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Yo-yo Tectonics of the Nigde Massif During Wrenching
in Central Anatolia

DONNA L. WHITNEY", PAUL J. UMHOEFER?, CHRISTIAN TEYSSIER! & ANNIA K. FAYON!

! Geology & Geophysics, University of Minnesota, Minneapolis MN 55455, USA
(E-mail: dwhitney@umn.edu)
2 Geology, Northern Arizona University, Flagstaff AZ 86011, USA

Abstract: Yo-yo tectonics occurs in wrench zones in response to switches between transpression and transtension
or to changes in the geometries of faults during these modes of deformation, and involves multiple cycles of burial
and exhumation. The Nigde Massif, Turkey, is a spectacular example of a tectonic yo-yo: it experienced two
complete cycles of burial and exhumation in a zone of oblique displacement. The two cycles, one regional and one
more local in scale, together occurred over > 80 m.y., from Cretaceous burial to Miocene cooling and exhumation.
Temperature-time paths calculated using apatite fission track age and length data, combined with published U/Pb,
“°Ar/*Ar, and biostratigraphic ages and a new “’Ar/*°Ar biotite age for ignimbrite overlying the massif, are the
basis for inferring the duration, rates, and driving forces of yo-yo cycles. Exhumation may be more rapid than
burial because burial occurs at tectonic rates, whereas the combined effects of buoyancy and coupling of surface
processes (especially erosion) and tectonic denudation accelerate exhumation of buried continental material.

Key Words: apatite fission track, exhumation, Nigde Massif, wrench zones, yo-yo tectonics

Orta Anadolu’da Nigde Masifi'nin Dogrultu Atimli Faylanmasi
Sirasindaki Yo-yo Tektonigi

Ozet: Yo-yo tektonidi yiiksek egimli verev atimli faylarin etkin oldugu alanlarda fay geometrisinin degismesi yada
bolgesel sikisma (transpression) ve gerilme (transtension) alanlarinin yer degistirmesi sonucu gelisir. Bu sayede tim
bolge birden fazla gémilme ve yizeylenme dongleri ve bunlara bagl olarak gelisen ¢ok fazli metamorfizmaya
maruz kalir. Nigde Masifi yo-yo tektoniginin en gizel drneklerinden birini sergiler. Massif verev atimli bir
deformasyon zonu icerisinde iki tam gdémulme/ylzeylenme déngisi gegirmistir. Biri bolgesel, digeri daha ¢ok yersel
Olcekte gdzlenen bu donguler Kretase'den (gémulme) Miyosen'e (soguma ve yizeylenme) kadar suren ~80 My'dan
daha uzun bir sire zarfinda tamamlanmigtir. Bu ¢alismada apatit fizyon iz yaslarindan elde edilen sicaklik-zaman
egrileri énceden yayinlamis U/Pb, Ar/Ar, biyostratigrafik yaslari ve ignimbritlerde elde edilen yeni “’Ar/*Ar biyotit
yast ile birlikte yorumlanarak yo-yo tektoniginin olusum zamani, hizi ve buna neden olan kuvvetler ortaya
konmustur. Yizeylenme gémilmeye oranla daha hizli gelisebilmektedir, ¢linkii gémilme sadece tektonik hizlara
baglh olarak gelisirken, yeryiizeyindeki surecler, 6zellikle erozyon, ylzlcllik (izostatik ylkselme) ve tektonik
asindirma (denidasyon) derine gdmilmus kitasal malzemenin ylzeylenmesini hizlandirmaktadir.

Anahtar SézcikKler: apatit fizyon izi, yizeylenme, Nigde Masifi, dogrultu atimli fay zonlari, yo-yo tektonigi

Yo-yo Tectonics

Cycles of burial and unroofing (yo-yo tectonics) may
occur in continental crust during orogeny, e.g., during
repeated episodes of thrusting (burial) and erosion. Burial
and unroofing cycles may also occur in strike-slip
(wrench) zones as steps and bends in strike-slip and
associated oblique-slip faults evolve through time. This
behaviour is predicted for wrench systems (Wilcox et al.
1973; Crowell 1974; Sylvester 1988), but evidence in
the geologic record is sparse. Although the magnitude of

burial in yo-yo cycles may be large in convergent-
dominated systems, owing to the scarcity of well-
documented examples in strike-slip fault zones, there are
unresolved questions about yo-yo tectonics processes in
wrench zones, including: (1) What are the rates of burial
and exhumation?; and (2) Does the magnitude of vertical
motion change, either systematically or randomly,
through time? These questions can be addressed using an
example of yo-yo tectonics that occurred during oblique
displacement and that is recorded in metamorphic and

209



YO-YO TECTONICS

sedimentary rocks of the Nigde Massif and adjacent
Ulukigla Basin in and near the Central Anatolian fault zone
(CAFZ), Turkey (Umhoefer et al. in press) (Figure 1).

