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Abstract 

Apatite (U-Th)/He and fission-track dating are low-temperature geothermochronometers of 

increasing importance in geological research, in particular for resolving the timing, rate and 

magnitude of vertical displacements of the upper crust resulting from climatic or tectonic fac-

tors. The calculation of radiometric ages and thermal histories from the fission-track record in a 

mineral relies on counts and measurements of etched fission tracks under an optical microscope. 

In recent work, it has been recognized that the sources of error are due to observational factors 

related to the manner in which the tracks are etched. The first part of this thesis therefore aims 

at a better understanding of the etching of nuclear tracks in minerals. A model is proposed based 

on detailed observations of track etch pits in minerals and numerical simulations that explains 

the characteristic features of track etch pits and their evolution with etching time. 

In Chapter 2 the etch-pit geometries are interpreted in terms of periodic bond chains follow-

ing the atomistic theory of crystal growth and dissolution. Periodic bond chains are identified, 

which relate triangular etch pits to tri-octahedral micas and diamond-shaped etch pits to di-

octahedral lattices. A first-order estimate of the bond strengths between neighboring atoms 

along the periodic bond chains is in agreement with the relative track etch rates in the different 

investigated minerals. Hexagonal and star-shaped etch pits in tri-octahedral mica violate the lat-

tice symmetries; they are explained by simultaneous etching of the front and back of mica sub-

units as a result of the fact that these have become detached during track formation by high-

energy particles (swift-ion tracks, fission tracks). This work emphasized the influence of the lat-

tice structure on the track formation process that is at odds with existing theories.  

Periodic bond chains account for the outlines of etched nuclear tracks in different minerals 

but fall short of explaining a number of other observations, most prominently the curvature of 

etch pits, their complex diameter distribution, and variable growth rates according to the defect 

(alpha-recoil track, fission track, dislocation, etc.) and as a function of etching time. In Chapter 

3, an atomistic etching model is proposed and implemented in a Monte Carlo computer simula-

tion. Apparent horizontal and vertical growth rates during four stages of etch pit evolution are 

related to bond strength between neighbouring lattice units; the onset and duration of these stag-

es are determined by the bond strength and the extent of the defect. Results show that high 

bond-strength minerals are better able to sustain angular features than low bond-strength miner-

als. Implications for particle track dating include: (1) the increase of the number of etched alpa-

recoil tracks with etching time due to bulk etching is non-linear because the bulk etch rate is not 

constant; (2) the evolution of the etch-pit shape with continued etching can cause loss of tracks 

due to observation effects related to loss of contrast.  

 



The second part focuses on two case studies integrating thermochronologic, structural, pe-

trologic, and geochronologic data. Chapter 4 is a comprehensive study of the tectonic evolution 

of Central America. Previously unpublished petrologic, structural, and geochronologic data con-

strain Paleozoic amalgamation of Pangea, development of Mesozoic proto-Pacific arcs, and Ju-

rassic intra-arc rifting. In the Early Cretaceous intra-arc rifting reverted to subduction and colli-

sion. A subduction zone developed along the south margin of southern Mexico; oblique sub-

duction led to ophiolite emplacement and sinistral collision of the Caribbean arc (future Cuba, 

Hispaniola, Jamaica) along the Motagua suture zone in the Late Cretaceous. At ~40 Ma the 

Chortís block separated from southern Mexico under sinistral transtension; subsequently it was 

displaced ≤1100 km eastward to its present location in central Guatemala, south of the Motagua 

suture zone. Apatite fission track ages and structural data along the fault zones constrain indi-

vidual faults strands through the Neogene and indicate that the Polochic fault zone, north of the 

Motagua suture zone, constitutes the active plate boundary. Chapter 4 demonstrates how geoch-

ronology, thermochronology, structural geology and petrology work together to unravel >400 

Ma of a complex interplay of arc formation, rifting, and collision. 

The second case study focuses on the Pamir Mountains in Tajikistan, which have received 

little attention to date due to their remote location in a politically unstable area. The Shaxdara 

gneiss dome of southwestern Pamirs has previously been interpreted as Archean−Proterozoic 

basement accreted to the Asia continental margin during amalgamation of Eurasia. It is re-

interpreted in Chapter 5 as a Paleozoic−Mesozoic marine sediment sequence, metamorphosed in 

a Cretaceous Andean-type magmatic arc and overprinted subsequently by the India-Asia colli-

sion. The major achievement of this study is the recognition of large-scale extension in the Pa-

mirs. Continued convergence between India and Asia in the Tertiary caused sinistral transpres-

sion along the western Pamirs and the formation of en echelon antiforms. Thickening is com-

pensated by upper crustal extension confined to the thermally weakened gneiss domes. Apatite 

fission-track ages reveal late Miocene exhumation of the Shaxdara dome by tectonic denudation 

along the South Pamir normal fault. Apatite (U-Th)/He ages from high elevation samples reflect 

this cooling event; low-elevation samples indicate later exhumation by rapid incision of the 

Pjansch River, likely commencing in the Pleistocene. The Shaxdara dome study highlights the 

possibilities that low-temperature thermochronology opens up in the fields of geomorphology 

and neotectonics. 

