and Adams, 1994; Adams
et al., 1995). Miller et al. (2010) reported a zircon U-Pb age of 459 ± 1.5 Ma as the timing
of peak metamorphism. Neoacadian (post-377 Ma) dextral strike-slip along the Burnsville
fault (part of the Chattahoochee-Holland Mountain fault system) is believed to be
responsible for exhuming these terranes (Trupe et al., 2003).
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The EBR plays a key role in southern Appalachian tectonism not only because of
the presence of eclogite facies metamorphism but also because it is the only terrane to
preserve clear metamorphic/magmatic evidence for all three phases of Paleozoic
orogenesis (Merschat et al., 2017; Thigpen et al., in prep). Additionally, it is bound on its
southeastern margin by the BFZ, which is the perhaps the largest and most important fault
system in the southern Appalachians (Hatcher, 2001; Hatcher and Merschat, 2006). The
BFZ, which is a major multiply-reactivated dextral transpressional fault that separates the
Blue Ridge from the Inner Piedmont, stretches over 700 km through the central and
southern Appalachians (Hatcher, 2001). Motion along the BFZ has been widely discussed
in terms of sense, rheological behavior, and timing. Early research indicated the BFZ was
likely a suture (e.g., Hibbard, 2000), which would make the entire IP a suspect terrane, but
Tugaloo terrane metasedimentary rocks within the EBR and western IP share the same
source based on detrital zircons studies (Bream 2003; Bream et al. 2004) and a correlative
stratigraphy on both sides of the BFZ (e.g., Hatcher 1978; Hopson et al. 1989; Hatcher
2001) making this unlikely. The most widely accepted history for the BFZ is that of a major
Neoacadian dextral transpressive shear zone (Hatcher 1978; Hatcher, 2001), later
reactivated during the Alleghanian with both ductile and brittle (Rosman fault) behavior
(e.g., Bobyarchick 1984; Evans and Mosher 1986; Vauchez 1987; Merschat et al. 2005).

4.2.4

Inner Piedmont (IP)
The Inner Piedmont is composite, with the western (Tugaloo) and eastern (Cat

Square) components separated by the Brindle Creek thrust (Merschat et al., 2005). The
western IP comprises the same Laurentia-derived Ashe-Tallulah Falls rocks as the EBR
(e.g., Bream 2003; Gatewood 2007; Merschat 2009) and the eastern IP contains mixed
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Laurentian and Gondwanan affinity Siluro-Devonian metasedimentary rocks dominated by
biotite paragneiss and aluminous schist, minor metabasalt, and Late Devonian and younger
anatectic melts (Mapes, 2002; Bream et al. 2004). In the eastern IP, the Newton window
exposes rocks of the Tugaloo terrane beneath the overriding Brindle Creek thrust sheet
(e.g., Merschat 2009; Byars 2010). The internal structural architecture of the IP is
dominated by shallow dipping ductile shear zones and dominant foliation and a regionally
curved mineral stretching lineation pattern that Hatcher and Merschat (2006) attributed to
the northwest- and southwest-directed crustal escape flow. In the IP, migmatization is
pervasive, and most of the terrane preserves sillimanite-grade metamorphism, decreasing
to kyanite and locally garnet grade on the western and eastern flanks for the system (Butler,
1991; Hatcher and Merschat, 2006). The dominant Neoacadian age mode of metamorphism
for the IP is mostly derived from analysis of metamorphic rims on zircon (Merschat et al.,
2017). The lower grade of metamorphism on the IP flanks is mostly attributed to retrograde
shearing on the major faults that separate the IP from the EBR (BFZ) and the Carolina
superterrane (Central Piedmont suture). On the northeastern end of the IP, Grenville
basement and metamorphosed cover sequences interpreted to be approximate equivalents
of the Chilhowee sandstones observed both in the WBR and in the GMW lie structurally
beneath the western IP within the Sauratown Mountains window (Walker et al. 1989).

4.2.5

Carolina superterrane
The southeastern edge of the IP is marked by the Central Piedmont suture, which

consists of a series of low angle faults of variable shear sense (e.g., Hatcher and Zietz 1980;
Dennis 1991) and forms the boundary between the IP and the peri-Gondwanan Carolina
superterrane (Huebner et al. 2017; Merschat et al. 2017). The Gondwanan affinity of the
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Carolina superterrane is well-documented and based on multiple lines of evidence (e.g.,
Hibbard et al. 2005). Merschat et al. (2005) and Hatcher and Merschat (2006) attribute the
pervasive high-grade Neoacadian metamorphism and deformation to accretion of the
Carolina superterrane, which drove obduction of the Laurentian and peri-Laurentian
terranes on the eastern margin prior to the culminating collision with Gondwana. In this
scenario, the Carolina superterrane would represent the orogenic “lid” of the Neoacadian
system, similar to the Tethyan sequence in the H-T system. Notably, Dennis (1991)
proposed that the Central Piedmont suture may represent a crustal-scale normal sense shear
zone.