Central Anatolia and the Ecemis Fault

Central Anatolia is located between zones of active
collision in SE Turkey and extension in western Turkey.
Main geologic elements are the Central Anatolian
Crystalline Complex (CACC; Akiman et al. 1993); the
Central Anatolian fault zone (CAFZ; including its southern
segment, the Ecemis fault; Kogyigit & Beyhan 1998); the
Ulukisla, Tuz Gold, and Sivas basins; and the Pliocene to
recent Cappadocian volcanic province (Figure 1).

The Ecemis fault experienced 60 km (Jaffey &
Robertson 2001) to 80 km (Kogyigit & Beyhan 1998) of
sinistral offset, and is an active structure (Kogyigit &
Beyhan 1998; Jaffey et al. 2005). The fault may have
formed at the southeastern edge of the CACC
microcontinent during oblique convergence. It was
dominated by left-lateral slip in the Late Eocene to Middle
Miocene, but became more transtensional/extensional in
the Late Miocene—Early Pliocene (Jaffey & Robertson
2001).

The Nigde Massif (Figure 1) is a migmatite-cored
structural dome at the southern margin of the CACC
(Goncioglu 1981, 1982, 1986; Whitney & Dilek 1997,
1998, 2001; Whitney et al. 2001, 2003). The massif is

Figure 1. Map of Turkey showing locations of selected major
metamorphic and tectonic elements. Abbreviations: CACC—
Central Anatolian Crystalline Complex (Kirsehir Massif +
Nigde Massif + associated massifs); CAFZ— Central Anatolian
fault zone; EF— Ecemis fault segment of the CAFZ; IAE—
izmir-Ankara-Erzincan suture zone; I-T— Inner-Tauride
suture zone; KM— Kirsehir Massif; MM— Menderes Massif;
NAF- North Anatolian Fault; NM— Nigde Massif; SB— Sivas
Basin.
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overlain by Paleocene to middle Eocene basin deposits
(Gautier et al. 2002 and references therein) that have
been locally metamorphosed to greenschist facies and
intensely deformed (Umhoefer et al. in press).

Yo-Yo Cycles
Burial #1 — Exhumation #1

Late Cretaceous regional metamorphism and deformation
of the Nigde Massif occurred in the first burial cycle
during regional-scale collision, a protracted event
involving crustal thickening via collision and ophiolite
emplacement (Tekeli et al. 1984; Andrew & Robertson
2002; Parlak & Robertson 2004). Two models for the
regional metamorphism of the Nigde rocks have different
implications for the duration and rate of burial. If
ophiolite emplacement (from the north: Génctoglu 1986;
or south: Andrew & Robertson 2002; Clark & Robertson
2005) drove burial, then burial was very rapid. Ophiolitic
rocks in the region were emplaced in the Late Cretaceous
(~91 Ma; Lytwyn & Casey 1995; Dilek et al. 1999),
coeval with zircon crystallization in Nigde migmatite and
granite (Whitney et al. 2003). It is therefore difficult to
account for the timing and magnitude of burial (15-21
km) during metamorphism with this model.

If crustal thickening (+ ophiolite obduction) during
oblique collision buried Nigde protoliths (Whitney et al.
2001, 2003), the duration of burial #1 is not well
defined, but was likely dominantly Cretaceous given the
timing of initial collision (Clark & Robertson 2002). The
time from initiation of burial to the peak of
metamorphism may therefore have been > 40 m.y.,
corresponding to a burial rate of < 0.5 mm/year (Figure
2).

