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Abstract: The Eocene Sarayc›k granodiorite, eastern Pontides, Turkey, is a small post-tectonic intrusive body (∼11
km2), cross-cutting tectonically juxtaposed distinct metamorphic and non-metamorphic lithologies. A ∼0.8 to 1-
km-wide contact-metamorphic aureole has developed around the intrusion. Disequilibrium is prevalent in all
lithologies, even in the inner zones of the contact aureole. Conditions of contact metamorphism are estimated by
simple phase equilibria applied to microdomains in the metapelitic lithologies without obvious signs of
disequilibrium: Shallow emplacement depths (0.21±0.05 GPa = ∼5–8 km) are suggested by contact-metamorphic
mineral assemblages (e.g., andalusite + corundum + K-feldspar), by Al-in-hornblende barometry on granodiorite
and by partial melting within the stability field of andalusite near the intrusive contact. Peak temperatures during
the contact metamorphism ranged from 430–520 ºC at the outer domains of the aureole (∼400 m from the
intrusive contact) to ≥730 ºC at the immediate contact of the intrusion. Textural evidence for partial melting in the
stability fields of both andalusite and sillimanite are observed in metapelitic lithologies at distances ≤30 m from the
intrusive contact. Basic lithologies contain mostly foliation-parallel, 2–50-mm-thick layers with skarn-like
mineralogy, which probably formed via infiltration of chemically reactive fluids. Prevalence of disequilibrium is
predominantly related to temporal variation in temperature and/or fluid composition attending the contact
metamorphism, rather than to the presence of some relict minerals from a pre-contact-metamorphic stage.

Key Words: contact metamorphism, disequilibrium, andalusite + melt stability, P-T estimates, Sarayc›k
granodiorite, eastern Pontides, Turkey

Eosen Yafll› Sarayc›k Granodiyoritinin Çevresindeki Dokanak Baflkalafl›m›
(Do¤u Pontidler, Türkiye)

Özet: Eosen yafll› Sarayc›k granodiyoriti, Bayburt, Do¤u Pontidler, tektonizma sonras› yerleflmifl küçük bir sokulum
kütlesi olup (yaklafl›k 11 km2), tektonik olarak yanyana getirilmifl farkl› nitelik ve yafltaki metamorfik ve
metamorfik olmayan kayaçlar› kesmektedir. Sokulum sonucunda çevreleyen kayaçlarda ∼0.8–1 km geniflli¤inde bir
dokanak baflkalafl›m halesi geliflmifltir. Bütün litolojilerde ince kesit ölçe¤inde dengesizlik dokular›, baflkalafl›m
halesinin iç zonlar›nda bile, yayg›nca gözlenmektedir. Dokanak baflkalafl›m›n›n koflullar›, metapelitlerde bariz bir
dengesizlik belirtisi göstermeyen mikro-alanlara uygulanan faz dengeleri ile tahmin edildi: Dokanak baflkalafl›m›
sonucunda oluflan mineral topluluklar› (sözgelimi, andaluzit + korund + K-feldspat), granodiyoritin içerdi¤i
hornblendlerin Al içeriklerine dayal› olarak yap›lan bas›nç tahmini ve andaluzit dura¤anl›k alan›nda bölümsel ergime
s›¤ yerleflim derinliklerine iflaret etmektedir (0.21±0.05 GPa = ∼5–8 km). Dokanak baflkalafl›m› s›ras›nda, doruk
s›cakl›klar› dokanaktan 400 m uzakta 430–520 ºC’den dokana¤›n bitifli¤inde ≥730 ºC’ye kadar de¤iflmektedir.
Sokulum dokana¤›ndan ≤30 m uzakl›klarda pelitik litolojiler, gerek andaluzit gerekse sillimanit dura¤anl›k
alanlar›nda bölümsel ergimeye u¤ram›fl olduklar›n›n izlerini tafl›maktad›r. Bazik litolojiler genelde yapraklanmaya
paralel uzanan, 2–50 mm kal›nl›¤›nda ve skarnlara benzer mineraloji sunan seviyeler içermektedir. Bu seviyeler
olas›l›kla ak›flkanlar›n bazik litolojilerle etkileflimi sonucunda oluflmufltur. Dengesizlik dokular›n yayg›nl›¤› bask›n
olarak dokanak baflkalafl›m› öncesi aflamadan kal›nt› varl›¤›ndan ziyade, dokanak baflkalafl›m› s›ras›nda s›cakl›k
ve/veya ak›flkan kimyas›n›n zamansal de¤iflimiyle ba¤lant›l›d›r.