4.3

Methods
To better constrain the maximum age of high-temperature metamorphism in the

southern Appalachians, twenty amphibole-bearing samples were collected for

40

Ar/39Ar

thermochronologic analysis from outcrops located throughout the BR and IP in North
Carolina, South Carolina, and Georgia (Fig. 4.4). Additionally, one sample of white mica
was collected from the EBR, approximately 3 km from the BFZ to the southeast of the
GMW (Fig. 4.4). All samples were crushed and processed using standard mineral
separation techniques at the University of Kentucky. Representative populations of 125500 µm optically-pure amphibole were analyzed for mineralogical content and potential
zoning using a JEOL JSM-IT100 scanning electron microscope with energy-dispersive xray spectroscopy at 15 kV operating voltage or a Cameca SX50 electron microprobe
microanalyzer. The amphiboles were classified by their bulk oxide concentration using the
scheme of Hawthorne et al. (2012). These results are shown in Figure 4.6.
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Separates of each sample were irradiated along with GA1550 biotite fluence
monitors (99.738 ± 0.104 Ma; Renne et al., 2011) in the Cadmium-Lined in-Core
Irradiation Tube (CLICIT) facility at the Oregon State University TRIGA reactor. Two
aliquots per sample were then degassed by step-heating to total fusion using a Photon
Machines 55W CO2 laser at the Noble Gas Geochronology and Geochemistry Laboratory
at Arizona State University. Isotopic data were collected using a Nu Instruments Noblesse
multi-collector mass spectrometer in single collector mode and corrected for mass
discrimination through a power law function (Renne et al. 2009) using a 40Ar/36Ar value of
298.56 ± 0.31 (Lee et al. 2006). Data reduction and apparent date determinations were
performed using the Mass Spec software (Alan Deino, Berkeley Geochronology Center
software) and corrected for blank, radioactive decay, and interfering reactions. Dates were
calculated using a

40

K decay constant of 5.5305 x 10-10 a-1 (Renne et al., 2011). Date

uncertainties are reported at 2s, while uncertainties on isotopic analyses are reported at 1s.
Both incremental date spectra and inverse isochrons were generated for each aliquot using
IsoplotR (Vermeesch 2018). Each date is reported along with a mean square of weighted
deviates (MSWD; Wendt and Carl, 1991). Inverse isochron (39Ar/40Ar vs.

36

Ar/40Ar;

Kuiper, 2002) dates determined from 39Ar/40Ar intercepts of linear correlations (e.g., York
et al., 2004) are calculated and reported for each sample. For the white mica sample (BR20-09A), a plateau date is determined from statistically similar consecutive steps in the
incremental release spectra and calculated as the inverse variance-weighted mean of all
dates on the plateau.
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4.4
4.4.1

Results
Blue Ridge 40Ar/39Ar Thermochronology
Six amphibole-bearing rocks and one white mica-bearing rock were analyzed from