The metamorphic history of the Nigde Massif is
distinct from that recorded by other metamorphic
massifs in the CACC. For example, the Nigde Massif alone
records a high-temperature crustal melting event that
involved widespread migmatization and generation of a
peraluminous intrusion (the Uckapili granite), and a P-T-
t path involving rapid cooling following protracted high-
temperature (upper amphibolite facies) metamorphism
(Whitney et al. 2001, 2003). In contrast, the northern
parts of the CACC (Kirsehir and Akdag massifs) record a
simple clockwise P-T path of burial and heating followed
by decompression and cooling, and the structural fabrics
are consistent with orthogonal convergence.
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Figure 2. Geologic map of the Nigde Massif showing published geochronology data (from Fayon et al. 2001; Whitney et al. 2003; Umhoefer et al.

in press; and Whitney et al. 2007), as well as a biotite “°’Ar/*’Ar spectrum for ignimbrite that overlies the metamorphic and plutonic
basement (this study). Nigde geology modified from maps by Atabey (1989a, b) and Atabey et al. (1990).

In the Nigde Massif, high-temperature mineral
lineation subparallel to the Ecemis fault and P-T-t
evidence for a long duration of high-temperature regional
metamorphism are consistent with oblique collision
(Whitney et al. 2001, 2003). The high-grade (including
migmatitic) foliation and lineation observed in the core of
the Nigde Massif are consistent with crustal flow during
transpression. Crustal flow, perhaps involving partially
molten crust, in an oblique regime transposed initially
steep planar fabrics to shallow orientations that are
subparallel to the length of the orogen (Whitney et al.
2007).

Lower-grade, localized top-to-S shear zones
overprinted a top-to-N high-grade fabric. Following
metamorphism and intrusion of a granite (92-85 Ma,
with youngest U/Pb zircon rim age of 78 Ma), the rocks
cooled rapidly through the closure temperatures of Ar in

hornblende, muscovite, and biotite (Whitney et al. 2003,
2007; Figure 2). These data correspond to a cooling rate
of 243 °C/m.y. between 81-74 Ma for the high-grade
core and lower rates (16-21 °C/m.y.) for structurally
higher basement units. We have proposed that rapid
cooling and exhumation correspond to extension related
to a switch from transpression to transtension along the
wrench zone (Umhoefer et al. in press). According to this
model, the Ecemis fault and an ancestral mid-crustal fault
system (wrench zone) have been active for >90 million
years, and likely first developed during highly oblique
collision along the southeastern margin of the Central
Anatolian microcontinent (Umhoefer et al. in press).

Rocks at the massif's eastern margin were at the
surface by the latest Cretaceous or Paleocene (Gautier et
al. 2002). Exhumation duration, from youngest
crystallization of migmatites to exposure of basement,

211



YO-YO TECTONICS

was therefore ~15 m.y. at a rate of ~ 0.8-1 mm/yr
(Figure 2).

Burial #2 — Exhumation #2

The massif shed material into a marine basin through the
middle Eocene, followed by Eocene folding and reverse
faulting of basin deposits (Clark & Robertson 2002,
2005; Umhoefer et al. in press). The Eocene event may
have been related to collision of the Anatolide-Tauride
belt with Eurasia, likely involving transpression along the
CAFZ.

Regional resetting of apatite fission track (AFT) ages
suggests that the entire massif was at depths greater
than those of the partial annealing zone (PAZ, 120-60°C)
for fission tracks in apatite (Fayon & Whitney 2007).
Burial of basin sediments and reburial of basement
started in the middle Eocene (~50 Ma) following
deposition of nummulitic limestone involved in burial-
related deformation (Umhoefer et al. in press). Burial
duration is bracketed by stratigraphic and AFT ages and
was likely ~20-25 m.y. Depth of burial (6-10 km) is
estimated from temperature-sensitive index minerals
(e.g., chlorite) and reasonable geothermal gradients,
indicating a burial rate of ~0.2-0.5 mm/yr.

Final cooling is recorded by Miocene AFT ages of
17-9 Ma (Fayon et al. 2001; Umhoefer et al. in press)
(Table 1). Ignimbrite with a 5 Ma biotite “°Ar/*°Ar age
directly overlies basement with AFT ages of 12-17 Ma
(Figure 2). The exhumation mechanism was likely a
combination of erosion and faulting related to motion on
the Ecemis fault, as suggested by the large number of
brittle faults, particularly along the eastern margin of the
massif.