Anahtar Sözcükler: dokanak baflkalafl›m›, dengesizlik, P-T tahmini, andaluzit + ergiyik dura¤anl›¤›, Sarayc›k
granodiyoriti, Do¤u Pontidler, Türkiye
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Introduction

Contact metamorphism results from thermal
perturbation at a given depth caused by the emplacement
of igneous intrusions into cooler rocks, and is
characterized by shorter time scales for heating and
cooling relative to regional metamorphism (Kerrick
1991). Disequilibrium in contact-metamorphic mineral
assemblages is widespread due to kinetic factors and/or
temporal variation in intensive parameters, even in the
inner zones of aureoles where high temperatures are
attained and reaction rates are expected to be high (e.g.,
see Clechenko & Valley 2003; Wheeler et al. 2004 and
references therein). However, P-T estimates across a
contact aureole are mostly based on equilibrium
assemblages (e.g., Pattison 1989; Droop et al. 2003).
Hence, determination of equilibrium mineral assemblages
is an important task, and can be made by means of
careful microtextural investigations.

The geological structure of the eastern Pontides, NE
Turkey, is the result of long-lived subduction, accretion
and collision events related to the closure of the Tethyan
ocean (Okay & fiahintürk 1997 and references therein).
As a consequence, granitoids – ranging in age from Late
Carboniferous to Eocene – are widely exposed
throughout the eastern Pontides (e.g., Boztu¤ et al. 2004
and references therein; Karsl› et al. 2004; Aslan 2005;
Y›lmaz-fiahin 2005). These granitoids are generally
shallow-level intrusions. Their contact aureoles have,
however, received scant attention (e.g., Taner 1977;
Sad›klar 1993).

The Sarayc›k granodiorite in the Bayburt region of the
eastern Pontides is a relatively simple intrusive body
emplaced into tectonically juxtaposed lithologies, thereby
giving an unusual opportunity to study the responses of
distinct lithologies to a common thermal perturbation.
This paper presents a detailed description of the spatial
distribution and textural relationships of the contact-
metamorphic mineral assemblages in the various
lithologies around the Sarayc›k granodiorite, and
estimates P-T conditions across the contact aureole.

Geological Setting and Sarayc›k Contact Aureole 

The Sarayc›k area in the Bayburt region of the eastern
Pontides forms part of a Late Palaeocene to Early Eocene
north-vergent fold-and-thrust belt (Figure 1; Okay &
fiahintürk 1997; Okay et al. 1997). The Sarayc›k

granodiorite is a small intrusion with an outcrop area of
∼11 km2, and postdates the development of this thrust-
and-fold belt, cross-cutting the tectonic contact between
two thrust sheets: the Hamurkesen and Aflutka (Figures
1 & 2; Okay 1996; Topuz et al. 2005). The intrusion
forms a rather flat topography in contrast to the older
country rocks, and is made up mainly of fine- to medium-
grained hornblende-biotite and hornblende-free biotite
granodiorites, cross-cut by comagmatic ≤ 10-m-thick
dacitic dikes and ≤ 25-cm-thick aplite and late quartz
veins. Its emplacement is dated as ∼52 Ma (Ypressian,
Eocene) by two stepwise 40Ar/39Ar biotite ages, which also
provide a minimum age constraint for the development of
the fold-and-thrust belt (Topuz et al. 2005). The
granodiorite displays close compositional similarities to
high-silica adakites from supra-subduction settings, and is
thought to have derived from the partial melts of mafic
lower crust in a post-collisional environment on the basis
of geochemical and regional geological constraints (Topuz
et al. 2005).

The granodiorite intrusion resulted in the
development of a ~0.8- to 1-km-wide contact
metamorphic aureole visible in (a) Permian low-grade and
Carboniferous high-grade metamorphic rocks of the
Pulur complex in the Aflutka sheet, and (b) Late
Carbonifeous non-metamorphic sedimentary rocks and
discordantly overlying Liassic basal conglomerate and
volcanoclastic rocks of the Hamurkesen thrust sheet
(Figures 1 & 2). Permian low-grade and Carboniferous
high-grade metamorphic units are separated by a pre-
Liassic thrust (Okay 1996; Topuz et al. 2004a, b). The
intrusive contacts are sharp, and there is no evidence for
downward and/or upward drag of country rocks adjacent
to the contact. Within the contact-metamorphic aureole,
bedding and regional-metamorphic foliations are, albeit
attenuated, mostly preserved right up to the igneous
contact (Figure 3). The use of the term “hornfels” is,
therefore, not justified for referring to the rock types
inside the contact aureole.

Analytical Techniques

Mineral analyses were carried out with a five
spectrometer CAMECA-SX51 electron microprobe
equipped with five wavelength-dispersive spectrometers
and an additional Si-Li detector (LINK-ISIS, Oxford
Instruments) at the Mineralogical Institute of Heidelberg
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Figure 1. Generalized geological map of the Pulur area (modified after Okay et al. 1997). Inset shows the location of the Pulur area in
Turkey.