the Blue Ridge basement complex (1 sample), the Grandfather Mountain window (1
sample), and the EBR (5 samples). Locations of samples are shown on Figure 4.4 and all
results from Blue Ridge 40Ar-39Ar analyses are shown in Table 4.1 and Figures 4.7 and 4.8.
BR-19-07 was collected from a Grenville unit in the Blue Ridge basement complex of the
western Blue Ridge (Merschat and Cattanach, 2008) and yields inverse isochron dates of
511.1 ± 5.0 Ma (MSWD = 0.88) and 511.5 ± 4.2 Ma (MSWD = 2.03) Ma. BR-19-02, which
was collected from basement units within the GMW (Wolf Creek gneiss) ~5 km northwest
of the BFZ, yields two aliquot dates of 493.5 ± 7.2 Ma (MSWD = 0.22) and 496.9 ± 3.9
Ma (MSWD = 1.8) Ma.
In the EBR, structurally above the GMW and near the BFZ and the sample locality
of BR-19-02, two aliquots of white mica obtained from a mica schist (BR-20-09A) yield
plateau dates of 329.3 ± 1.9 Ma (MSWD = 1.53) and 328.9 ± 1.9 Ma (MSWD = 0.57). The
plateaus include 94.8% and 94.7% of the released 39Ar, respectively, and correspond to flat
Ca/K profiles, confirming the purity of the samples. Sample BR-19-05 was obtained from
an amphibole-bearing gneiss southwest of the GMW near the EBR eclogite locality, ~20
km northwest of the BFZ. From this sample, two aliquots yield inverse isochron dates of
379.8 ± 4.4 Ma (MSWD = 0.46) and 379.0 ± 3.1 Ma (MSWD = 0.47) Ma. Northeast of the
GMW, two aliquots of BR-20-11, which was collected from amphibolite layer in the AsheTallulah Falls mica schist ~9 km northwest of the BFZ, yield dates of 353.4 ± 2.9 Ma
(MSWD = 2.22) and 352.8 ± 2.6 Ma (MSWD = 6.96).
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Further south in NC near Rosman, approximately 1.2 km northwest of the BFZ,
sample BR-20-17 yields dates of 358.0 ± 2.5 Ma (MSWD = 3.18) and 357.7 ± 2.3 Ma
(MSWD = 5.65). This sample was collected from an amphibole-bearing lens within the
greywacke-schist member of the Tallulah Falls Formation. Sample BR-20-15, also from
the Tallulah Falls Formation but further southwest in Georgia, was obtained from near the
contact between garnet-bearing and amphibole-bearing schists approximately 9 km
northwest of the BFZ. Two aliquots in this sample yield dates of 337.7 ± 2.6 Ma (MSWD
= 2.97) and 338.5 ± 2.7 Ma (MSWD = 2.16), which represent the youngest amphibole
40

Ar/39Ar dates of any of the BR samples analyzed in this study.

4.4.2

Inner Piedmont and Sauratown Mountains window 40Ar/39Ar Thermochronology
In the IP, thirteen samples were collected across the Brevard and Brindle Creek

thrust sheets at varying distances from the BFZ (Fig. 4.4). Additionally, one sample was
collected from the Sauratown Mountains window, which structurally underlies the IP.
Dates here are reported from northeast to southwest. All results are shown in Figures 4.9
and 4.10 and tabulated in Table 4.2. In the Sauratown Mountains window, ~11 km
southeast of the BFZ, sample IP-20-17 yields amphibole dates of 380.2 ± 3.2 Ma (MSWD
= 3.06) and 378.3 ± 3.0 Ma (MSWD = 3.69). Sample IP-20-18, which is located in the
Brevard thrust sheet immediately adjacent to the Sauratown Mountains window and ~27
km southeast of the BFZ, was obtained from an amphibole-bearing unit of the AsheTallulah Falls Formation immediately adjacent to the Mill Creek fault zone. This sample
yields aliquot dates of 359.3 ± 3.6 Ma (MSWD = 2.96) and 361.6 ± 5.2 Ma (MSWD =
1.63). Sample IP-18-08 was also collected from a Tallulah Falls sillimanite-mica schist
framing the Sauratown Mountains window, approximately 12 km southeast of the BFZ.
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This sample yields dates of 375.4 ± 6.5 Ma (MSWD = 0.19) and 377.4 ± 3.7 Ma (MSWD
= 1.1). IP-19-08, which was obtained from a biotite-amphibole gneiss near the leading edge
of the Brindle Creek thrust sheet, had two aliquots yield dates of 343.7 ± 2.8 Ma (MSWD
= 0.64) and 344.6 ± 1.8 Ma (MSWD = 1.4). In the same thrust sheet but further southeast,
sample IP-19-07 yields dates of 344.1 ± 3.1 Ma (MSWD = 0.38) and 344.4 ± 2.8 Ma
(MSWD = 1.4). Samples IP-20-12A and IP-20-22 were collected from the Upper Tallulah
Falls and Poor Mountain Formations, respectively, in the footwall of the Brindle Creek
thrust. IP-20-12A, which is positioned ~14 km from the BFZ, yields dates of 333.1 ± 2.3
Ma (MSWD = 6.15) and 332.0 ± 2.4 Ma (MSWD = 1.88); IP-20-22 is positioned ~16 km
from the BFZ, and yields dates of 330.7 ± 2.2 Ma (MSWD = 4.21) and 328.8 ± 2.5 Ma
(MSWD = 5.80).
IP-19-04 and IP-19-06 were collected from Tallulah Falls amphibolite boudins in
biotite gneiss in the Newton window (Byars et al., 2008). These samples yield dates of
330.0 ± 2.7 Ma (MSWD = 0.44) and 330.8 ± 2.0 Ma (MSWD = 2.2) for IP-19-04 and 334.1
± 3.4 Ma (MSWD = 0.53) and 337.3 ± 2.6 Ma (MSWD = 2.2) for IP-19-06. IP-19-03,
which was collected from sillimanite schist in the Brindle Creek thrust sheet immediately
west of the Newton window, yields dates of 319.4 ± 4.0 Ma (MSWD = 0.46) and 319.5 ±
1.8 Ma (MSWD = 2.2). The southernmost IP sample in North Carolina, IP-20-23, was
collected from Poor Mountain Formation amphibolite in the central Brevard thrust sheet.
That sample yields dates of 323.7 ± 2.1 Ma (MSWD = 1.32) and 324.4 ± 3.3 Ma (MSWD
= 4.42). In South Carolina, IP-20-24 was collected from Poor Mountain amphibolite in the
Brevard thrust sheet, approximately 12 km southeast of the BFZ. This sample yields dates
of 342.7 ± 2.0 Ma (MSWD = 1.18) and 341.5 ± 3.3 Ma (MSWD = 4.51). Slightly farther
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southeast, approximately 18 km from the BFZ, sample IP-20-26 was obtained from Poor
Mountain Formation amphibolite near the contact with the Ordovician Table Rock gneiss.
This sample yields dates of 330.7 ± 2.3 Ma (MSWD = 1.95) and 331.5 ± 2.3 Ma (MSWD
= 2.04). Finally, the southernmost sample (IP-20-25) in this study was collected from the
Tallulah Falls Formation near Madison, SC, and it yields dates of 333.6 ± 2.7 Ma (MSWD
= 2.46) and 334.7 ± 3.6 Ma (MSWD = 1.27).