Modeling of apatite fission track ages and track length
distribution using the AFTSolve modeling program
(Ketcham et al. 2000) provides limits on likely timing and
rates of final cooling and unroofing. Such modeling can
test whether reburial involved temperatures below,
within, or above the partial annealing zone for fission
tracks in apatite. In addition, the time at which model
paths enter the partial annealing zone can be varied to
test how well different T-t histories reproduce the AFT
data (as indicated by a goodness-of-fit [GOF] parameter
[Table 2] related to the probability of fit between the
calculated paths and input parameters). For example, no
range of model conditions produced a good fit for Nigde
ages or track lengths. Reburial must have involved T
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>120 °C for a duration sufficient to anneal fission tracks
in apatite (Fayon & Whitney 2007).

For this study, we evaluated a migmatitic metapelite
(AFT age = 10.8 + 1.8 Ma), a garnet-sillimanite schist
from the eastern basement (9.4 + 2.2 Ma), and a
quartzite from the southern (structurally highest)
basement (15.7 + 3.1 Ma) (Figure 1). We also modeled
paths for a deformed basin conglomerate from the early
Cenozoic strata along the eastern margin of the massif: a
foliated granitic clast (15.8 + 3.6 Ma), and a composite
sample of matrix + clasts of basement lithologies (12.2 +
2.2 Ma). Metamorphic temperature for the
metaconglomerate did not exceed ~350 °C, as a white
mica “°Ar/*°Ar age for this sample is Late Cretaceous (82
Ma; Umhoefer et al. in press).

We modeled cooling starting from 2 different time
intervals: (a) 65-55 Ma, and (b) 20-10 Ma (Figure 3).
The older range is slightly younger than “°Ar/*’Ar mica
ages and slightly older than ages inferred from fossils in
the adjacent basin that also contains clastic material from
the basement. The younger range is 5-15 m.y. older than
the overlying ignimbrite.

For all samples, best-fit paths are consistent with
cooling from T > 120°C at 20-10 Ma. However, no
models fit the track length characteristics of the
migmatite sample well, and only models with cooling at
<20 Ma have a good fit for the AFT age data for this
sample, with ‘good’ defined as a GOF value >0.5. In
contrast, models for the southern quartzite and the basin
samples have high GOF values for age and track length.
These results may indicate that the core of the massif was
not exhumed as rapidly as the margin, and spent more
time in the partial annealing zone during exhumation. If
so, the part of the massif closest to the Ecemis fault
experienced the most rapid exhumation, consistent with
general models for wrench-related exhumation.

If the reburied rocks were exhumed from 6-10 km
between 10-5 Ma, unroofing rates were 1.2—2 mm/year.
If the rocks reached the surface prior to 5 Ma, as seems
likely, exnumation rates were >1.5-2.5 mm/year.

Discussion
Yo-yo Tectonic Regimes

It has long been recognized that strike-slip faults are
important for understanding the dynamic evolution of
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Table 2. Goodness-of-fit (GOF) parameters resulting from AFTSolve fission track modeling.

98-09 98-22 01-6A 01-22c 01-22x
Model
age t.lL age t.l. age t.l. age t.l. age t.lL
a 0.39 0.27 0.60 0.71 0.95 0.92 0.83 0.86 0.85 0.41
b 0.77 0.46 0.96 0.95 0.86 0.88 0.96 0.98 0.93 0.93
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Figure 3. Depth-time path and rates for the Nigde Massif, from data
in Whitney & Dilek (1998), Fayon et al. (2001), Whitney et
al. (2001, 2003), Gautier et al. (2002), and Umhoefer et al.
(in press). Dashed black line indicates path for rock exposed

in exhumation #1.

orogens, and much attention has been given to
understanding the role of lateral displacement in orogeny
(e.g., Fitch 1972; Selverstone 1988; Tapponnier et al.
1990; Solar & Brown 2001). Yo-yo tectonics, which
involves a major component of vertical motion is an
expected phenomenon in orogeny and illustrates that
strike-slip fault zones are important for deep crustal
deformation and exhumation.