University (Germany). Natural and synthetic oxide and
silicate standards were used for calibration before each
measurement session. Standard operating conditions
were a 15 kV accelerating voltage, 20 nA beam current
and 10 s counting times for all the elements except for
those in Fe-Ti oxides and feldspars. The counting times
during the Fe-Ti oxide analyses were 20 s for Mg, Ca and

Al, and 30 s for Ti. A beam size of 1 µm was used in these
analyses except for feldspars. Feldspar analyses were
conducted on a beam size of ~ 10µm to minimize the
alkali loss due to volatilization. Raw data were corrected
for matrix effects with the help of the PAP algorithm
(Pouchou & Pichoir 1984, 1985) implemented by
CAMECA. 
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Figure 2. Geological map of the Sarayc›k granodiorite and its contact-metamorphic aureole with sample locations (modified
after Topuz et al. 2005).



Petrography and Mineral Compositions

Contact-metamorphic effects in the Liassic volcanoclastic
rocks (Kelkit Formation) were not investigated.
Mineralogical compositions and the estimated modes of
the studied samples are given in Table 1. The
approximate outer boundary of the contact aureole is
based on the first appearance of plagioclase with An≥15
and/or biotite in low-grade and nonmetamorphic rocks
(Figure 2). Due to the limited number of samples
investigated, the outer limit of the contact aureole in the
high-grade metamorphic rocks remains unconstrained.
The spatial distributions of the rock types around the
intrusion do not allow the drawing of any isograds.

Permian Low-grade Tectono-metamorphic
(Do¤ankavak) Unit 

The Do¤ankavak unit, which abuts the southern and
western margin of the intrusion, underwent Permian
greenschist- to albite-epidote-amphibolite-facies
metamorphism (400–470 ºC; 0.6–1.1 GPa and 260 Ma
BP, Topuz et al. 2004a), and is represented by
metabasites and phyllites within the contact aureole
(Figure 2). Outside the contact aureole, the metabasites
contain the mineral assemblage “Hbl/Act + Ep + Chl + Ab
(An<04) + Qtz ± Phe + Ttn ± Mag”, and phyllites “Phe +
Chl + Ab (An<04) + Qtz + Rt ± Tur ± Cal” (all the mineral

abbreviations are after Kretz 1983). Grain sizes outside
the contact aureole are in the range of ~100–200 µm in
the metabasites, and ~25–100 µm in the phyllites.