4.4.3

Amphibole geochemistry and classification
The amphiboles analyzed in this study exhibit average compositions ranging from

edenite to magnesio-hornblende, with the majority (13/20) plotting within the
pargasite/hastingsite field (Fig. 4.6). Previous work has shown that the differences in ionic
porosities in amphibole species can have a significant effect on closure temperature (TC) in
noble gas thermochronometry and therefore may have substantial implications for the
interpretation of the data (Dahl, 1996). In this study, the compositional range of our
samples (Fig. 4.6) and their magnesium numbers correspond to closure temperatures of
500-530 °C when compared to the empirical and modeled data of Dahl (1996; their Figure
4 and Table 2). This range is consistent with commonly utilized closure temperatures for
amphiboles across a range of typical cooling rates in the literature (~490-570 °C; Harrison,
1981; Hodges, 2014). As the primary focus of this work is to constrain the timing of
moderate- to high-temperature (e.g., amphibolite facies) metamorphism, these
compositional variations should not affect the salient conclusions of the study.
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4.5
4.5.1

Discussion
Timing of high-grade metamorphism in the Blue Ridge terranes
The results of this study provide critical additional constraints on the timing of high-

grade metamorphism in the southern Appalachian BR and IP. In the Blue Ridge basement
complex (WBR), the northwesternmost sample collected in this study yields an amphibole
40

Ar/39Ar date of ~512 Ma, which predates Taconic (470-440 Ma) metamorphism (Eckert