 

 



Zusammenfassung 

Apatit (U-Th)/He- und Spaltspurendatierung sind Niedrigtemperatur-Geothermochrono-

meter, die in den Geowissenschaften zunehmend an Bedeutung gewinnen, insbesondere bei der 

zeitlichen Einordnung von vertikalen Bewegungen in der oberen Kruste, von Hebungsraten und 

Hebungsbeträgen. Solche Hebungen resultieren aus tektonischen oder klimatischen Verände-

rungen. Die Berechnung von radiometrischen Altern und Temperaturgeschichten aus Spaltspu-

ren im Mineral beruht auf Zählungen und Messungen geätzter Spuren unter dem Mikroskop. 

Neuere Studien zeigen, daß die Hauptfehlerquelle dabei Beobachtungsfaktoren im Zusammen-

hang mit der Ätzung der Spuren sind. Darum befaßt sich der erste Teil der Arbeit mit der Ät-

zung von Partikelspuren in Mineralien. Basierend auf Beobachtungen von Ätzgruben und einer 

numerischen Simulation wird ein Modell vorgeschlagen, das charakteristische Eigenschaften 

von Ätzgruben und deren Entwicklung mit zunehmender Ätzzeit erklärt. 

In Kapitel 2 werden geometrische Eigenschaften von Ätzgruben mit Hilfe der atomistischen 

Theorie von Kristallwachstum und –lösung interpretiert. „Periodic bond chains“ (Bindungs-

ketten) werden identifiziert, welche die dreieckigen Ätzgruben in tri-oktaedrischen und rauten-

förmigen Ätzgruben in di-oktaedrischen Glimmern erklären. Eine grobe Abschätzung der Bin-

dungsstärken zwischen benachbarten Atomen entlang der Bindungsketten stimmt mit den relati-

ven Ätzgeschwindigkeiten in verschiedenen Mineralien überein. Hexagonale und sternförmige 

Ätzgruben in tri-oktaedrishen Glimmern stehen im Widerspruch zur Kristallsymmetrie; sie wer-

den durch gleichzeitiges beidseitiges Ätzen der einzelnen Glimmer-Schichten erklärt. Diese 

wurden bei der Spurenentstehung durch hochenergetische Teilchen (Ionenspuren, Spaltspuren) 

voneinander getrennt. Die Arbeit betont den Einfluß der Kristallstruktur auf die Spurenentste-

hung; dies steht im Widerspruch mit bestehenden Theorien. 

Bindungsketten erklären zwar die Form geätzter Partikelspuren in verschiedenen Minera-

lien, nicht aber eine Reihe von weiteren Beobachtungen, wie zum Beispiel die Krümmung von 

Ätzgruben, ihre komplexe Durchmesser-Verteilung und die Wachstumsraten, die für verschie-

dene Arten von Defekten (Alpha-Rückstoß Spuren, Spaltspuren, Dislokationen, etc.) und mit 

der Ätzzeit variieren. In Kapitel 3 wird daher ein atomistisches Ätzmodell vorgeschlagen und 

als Monte Carlo Computersimulation realisiert. Die Entwicklung der Ätzgruben wird in vier 

Stadien unterteilt. Scheinbare vertikale und horizontale Wachstumsraten hängen von den Bin-

dungsstärken ab, Beginn und Dauer der Stadien von der Bindungsstärke und der Größe des De-

fekts. Starke Bindungen resultieren in eckigeren Ätzformen als schwache Bindungen. Für Parti-

kel-Datierungen bedeutet das, daß die Anzahl geätzer Alpha-Rückstoß Spuren nicht linear mit 

der Ätzzeit steigt, da (1) die vertikale Ätzrate nicht konstant ist und (2) die Entwicklung der 

 



 

Ätzgrubenform mit zunehmender Ätzzeit zum Verlust von Ätzgruben aufgrund von verringer-

tem Kontrast führen kann. 