At distances ≥ 500 m from the intrusive contact, the
metabasites (samples 448 and 476) differ from those
outside the contact aureole by the presence of oligoclase
with An≥15 (Table 1). Transition from albite to oligoclase
with An≥15 is not abrupt: oligoclase with An≥15 unevenly
grows on some albite grains. Approaching the intrusive
contact (samples 446a, 446b, 447, 481C and 523),
primary chlorite disappears and either epidote disappears
or its amount decreases, giving rise to the mineral
assemblage Hbl ± Act + Pl ± Ep + Qtz ± Bt + Mag + Ilm
+ Rt + Ttn. Texturally and compositionally, three
generations of amphibole can be distinguished (Figure 4a,
b): hornblende-1 (Hbl1) represents the oldest, and
contains patchy domains of actinolite (Act). Both are
unevenly overgrown by Fe- and Al-richer hornblendes
(Hbl2). Amphibole compositions, consequently, range
from actinolite through magnesiohornblende to pargasite
(Figure 5a; Table 2). Outside the contact aureole,
amphiboles are hornblende – with/without actinolitic core
– which is compositionally similar to Hbl1 and Act within
the contact aureole (cf. Topuz et al. 2004a). In contrast
to the regional metamorphic actinolites, contact
metamorphic ones occur as patchy domains within Hbl1.
Plagioclases display patchy domains of distinct
compositions, ranging in composition from An09 to An98,
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Figure 3. Photographs of hand specimens with well-preserved relict foliation: (a) a metabasite with foliation-parallel yellow layers consisting of
epidote + quartz + calcite; the dark green domain is made up of hornblende/actionolite + epidote + plagioclase (sample 447); (b)
foliation-parallel leucosomes in a former phyllite (sample 531). Leucosomes are discontinuous. The coin is 2.2 cm across.
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Figure 4. Back-scattered electron images showing microtextural features of the contact-metamorphic mineral assemblages: (a) Compositionally
different types of amphiboles (Hbl1, Hbl2 and Act). Hbl1 represents the cores of amphiboles, which is irregularly replaced by actinolite
(Act). Both Act and Hbl1 are, in turn, overgrown by Hbl3 (sample 446); (b) amphiboles with actinolitic (Act) cores and hornblendic rims
(Hbl2) in a plagioclase matrix ranging in composition from albitic (Pl1) through intermediate (Pl2) to an anorthite-rich one (Pl3, sample
446); (c) epidote (Ep), Hbl/Act, titanite (Ttn), calcite (Cal) and quartz (Qtz) from a yellow layer in the metabasite (sample 448); (d) a
microdomain within the brown layers consisting of garnet (Grt), clinopyroxene (Cpx), Cal and Qtz. Garnet displays oscillatory zoning:
bright zones represent andradite-rich, and darker zones grossular-rich compositions (sample 523); (e) an andalusite (And) porphyroblast
in melanosome with inclusions of biotite (Bt). Andalusite is irregularly replaced marginally by margarite (Mrg) and muscovite (Ms).
Coarser Qtz and K-feldspar (Kfs) make up the leucosome (sample 531); (f) tiny grains of corundum (Crn) in the melanosome, marginally
replaced by Ms (sample 531); (g) inclusion-rich Pl porphyroblasts in a matrix consisting of fine-grained Pl, Bt and secondary Ms (sample
545); (h) Sillimanite (Sil), cordierite (Crd) and spinel (Spl) inclusions in the large Pl porphyroblast (sample 545).
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even in a single thin section (Figure 4a, b; Table 2): Apart
from the albitic plagioclases (Pl1), there are at least two
distinct compositional plagioclase types, one intermediate
(Pl2) and one anorthite-rich (Pl3), none of which share
straight grain boundaries with each other. As the
plagioclases outside the aureole have albitic compositions
(An≤04), these albitic plagioclases can be regarded as
relict from regional metamorphism, and Pl2 and Pl3 must
have formed during contact metamorphism. Epidotes are
characterized by Fe3+/(Fe3++Al) values of 0.07–0.31, and
most compositions cluster around 0.22–0.32 (Figure 5b;
Table 3). Epidotes outside the contact aureole show
comparatively wide variation in Fe3+/(Fe3++Al) values
(0.14–0.35). Titanite displays Al2O3 and Fe2O3 contents
of 0.60–2.30 and 0.50–1.60 wt %, respectively, and
ilmenites have appreciable MnO contents (2.12–3.51 wt
%; Table 3). Rutile is rimmed by titanite in many cases.
There is generally no perceptible change in the grain size
of the metabasites towards the intrusive contact. One
conspicuous feature of the metabasites is the presence of
mainly foliation-parallel, 2–50-mm-thick yellow to
greenish layers (Figure 3a). These layers consist of either
ep (XFe3+=0.25–30) + Cal + Ttn + Qtz or Cpx ± Grt ± Pl
(An3–45) ± Ep (XFe3+=0.10–0.30) ± Cal + Qtz + Py ± Wo
(Figure 4c, d; Table 4). Clinopyroxene- and garnet-
bearing assemblages are confined to distances ≤300 m
from the intrusive contact. Garnets have compositions of
Alm1–3Sps0–2Adr37–82Grs60–11 (Figure 5c), and show
micrometer-scale oscillatory zoning of varying grossular-
andradite components (Figure 6). Clinopyroxenes have
compositions of Wo46–52En18–42Fs5–31 with Al2O3 contents
of ≤ 2.50 wt % (Figure 5d).

At a distance of ~400 m from the intrusive contact
(sample 482), former phyllites are still fine-grained
(∅~75–150 µm), and comprise Chl (Mg# 0.45–0.49) +
Ms (Si~3.05–3.14 cpfu) + Bt (Mg# 0.38–0.42;
ti~0.15–0.21 cpfu) + Pl (An0–5 & An15–20) + Qtz ± And ±
Ilm ± Tur ± Mnz (Figure 2; Tables 1 & 5). Muscovite and
biotite locally overgrow the regional metamorphic
foliation. A large scatter in muscovite compositions is
probably caused by incomplete resetting during contact
metamorphism. Approaching the intrusive contact,
chlorite and muscovite disappear, and grain sizes locally
increase up to 250 µm. At a distance ≤ 30 m (samples
481b and 531), 1- to 3-mm-thick discontinuous and
undeformed leucosomes with microperthitic Kfs
(XOr~0.84–0.96) + Qtz ± Pl (An0–5) have developed,
which alternates with mesosomes comprising Bt (Mg#

0.38–0.47; Ti~0.08–0.25 cpfu) + Pl (An17–35) + And ±
Qtz ± Crn (Figures 3 & 4e, f; Table 5). Typically, an albitic
seam is situated between leucosomes and melanosomes.
Leucosomes have peraluminous, low-Ca and potassic
granitic compositions. Andalusite occurs as xenoblastic
grains with inclusions of biotite (Figure 4e), and is
marginally replaced by muscovite (Si~3.05–3.09 cpfu) or
margarite (XCa~0.80–0.84). Corundum is intergrown
with K-feldspar and plagioclase, and is replaced by
muscovite and diaspore (Figure 4f).