et al., 1989; Moecher et al., 2004). Kunk and McAleer (2011) obtained a similar amphibole
date of ~475 Ma in basement units to the northwest, which is here interpreted to indicate
that none of the Paleozoic orogenic events reached high enough temperatures (500-530 °C)
here to reset the amphibole 40Ar/39Ar system. A similar pre-Taconic amphibole 40Ar/39Ar
date of ~496 Ma was obtained by this study in basement units of the Grandfather Mountain
window, which indicates that any Taconic metamorphism (and by extension any later
Neoacadian or Alleghanian metamorphism) at the structural level of the GMW area must
also have been sub-amphibolite facies, as the amphibole 40Ar/39Ar system was not reset.
In the EBR structurally above the Grandfather Mountain window and the Blue
Ridge basement complex, amphibole dates from this study range from 379-338 Ma and are
thus generally indicative of early- to immediately post-Neoacadian cooling. Although it
remains unclear whether or not the younger dates result from early Neoacadian
metamorphism at T > ~500 °C followed by cooling below the amphibole 40Ar/39Ar TC or
protracted cooling following Taconic metamorphism (e.g., Thigpen et al., in prep), what is
most important for this study is that the EBR was not heated to those higher temperatures
during later Alleghanian metamorphism. This conclusion is corroborated by additional
amphibole 40Ar/39Ar dates of 347 and 341 Ma and a white mica 40Ar/39Ar date of 335 Ma
in the EBR northwest of the Grandfather Mountain window (Levine et al., 2018), which
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were interpreted by that study as syn-deformational cooling after Neoacadian amphibolite
facies metamorphism.
In the northern part of the study area, the EBR yields substantially younger
amphibole dates (379-353 Ma) than the dates obtained from the structurally underlying
Grandfather Mountain window (496 Ma), including a date of ~475 Ma from Kunk and
McAleer (2011), and the Blue Ridge basement complex (511 Ma). Amphibole 40Ar/39Ar
dates of 396-362 Ma (Goldberg and Dallmeyer, 1997), similar to those reported here, were
also obtained from the EBR in the vicinity of our sample BR-19-05. In contrast to the
amphibole data, muscovite 40Ar/39Ar dates (Tc = 350-400 °C; Harrison et al., 2009; Hodges,
2014; Reiners et al., 2018) reported by previous studies in the Blue Ridge basement
complex (336-335 Ma; Kunk and McAleer, 2011) and Grandfather Mountain window
(~336 Ma; Kunk and McAleer, 2011) are very similar to those in the structurally overlying
EBR (336-324; Goldberg and Dallmeyer, 1997).
Combined, these dates indicate that, at least in the northeast part of the study area,
the EBR and the structurally underlying basement units have experienced contrasting
thermal-metamorphic and/or immediate post-Neoacadian exhumation histories, followed
by a convergence of thermal histories of these thrust sheets by the onset of early
Alleghanian orogenesis at ~325 Ma (Merschat et al., 2017 and references therein). We
interpret this disparity to indicate that the Chattahoochee-Holland Mountain-Burnsville
fault system emplaced the EBR over these basement and CBR units during Neoacadian
orogenesis, which would account for the varied thermal histories across this boundary. This
was then followed by exhumation of all of these terranes as part of the Blue RidgePiedmont megathrust (Hatcher et al., 1989) sheet during Alleghanian orogenesis. This
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Alleghanian timing of unroofing is reflected in the consistent muscovite 40Ar/39Ar (Kunk
and McAleer, 2011) and zircon fission track (Naeser et al., 2016) dates across the EBR,
CBR and most of the WBR, with the exception of the northwesternmost WBR thrust sheets,
which did not experience Paleozoic thermal resetting of these thermochronologic systems
(e.g, Thigpen et al., in prep). Perhaps most importantly, integration of our data with those
of previous studies indicate that if the EBR and the structurally underlying basement units
experienced Neoacadian heating, it had cooled to sub-amphibolite facies conditions for at
least the last ~15 Myr of the Neoacadian event. Additionally, these data, along with those
of Levine et al. (2018) precludes any Alleghanian high-grade metamorphism in this part of
the EBR.
Further south, near the Tallulah Falls dome in northeastern GA, an amphibole date
of ~338 Ma (BR-20-15) in the EBR indicates that cooling is occurring progressively later
in the southern part of the study area. This is broadly consistent with previous studies that
report amphibole
40

40

Ar/39Ar dates of ~332-328 Ma (Dallmeyer, 1988) and muscovite

Ar/39Ar dates of ~313-308 Ma (Dallmeyer, 1988; Casale et al., 2017) in and immediately

adjacent to the Tallulah Falls dome, adjacent to the BFZ. Despite the observation of these
progressively younger cooling ages to the southwest, our ages and those of previous studies
still indicate that the EBR in Georgia had cooled at least below 530-500 °C during or
immediately following Neoacadian orogenesis.

4.5.2

Timing of high-grade metamorphism in the Inner Piedmont
Magmatic and metamorphic zircon U/Pb rim ages derived from multiple studies

(Mapes, 2002; Bream, 2003; Gatewood, 2007; Byars, et al., 2008; Huebner, 2013) and
synthesized by Merschat et al. (2017) have clearly demonstrated that the pervasive
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sillimanite-grade metamorphism, migmatization, and anatectic plutonism across the IP
resulted from Neoacadian orogenesis (Fig. 4.11). In the IP of North Carolina, these ages
generally range from 375-324 Ma and, because of the high temperatures (>700 °C) required
to produce these ages either as magmatic zircons or as metamorphic zircon rims, this event
can be clearly distinguished from the pervasive Taconic metamorphic event observed
mostly in the Blue Ridge terranes. What was less clear prior to this study was whether or
not a relatively high-temperature Alleghanian event could have overprinted the IP, thus
complicating process-based interpretations such as the channel flow model studies.
In the part of the IP examined by this study, amphibole 40Ar/39Ar dates range from
376-319 Ma, with an approximate trend of dates getting younger both to the southeast and
southwest (Fig. 4.4). In northeastern part of the study area, amphibole