Multiple cycles of burial and exhumation are rarely
observed in the geologic record because evidence is
removed by erosion or because basement-basin pairs
have not been examined in an integrated way to reveal
records of burial-exhumation cycles. The example of yo-
yo tectonics displayed by the Nigde Massif may be
generalized to other strike-slip fault zones, such as in the
North American Cordillera (Umhoefer & Schiarizza 1996)
and SE Asia (Morley 2002). Without exposure and study
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of the critical narrow belt of deformed basinal rocks that
locally lie unconformably on the basement on the eastern
side of the massif (Gautier et al. 2002), and the discovery
of perturbed “°Ar/*Ar spectrum of muscovite in the
basement near the basement-cover contact along the
eastern margin of the massif (Umhoefer et al. in press),
the case for two cycles of burial and exhumation of the
Nigde Massif would be ambiguous. It seems likely that
other orogens have metamorphic domes for which that
kind of evidence is missing or the basement-cover
relations have not been studied in sufficient detail.

Yo-yo processes are expected to occur in the following
tectonic settings:

(1) orogens (e.g., the North American Cordillera) that
show major periods of orthogonal collision followed
by oblique tectonics. If the episodes of orthogonal and
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oblique tectonics are repeated, yo-yo tectonic motion
is even more likely.

(2) collisional orogens in which the colliding continents or
terranes are characterized by salients and reentrants
(e.g., Appalachians; Alpine — Tauride belt; Himalayas),
as these irregularities will enhance wrench tectonics
along their margins.

(3) orogens with a significant component of oblique
displacement (wrench). Wrench-dominated orogens
will be characterized by multiple cycles of burial and
exhumation because they commonly have steps and
bends that evolve (move) through time along major
orogen-parallel strike-slip zones. When large-scale
translation along active margins follows collision,
(scenario 1), wrenching will be prolonged and can
contribute to both the exhumation of cycle 1 and the
whole of cycle 2.

In contrast, regions dominated by purely extensional
processes experience crustal thinning over large regions,
and development of relatively shallow basins. Local areas
may experience vertical motion, but exhumation of
orogenic crust, particularly involving multiple cycles of
burial and exhumation, is unlikely. Only in special types of
extensional orogens — i.e., those with thick initial crust
and/or high heat flow — will orogenic crust be exhumed
(e.g., in metamorphic core complexes). In general,
extension-dominated orogens are not good candidates for
yo-yo tectonics.

Magnitudes and Rates of Vertical Motion in yo-yo
Tectonics

In most cases of yo-yo tectonics, the first cycle may
involve a greater magnitude of vertical displacement
(burial and exhumation) than later cycles if it is related to
collision and crustal thickening. The first cycle is not
necessarily related to wrenching, but wrench zone
tectonics can dramatically affect thickened crust because
of the localized nature and capacity to rapidly thin (and
thicken) crust. Subsequent cycles may be related to
transpression-transtension during displacement of
normal thickness crust in an intracontinental wrench
zone. The expected pattern is major vertical motion
followed by smaller cycles (Figure 4).

Although burial may be rapid, particularly for later
cycles of the yo-yo, exhumation rates (> 1 mm/year) are
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Figure 4. Results of AFT modeling for paths involving cooling from T=
220-250°C at different starting times: (a) 65-55 Ma, and
(b) 20-10 Ma. Best-fit paths (>98% confidence interval)
shown as lines: dashed grey at T > the partial annealing
zone, solid black within/below the PAZ.

typically greater than burial rates (<1 mm/year), possibly
because coupling between erosion and tectonic
denudation accelerates exhumation and/or because
buoyant rise of hot (and perhaps partially molten)
orogenic crust assists exhumation. In the case of the
Nigde Massif, exhumations were related to transtension
and further enhanced by erosion and buoyancy of buried
continental rocks relative to obducted ophiolites.

The deformation of basins and underlying basement
during strike-slip displacement may be an important
mechanism of basin inversion (e.g., De Paola et al. 2005);
e.g., the second cycle of Nigde-Ulukisla Basin yo-yo
history. More generally, yo-yo tectonics is a significant
mechanism for alternately thickening and thinning
orogenic crust. Wrench zone motion can periodically
destabilize thickened crust, and the partitioning of
deformation along intracontinental strike-slip faults
concentrates vertical and lateral crustal motion. Both
lateral and vertical displacements have consequences for
surface processes and landscape development, and
vertical motion of the magnitude documented in this
study can influence the thermal structure of continental
crust through time.
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