Carboniferous High-grade Tectono-metamorphic
(Cenci) Unit 

The Cenci unit underwent Carboniferous lower granulite-
facies metamorphism (≥ 800 ºC, 0.7–0.8 GPa and
327–331 Ma BP; Topuz et al. 2004b) followed by
pervasive sub- to greenschist-facies rehydration during
exhumation (230–400 ºC, 0.1–0.3 Gpa and 310–315 Ma
BP; Topuz & Altherr 2004), and bounds the western
margin of the granodiorite. Within the contact aureole,
the Cenci unit comprises mesocratic metapelitic gneisses
and amphibolites, of which only one amphibolite sample
(sample 467) has been studied herein. The immediate
contact of the high-grade rocks with the intrusion cannot
be observed due to poor outcrop conditions. Sample 467
displays a feeble foliation, and consists of calcic
amphibole, Pl (An92–97), Ilm (MnO≤3 wt. %), Py and
secondary Chl (XMg~0.70–0.77). Similar to the metabasic
lithologies in the Do¤ankavak subunit, amphibole has a
patchy appearance caused by compositionally distinct
domains ranging from actinolite to pargasite (Table 2;
Figure 5a). Outside the contact aureole, the amphibolites
are characterized by hornblendes with Al2O3 contents of
5–9 wt % and plagioclase (An30–65), implying that the
high-Al amphiboles and anorthitic plagioclases formed via
contact-metamorphic overprinting. No epidote has been
found in this unit; thus, it is unlike the metabasites of the
Do¤ankavak unit.

Late Carboniferous Sedimentary Rocks 

Late Carboniferous sedimentary rocks consist of siltstone,
claystone and limestone, and are exposed at the
northwestern and northern margins of the intrusion
(e.g., Okay & Leven 1996; Çapk›no¤lu 2003). These
rocks are transformed into spotted phyllites (samples
528 and 529) at a distance of ~450 m from the intrusive
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contact, and into biotite felses (samples 544b and 545)
near the intrusive contact (Figure 2). Spotted phyllites are
fine-grained (20–40 µm), and comprise Ab/Ande (An0-4

and An15-20), Qtz, Ms (Si~3.08–3.20 cpfu), Bt
(XMg~0.45–0.50; Ti~0.08–0.09 cpfu), Chl
(XMg~0.40–0.49), Tur and secondary Illite (Ill). Andesine
is confined to cracks in the albite grains. Spots (up to 600
µm) are made up of mineral aggregates such as Pl (An0–4

and An15–20), Qtz, Ms, Bt, Tur and Ill. Illite overgrows the
other phases, suggesting that it has replaced the
porphyroblast-forming mineral. Biotite felses are mostly
massive and dark-coloured, and comprise Pl (An2–42), Bt
(XMg~0.53–0.63; Ti~0.05–0.22 cpfu), Qtz, minor Kfs
(XKfs~0.85–0.95), and secondary Ms and Chl (Table 5).
Plagioclases in a single thin section display a large
compositional variation (An2–42), and occur in two
texturally different types, namely (a) inclusion-rich
porphyroblasts (∅~200–3000 µm; An2–42) and (b) finer-
grained matrix plagioclases (∅~30–200 µm; An2–12)
intergrown with biotite (Figure 4g). Plagioclase
porphyroblasts contain fine-grained inclusions of Bt (XMg~
0.53; Ti~0.05 cpfu), Sil, Crd (XMg~0.62), Spl (XMg~0.10;
Ti~0.18 cpfu; Zn~0.04 cpfu), Crn and Kfs
(XKfs~0.85–0.92) (Figure 4h).

P–T Conditions of Contact Metamorphism

The extent of disequilibrium in the Sarayc›k aureole
makes it difficult to determine contact metamorphic
conditions. Metabasic lithologies show relatively complex
textural and compositional phase relations, and are,
therefore, of little use in determining the contact
metamorphic P–T conditions (cf. the section
“Petrography and Mineral Compositions”). Metapelitic
lithologies display relatively simple phase and
compositional relationships. Hence, microdomains in the
metapelites, which contain P- and T-sensitive mineral
assemblages and show no obvious sign of disequilibrium,
were selected for the P–T estimates.