40

Ar/39Ar dates

generally range from 379-330 Ma, with oldest age of ~379 Ma derived from the Sauratown
Mountains window, structurally beneath the WIP. One sample near the Newton window
yields the youngest amphibole 40Ar/39Ar date of the study (~319 Ma). With the exception
of this young age, all the other amphibole dates in the IP of North Carolina are virtually
indistinguishable from the magmatic and metamorphic rim zircon U/Pb ages (Fig. 4.11),
indicating rapid post-Neoacadian cooling of these units and, perhaps most importantly, no
significant Alleghanian re-heating.
To the southwest, in the IP of South Carolina and Georgia, amphibole

40

Ar/39Ar

dates are generally younger those than to the northeast, ranging from 358-324 Ma. In the
same area, Dallmeyer (1988) reported amphibole 40Ar/39Ar dates of ~415-323 Ma, however
the 415 Ma date displayed highly discordant behavior. With that age culled from the
dataset, the remaining dates from that study range from 362-323 Ma, similar to the
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amphibole dates reported here, and thus they also are interpreted to reflect post-Neoacadian
cooling. In that same area, Dallmeyer (1988) and Casale et al. (2017) reported white mica
40

Ar/39Ar dates of 312-302 Ma, but as discussed in Thigpen et al. (in prep), it remains

unclear if this reflects a distinct Alleghanian thermal pulse or simply cooling and unroofing
related to Alleghanian thrusting.
Regardless of the driving mechanism, previous geochronological evidence farther
south in the IP suggests that cooling (and possibly metamorphism) is progressively younger
moving into the parts of the IP in South Carolina and Georgia. Dallmeyer et al. (1986)
reported amphibole and biotite

40

Ar/39Ar dates of 313-278 Ma and 292-243 Ma,

respectively, in the Cat Square terrane of northwestern South Carolina. Just across the CPS,
the same study included slightly older dates (341-284 Ma for amphibole, 307-267 Ma for
biotite) in the Carolina superterrane. Dallmeyer et al. (1986), when combined with wholerock analyses in the same study, interpreted these results to be representative of ca. 360340 Ma deformation within the Piedmont and westernmost Carolina terrane and
Alleghanian heating in the Carolina terrane.

4.5.3

Implications for channel and escape flow during Neoacadian orogenesis
Our data, when integrated with previous geo- and thermochronologic studies,

generally indicate that the entire IP experienced Neoacadian (380-330 Ma) high-grade
conditions up to sillimanite-II metamorphism and anatexis, before cooling below ~500 °C
immediately following that event. In the EBR, amphibole dates of 379-338 Ma and similar,
albeit younger, dates from other studies further southwest (329-322 Ma; Dallmeyer et al.,
1986; Dallmeyer, 1988; Casale et al., 2017) indicate that most of the EBR was at T
conditions >500 °C during Neoacadian orogenesis. However, a recent monazite U/Pb
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geochronologic study of the Blue Ridge terranes of North Carolina and Tennessee only
produced ages consistent with Taconic (470-440 Ma) metamorphism, even for samples
within a few kilometers of the BFZ. Combined, this leads us to interpret that the EBR likely
represented the lower-grade hinterland of the Neoacadian system, similar to the evolution
interpreted for the Lesser Himalayan sequence in the H-T system (e.g., Jamieson et al.,
2004). In the IP, the much higher metamorphic grade coupled with the pervasive
migmatization and anatexis is interpreted to indicate rheological behavior more similar to
that interpreted for the Greater Himalayan sequence in the H-T system. This previously
recognized rheological disparity across the BFZ coupled with the constraints on hightemperature metamorphism provided here leads us to interpret that the EBR, and
specifically the BFZ, may have acted as a rheologically strong buttress that deflected the
weak IP crustal channel to the southwest, as originally hypothesized by Hatcher and
Merschat (2006).