Pressure Estimates

The coexistence of andalusite, corundum und K-feldspar
and the absence of primary muscovite in the
melanosomes of samples 481 and 531 (Figure 4f)
indicate that contact metamorphism occurred above the
upper stability of muscovite within the andalusite stability
field. According to Holdaway (1971) and Pattison

(1992), for aH2O=1 in quartz-bearing rocks, the
intersection of the muscovite upper thermal limit with the
andalusite-sillimanite phase boundary yields maximum
pressures of 0.18 and 0.28 Gpa, respectively (Figure 7).
Reduced water activities would shift the intersection to
lower temperatures and higher pressures. Insofar as only
Pattison’s version allows for andalusite + melt stability,
the pressure value, 0.28 GPa, is regarded as the
maximum pressure constraint. Minimum pressures are
not constrained. The maximum pressure constraints are
consistent with those (0.21±0.05 GPa; ~5–8 km)
obtained from Al-in-hornblende barometry on the
granodiorite itself (Topuz et al. 2005). In addition, the
absence of garnet in the pelitic bulk compositions and
evidence for partial melting in the andalusite stability field
(see Discussion, below) are also strong arguments for
relatively low-pressures; that is, shallow emplacement
depths.

Temperature Estimates

Temperatures at different points within the contact
aureole are estimated by means of the calculated position
of relevant mineral equilibria using the Thermocalc v3.21
software (Holland & Powell 1998). Given the relatively
small size of the intrusion and the absence of any
indication of post-contact metamorphic tilting, it is
assumed that the peak temperatures at each point were
attained at roughly the same pressure (0.21±0.05 Gpa)
in the contact aureole.

The mineral assemblage “chlorite + biotite +
muscovite + plagioclase ± andalusite + quartz” in an
andalusite-bearing microdomain of a former phyllite
(sample 482; ~400 m further from the granodiorite
contact) allows rough temperature constraints. Based on
the absence of staurolite, the following reaction can be
used to ascertain the lowest temperature constraints:

St + Chl + Ms = And + Bt + H2O (1)

The reaction is located at 487 ºC at 0.2 GPa, respectively,
for aMg-St= 1; aMs= 0.70; aClin= 0.02, aAnd=1, aPhl =0.0215
and aH2O=1 whereby the activities of muscovite,
clinochlore in chlorite, and phlogopite in biotite are
calculated by the aX software of T.J.B. Holland
(http://www.esc.cam.ac.uk/astaff/holland). At aH2O= 0.5,
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the reaction shifts to 430 ºC at 0.2 Gpa. An additional
constraint is provided by the following reaction

Ms + Chl = Qtz + And + Bt + H2O (2)

The reactions (2) lie at 517 ºC at 0.2 GPa for aMs= 0.70,
aClin= 0.02, aQtz=1, aAnd=1, aH2O= 1). Reduced water
activity (e.g., aH2O= 0.5) shifts the reactions to lower
temperatures, i.e., 430 ºC. Given the unknown absolute
value of water activity and uncertainties in the
calculations, it may be concluded that the temperatures
attained at the site of sample 482 were ~430–520 °C at
0.2 GPa.

The presence of andalusite, corundum and K-feldspar
and the absence of primary muscovite in samples 481 and
531 (~30–10 m from the intrusive contact) can be used
to place the minimum temperature constraints near the
intrusive contact via the following reactions: 

Ms + Qtz = And + Kfs + H2O (3)

Ms = Crn + Kfs + H2O (4)

At 0.2 Gpa and aH2O=1, these reactions constrain
metamorphic temperatures to over 590 and 630 °C,
respectively (Figure 7). The occurrence of corundum in
contact-metamorphic pelites was also reported by Rosing
et al. (1987) and Fukuyama et al. (2004). The andalusite-
sillimanite phase boundary provides the maximum
temperature constraint (730 ºC at 0.2 Gpa) for this
assemblage. Altogether, the temperatures must have
been between 630 and 730 ºC.

Inclusions of spinel, corundum, sillimanite, K-feldspar
and cordierite in plagioclase porphyroblasts within sample
545 can be accounted for by the following reactions (e.g.,
Pattison & Harte 1997):

Bt + Sil + Qtz = Crd + Kfs + melt (5)

Bt + Sil = Spl + Crn + Crd + Kfs + H2O/melt (6)

The presence of sillimanite requires minimum
temperatures of 730±20 ºC at 0.2 Gpa (Figure 5).
Maximum temperatures can be constrained, albeit poorly,

by the absence of orthopyroxene in both metapelitic and
metabasic lithologies to ~800 ºC (Figure 7).

The formation of secondary phases such as margarite
and diaspore in samples 481 and 531 can be accounted
for by the interaction of lower-temperature fluids during
retrograde evolution according to the following reactions: 

Crn + H2O = 2 Dsp (7)

An (in Pl) + Crn + H2O = Mrg (8)

These reactions occur at temperatures below 390 and
500 ºC at 0.2 GPa, respectively, if unit activities are
assumed.

To summarize, the estimated peak temperatures
range from ~430–520 °C at ~400 m away from the
granodiorite contact to over 730 ºC immediate adjacent
to the intrusive contact. During the waning stages of
contact metamorphism, primary assemblages were
partially hydrated at temperatures below 500 °C.

Temperatures of Country Rocks Prior to
Emplacement

The temperatures of the intruding Sarayc›k magmas were
estimated by apatite saturation temperatures, as
~900–950 °C (Topuz et al. 2005). At what temperatures
were the country rocks prior to the intrusion of the
granodiorite? An aureole pressure of 0.21 Gpa gives a
depth estimate of ~7 km for a nominal density of 2800
kg/m3. If a high regional geothermal gradient such as 30
°C/km is assumed, this would yield an ambient
temperature of 200–210 °C, regarded as an upper limit. 

Discussion

Phase Relations and Foliation-parallel Layers Within
Metabasic Lithologies 

Experimental work on metabasites has revealed that,
with increasing temperature at a constant pressure,
chlorite, epidote + quartz and titanite disappear, and
clinopyroxene, orthopyroxene and olivine appear
sequentially dependent on P, T and X (Spear 1981, 1993;
Moody et al. 1983; Apted & Liou 1983; Maruyama et al.
1983; Figure 5). Increasing oxygen fugacity stabilizes
titanite and epidote to higher temperatures, and chlorite
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and clinopyroxene to lower temperatures. In all the
metabasites, titanite is present even in samples (e.g., 481
ºC) near the intrusion contact, implying that the upper
temperature limit of titanite is not exceeded. Primary
chlorite is confined to the outer domain of the contact
aureole (samples 448 and 476, ≥ 500 m from the
intrusive contact). The upper T limit of chlorite in the
QFM buffer is given as 550 ºC (Apted & Liou 1983).
Clinopyroxene is confined to the yellow to brown layers
within the metabasites. Therefore, their presence cannot
be taken as evidence for the appearance of clinopyroxene
in the metabasic lithologies.

The mineral assemblages of yellow to brown layers
within the metabasites show close correspondence to
those of calcic skarns (Evans 1998, p. 157–170).
Inasmuch as the layers are confined to the contact
aureole, and locally cross-cut the regional metamorphic
foliation, they must be genetically related to the
granodiorite intrusion and should be regarded as the
pathways for reactive fluids during contact
metamorphism. There are three possible sources for
these fluids: (a) the crystallizing Sarayc›k granodiorite at
depth; (b) meteoric water heated by the granodiorite
intrusion; and (c) dehydration of metabasic or metapelitic
lithologies due to contact metamorphism. Given the data
presently available, all three possibilities are equally likely.
Thus, a detailed stable-isotope study would be highly
desirable. Insofar as the layers are mostly parallel to the
metabasic layers and locally cross-cut the foliation, fluid
flow was apparently localized to foliation planes. Similar
layers, which have been related to infiltration of high-
temperature fluids, have been described from the
Sanbagawa metamorphic belt (e.g., Sakakibara & Isono
1996).

Evidence for Disequilibrium and Its Implications 

Several thin-section-scale textural and compositional
characteristics point toward widespread disequilibrium in
the Sarayc›k contact aureole; these are (1) coexistence of
compositionally distinct plagioclase and amphibole
adjacent to one another (Figure 4a, b); (2) wide
compositional variation of some minerals, such as
muscovite, plagioclase, garnet and clinopyroxene (Figure
5); and (3) oscillatory zoning in garnet (Figures 6). The
occurrence of compositionally distinct amphibole and
plagioclase next to each other, and oscillatory zoning in

garnet are confined to metabasic lithologies. In
metapelitic lithologies, disequilibrium is reflected by large
compositional variation in muscovites and plagioclases. In
both lithologies, the amount of the disequilibrium shows
no unambiguous relationship to the intrusive contact.
Protoliths of the contact-metamorphic rocks had widely
different original states in terms of grain size and mineral
content. In general, dry and coarse-grained rocks are less
likely to equilibrate to contact-metamorphic conditions,
while fine-grained lithologies such as siltstones would
react relatively quickly (e.g., Wheeler et al. 2004). Biotite
felses derived from the former siltstones contain
plagioclases with An2–42 near the intrusion, suggesting
that disequilibrium is not limited to coarse-grained
metabasites, but also occurs in fine-grained ones.