4.6

Conclusions
New 40Ar/39Ar data provide timing constraints for high-grade metamorphism in the

Neoacadian orogenic core of North Carolina, northern Georgia, and northwestern South
Carolina. In the WBR and CBR terranes, amphibole

40

Ar/39Ar dates (512-496 Ma) are

generally older than any Paleozoic orogenic event, indicating that they likely did not
experience high-temperature (>500 °C) conditions during that time. In the EBR, amphibole
40

Ar/39Ar dates ranging from 379-338 Ma indicate that conditions >500 °C were

experienced in those units during Neoacadian time but, like the IP to the southwest, they
were cooled quickly during the late stages of and/or following the main Neoacadian event.
Importantly, these dates indicate that any Alleghanian thermal event, if present, did not
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impact this part of the BR-IP system. The data presented here, when combined with
previous thermochronologic studies, indicate progressively younger cooling to the
southwest. Further

40

Ar/39Ar data in the southern BR and IP of Georgia and SC may

provide additional clarification regarding the timing and spatial distribution of interpreted
southwest-directed crustal flow.
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Table 4.1 Location, amphibole species (if applicable), lithology, and data summary for Blue Ridge samples
Amphibole
Aliquot 1 Date
Sample ID
Latitude
Longitude
Geologic Location
Species
(Ma)

Aliquot 2 Date
(Ma)

36.03777

-81.59611

magnesiohornblende

GMW Chilhowee

494.6 ± 3.7

496.9 ± 3.9

BR-19-05

35.90333

-82.12111

potassic
pargasite

EBR Tugaloo (Spruce Pine)

380.6 ± 2.6

379.0 ± 3.1

BR-19-07

35.88583

-82.54777

magnesiohornblende

WBR Grenville

512.3 ± 5.2

511.5 ± 4.2

BR-20-09A

36.024444

-81.578056

N/A

EBR Tugaloo (Linville Falls
sheet)

330.4 ± 1.7

329.9 ± 1.8

BR-20-11

36.18333

-81.4

magnesiohastingsite

EBR Tugaloo (Fries/Gossan
Lead sheet)

353.4 ± 2.8

352.8 ± 2.6

BR-20-15

34.81361

-83.31944

magnesiohastingsite

EBR Tugaloo (CHMT sheet)

338.3 ± 3.2

339.2 ± 2.8

BR-20-17

35.165

-82.83833

magnesiohastingsite

EBR Tugaloo (CHMT sheet)

358.7 ± 3.6

358.4 ± 4.5
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BR-19-02

Table 4.2 Location, amphibole species, lithology, and data summary for Inner Piedmont samples
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Sample ID

Latitude

Longitude

Amphibole Species

Geologic Location

Aliquot 1
Date (Ma)

Aliquot 2
Date (Ma)

IP-18-08

36.02444

-81.2975

magnesio-hornblende

WIP Tugaloo (Brevard sheet)

376.2 ± 3.2

377.4 ± 3.7

IP-19-03

35.49222

-81.40666

ferro-pargasite

EIP Cat Square (Brindle Creek
sheet)

320.2 ± 2.2

319.5 ± 1.8

IP-19-04

35.51667

-81.345

magnesio-hornblende

Newton window Tugaloo

329.7 ± 1.9

330.8 ± 2.0

IP-19-06

35.51667

-81.345

potassic pargasite

Newton window Tugaloo

334.7 ± 3.0

335.6 ± 2.6

IP-19-07

35.75861

-81.37777

magnesio-hornblende

EIP Cat Square (Brindle Creek
sheet)

344.8 ± 2.0

344.4 ± 2.8

IP-19-08

35.90972

-81.42666

magnesio-hornblende

EIP Cat Square (Brindle Creek
sheet)

344.5 ± 2.4

344.6 ± 1.8

IP-20-12A

35.585

-81.985833

magnesio-hastingsite

WIP Tallulah Falls, (Brevard sheet)

333.1 ± 2.3

333.0 ± 2.4

IP-20-17

36.25361

-80.64944

magnesio-hastingsite

SMW Grenville

380.2 ± 3.2

378.3 ± 3.0

IP-20-18

36.12194

-80.5675

magnesio-hastingsite

WIP Tugaloo (Brevard sheet)

359.3 ± 3.6

361.6 ± 5.2

IP-20-22

35.57472

-81.97611

edenite

WIP Tugaloo (Brevard sheet)

330.7 ± 2.2

328.8 ± 2.5

IP-20-23

35.137818

-82.641406

magnesio-hastingsite

WIP Tugaloo (Brevard sheet)

323.7 ± 2.1

324.4 ± 3.3

IP-20-24

34.93444

-82.88694

magnesio-hastingsite

WIP Tugaloo (Brevard sheet)

343.7 ± 2.0

341.5 ± 3.3

IP-20-25

34.644444

-83.17583

magnesio-hastingsite

WIP Tugaloo (Brevard sheet)

333.6 ± 2.7

334.7 ± 3.6

IP-20-26

34.90806

-82.80639

magnesio-hastingsite

WIP Tugaloo (Brevard sheet)

334.1 ± 2.5

335.2 ± 2.5
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Figure 4.1. Coupled thermomechanical finite element model results of reference Model 1
from Beaumont et al. (2004). Background thermal field shows the perturbation of
isotherms due to advection in the channel flow system. Dashed lines indicate the approximate boundary of the channel during each phase of model evolution; channel boundaries
are approximate and are based on variations in the instantaneous flow velocity indicated
by small black arrows. S indicates point of lithospheric mantle subduction. (a) The incipient channel, indicated by regional counterflow of lower- mid-crust, begins to form following ~30 Myr of collision, crustal thickening, and heating. (b) The immature channel begins
tunneling toward the topographic break between plateau and foreland in response to the
lateral gradients in gravitational potential energy. Tunneling is accomplished via thermal
weakening of rocks at the leading edge of the channel tip. (c) The high relative velocity of
channel flow towards the surface begins to drive surface-directed heat advection, which in
turn creates very high geothermal gradients and subsequent rheological weakening above
the channel tip. At the surface, mass efflux is driven by a continuously increasing erosion
rate from 30 to 52.5 Myr. (d-e) The mature channel reaches a pseudo steady-state as high
counterflow velocities are driven by high gradients in gravitational potential energy and
very high erosion rates (>1.5 cm yr-1) focused at the plateau margin. Colored ellipses (a-e)
and the approximate particle paths (e) displayed as P-T trajectories in Figure 4.4.
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Figure 4.2. Smoothed elevation contour plot of the Tibetan plateau and surrounding areas
highlighting the interpreted geometry of crustal channel escape flow as controlled by a
combination of lateral gradients in gravitational potential enegy and strong, cold basement
blocks such as the Indian shield and the Tarim and Sichuan basins. Such southeastern flow
of material represents a possible modern-day analog for the lateral escape flow proposed
to have occurred in the southern Appalachian IP during the Neoacadian orogeny (Hatcher
and Merschat 2006). Contour interval is 1000 m. Modified from Clark and Royden (2000).
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Figure 4.3. Tectonic map of the southern and central Appalachians. In the crustal channel/escape flow model of Hatcher and Merschat (2006), the eastern Blue Ridge (EBR) acts
a rheologically strong “buttress” to drive flow of the weak Inner Piedmont channel material to the southwest during accretion of the Carolina superterrane, which acted as the
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Figure 4.11. Kernel density estimation plot of zircon U/Pb dates of Merschat et al. (2017)
and new amphibole 40Ar/39Ar dates from the Inner Piedmont presented in this study. (a)
U/Pb dates from magmatic cores and metamorphic rims of zircons show a clear Neoacadian peak in the 340-350 Ma range, with few outliers. (b) Zircon metamorphic rim U/Pb
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120

CHAPTER 5. CONCLUSIONS
The results of this study provide further evidence for the reduction of orogenic
topography through the mechanism of ductile crustal flow. In the first two chapters, we
show that the Scandian orogenic wedge of northern Scotland exhibits high-post orogenic
cooling rates and structural features which correspond to the proposed East Greenland
Caledonian crustal flow system. Our thermochronological and deformation temperature
data indicate high-temperature conditions were contemporaneous with, or immediately
preceded, rapid cooling and denudation of the orogenic core. Numerical models of surface
processes based on this system show that, while erosion is certainly a driving force behind
topographic denudation following orogenesis, it was likely not capable of producing the
rapid post-collision reduction interpreted in the Scottish Caledonides. As such, we
conclude that additional processes were necessary to produce the preserved thermal
histories and structure of the Scandian wedge and, based on the architectural elements and
timing of anatexis and migmatization, that a lower crustal flow mechanism was possible.
In the southern Appalachians, we show that (1) the eastern Blue Ridge and Inner
Piedmont experienced high-grade metamorphism followed by cooling below upperamphibolite facies conditions during the Neoacadian orogenic event, and that (2) the
western and central Blue Ridge terranes show no evidence of high-grade metamorphism
during Paleozoic orogenesis. Combined with observed lineation data and interpreted
timing of metamorphism based on geochronological, magmatic, and stratigraphic
relationships, we conclude that this pattern of cooling is consistent with the proposed
channelized flow mechanism for the BR-IP system. This work provides necessary
constraints for future analysis of both of these systems, which may include paleo-stress and
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maximum temperature determination, and eventually the production of high-resolution
coupled thermo-mechanical models of crustal flow.
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APPENDIX
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Note: zmax = remaining maximum elevation; Etot = magnitude of total erosion; zi = initial
particle depth; zf = final particle depth; Tf = final particle temperature from initial 700 °C.
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