Oscillations in garnet zoning, defined by varying
grossular and andradite components, is a typical
characteristic of garnets in the Sarayc›k contact aureole,
similar to other shallow contact aureoles (Clechenko &
Valley 2003 and references therein). Oscillatory zones
have predominantly straight boundaries (Figure 6). Local
resorption is observed along oscillatory zone boundaries,
suggesting that dissolution and growth were involved in
the formation of these compositional discontinuities, and
that the euhedral shapes of the former garnet layers were
simply retained, as suggested by García-Casco et al.
(2002). These compositional fluctuations in a single
garnet grain suggest temporal variation in one of the
intensive parameters, such as P, T and X (or a
combination thereof) during the course of garnet growth.
The short timescales for contact metamorphism, in
general, suggest that pressure change during the course
of contact metamorphism is not likely. Therefore, the
main factors in the formation of oscillatory zoning in
garnet are tentatively suggested to be temporal
fluctuations of T and/or fluid composition during the time
of garnet growth. Oscillatory zoning in garnets from the
wollastonite skarn of the Adirondack Mountains, New
York, has been ascribed to fluid-system variability caused
by temporal or spatial mixing of magmatic and meteoric
fluids (Clechenko & Valley 2003), and oscillatory zoning
in eclogitic garnets from a serpentinite mélange in Cuba
has been interpreted in terms of subtle fluctuations in P-
T conditions (García-Casco et al. 2002).

In summary, all of these textural characteristics
suggest that thin-section-scale disequilibrium in the rocks
of the Sarayc›k contact aureole is not only caused by the
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presence of relict minerals from the pre-contact-
metamorphic stage, but also, more importantly, by the
temporal variation in intensive parameters, such as T
and/or X (fluid composition), during contact
metamorphism. The present level of data does not allow
finer resolution of these intensive parameters.

Partial Melting within the Andalusite Stability Field 

Microtextural characteristics in the leucosomes, such as
coarse grain sizes relative to the melanosomes and the

locally idiomorphic form of the leucosome minerals,
suggest crystallization from a melt phase (Figures 3b &
4e). The absence of obvious cross-cutting relations points
to local derivation of the partial melts. Therefore,
equilibrium among the leucosomes, partial melts and
andalusites may be assumed. According to Pattison
(1992), the location of the And = Sil polymorphic
reaction boundary allows for an andalusite + melt
stability field below 0.26 GPa, while the work of
Holdaway (1971) shows no intersection of this boundary
with the wet solidus of granites or pelites (Figure 7). The
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Figure 6. (a) Back-scattered electron image of part of a garnet with oscillatory
zoning. Bright zones represent andradite-rich zones; (b)
Compositional profile in terms of Ca, Fe3+ and Al along the line
shown in (a).



presence of melt inclusions in andalusite of volcanic rocks
(Cesare et al. 2003), the presence of euhedral crystals of
andalusite in some glassy felsic volcanic rocks, and the
occurrence of euhedral andalusite crystals in granitic and
anatectic rocks suggest an overlap of the stability fields
for andalusite and silicate melt (Clarke et al. 2005 and
references therein). High concentrations of Be, B, Li and
Al2O3 have the effect of lowering the solidus of
haplogranites (Johannes & Holz 1996; Clarke et al. 2005
and references therein). The present level of data does
not allow complete assessment of these effects, but this
paper does document another occurrence of andalusite in
contact-metamorphic anatectic rocks.

Conclusions

The emplacement of the 52 Ma Sarayc›k granodiorite into
cool (≤210 ºC) country rocks – comprising a variety of

tectonically juxtaposed lithologies – resulted in the
development of a 0.8–1-km-wide contact metamorphic
aureole. Pressures during contact metamorphism are
estimated to have been 0.21±0.05 GPa, corresponding
to depths of ~5–8 km. Peak temperatures during peak
contact metamorphism ranged from 430–520 ºC in the
outer domains (~400 m) to ≥730 ºC at the intrusive
contact. Partial melting is confined to pelitic lithologies at
distances ≤ 30 m from the igneous contact and occurred
in the stability fields of both andalusite and sillimanite.
Melting in the andalusite stability field probably occurred
by wet-melting, and leucosome compositions correspond
to peraluminous, low-Ca, potassic granites. Prograde
mineral assemblages were locally overprinted due to fluid
influx at temperatures below 500 ºC. Within the
metabasic lithologies, mainly foliation-parallel layers with
skarn mineralogy have developed as a consequence of the
interaction of chemically reactive fluids with host rocks.
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Figure 7. Pressure-temperature (P–T) diagram illustrating locations of the relevant reactions. Locations of the
muscovite and margarite terminal reactions are calculated by Thermocalc software v3.02 (Holland &
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