Der zweite Teil besteht aus zwei Fallstudien, die thermochronologische, strukturelle, petro-

logische und geochronologische Daten umfassen. Kapitel 4 ist eine umfassende Studie über die 

tektonische Entwicklung Zentralamerikas. Bisher unveröffentlichte Daten belegen die paläozo-

ische Amalgamierung von Pangäa, Entstehung von mesozoischen Proto-Pazifischen magmati-

schen Bögen und jurassische Grabenbildung (Rifting) entlang der magmatischen Bögen. In der 

frühen Kreide ging Rifting wieder zu Subduktion und Kollision über. Entlang des Südrands von 

Süd-Mexiko entstand eine Subduktionszone; schräge Subduktion führte in der späten Kreide zur 

Entstehung von Ophiolit-Decken und sinistraler Kollision des karibischen Bogens (Kuba, His-

paniola, Jamaica) entlang der Motagua Suturzone. Um 40 Ma trennte sich der Chortís Block un-

ter sinistraler Transtension von Süd-Mexiko. Seitdem hat er sich ≤1100 km nach Osten zu sei-

ner heutigen Position in Zentral-Guatemala südlich der Motagua Sutur verlagert. Spaltspuren- 

und Struktur-Daten zeigen, welche Störungen im Neogen aktiv waren; sie belegen, daß die akti-

ve Plattengrenze die Polochic Störung nördlich der Motagua Sutur ist. Kapitel 4 zeigt, wie Geo-

chronologie, Thermochronologie, Strukturgeologie und Petrologie zusammenarbeiten können, 

um >400 Ma einer komplexen Geschichte aus magmatischer Bogen-Entwicklung, Rifting und 

Kollision zu enträtseln.  

In der zweiten Fallstudie geht es um den Pamir in Tadschikistan; dieser wurde aufgrund der 

Abgelegenheit und der instabilen politischen Lage bisher wenig untersucht. Der Shaxdara 

Gneisdom im südwestlichen Pamir wurde bisher als archaisch-proterozoisches Grundgebirge 

aufgefaßt, das während der Amalgamierung von Eurasien an den Südrand Asiens angeschweißt 

wurde. In Kapitel 5 wird der Dom als paläozoisch-mesozoische Sedimentsequenz re-

interpretiert, die in einem kretazischen kontinentalen magmatischen Bogen metamorphisiert und 

während der Indien-Asien Kollision überprägt wurde. Als bedeutendstes Ergebnis dieser Arbeit 

wurde großräumige Extension im Pamir festgestellt. Indien-Asien Konvergenz im Tertiär führte 

zu sinistraler Transpression im westlichen Pamir und zur Ausbildung von en echelon Gneisdo-

men. Die Krustenverdickung wird durch Extension in der oberen Kruste kompensiert. Extension 

ist an die thermisch geschwächten Gneisdome gebunden. Apatit Spaltspurenalter zeigen spät-

miozäne Exhumierung des Shaxdara-Doms durch tektonische Denudation entlang der Süd-

Pamir Abschiebung an. Apatit (U-Th)/He-Alter aus größeren topographischen Höhen sind durch 

dieses miozäne Ereignis geprägt; Proben aus niedrigeren Höhen kennzeichnen spätere Exhumie-

rung durch schnelle Einschneidung des Pjansch-Flusses, welche wahrscheinlich im Pleistozän 

begann. Diese Studie betont vor allem die Möglichkeiten, die sich aus der Anwendung der 

Thermochronologie auf dem Gebiet der Geomorphologie und Neotektonik eröffnen. 
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Outline of the thesis 

Chapter 1 

1. Summary 
Apatite (U-Th)/He and fission-track dating are low-temperature geothermochronometers of 

increasing importance in geological research, in particular for resolving the timing, rate and 

magnitude of vertical displacements of the upper crust resulting from climatic or tectonic fac-

tors. The calculation of radiometric ages and thermal histories from the fission-track record in a 

mineral relies on counts and measurements of etched fission tracks under an optical microscope. 

In recent work, it has been recognized that the sources of error are due to observational factors 

related to the manner in which the tracks are etched. The first part of this thesis therefore aims 

at a better understanding of the etching of nuclear tracks in minerals. A model is proposed based 

on detailed observations of track etch pits in minerals (Chapter 2) and numerical simulations 

(Chapter 3) that explains the characteristic features of track etch pits and their evolution with -

etching time. 

The second part focuses on two case studies integrating thermochronologic, structural, pe-

trologic, and geochronologic data. Chapter 4 is a comprehensive study of the tectonic evolution 

of Central America. Previously unpublished petrologic, structural, and geochronologic data con-

strain Paleozoic amalgamation of Pangea, development of Mesozoic proto-Pacific arcs, Jurassic 

intra-arc rifting, Early and Late Cretaceous subduction and emplacement of oceanic lithosphere 

and subduction-accretion complexes, and Tertiary to Recent strike-slip faulting, forming the Ca-

ribbean and North America plate boundary. Apatite and (U-Th)/He data provide important in-

formation for the Tertiary to Recent deformation and exhumation history. 

In contrast to Central America, little is known about the tectonic evolution of the Southern 

Pamir Mountains of Tajikistan. New geochronologic and structural data (Chapter 5) demon-

strate that the Shaxdara gneiss complex, previously considered as Archean-Proterozoic base-

ment, is instead of Phanerozoic origin. Apatite fission-track and (U-Th)/He age data  allow the 

identification of the largest extensional gneiss dome in the entire India−Asia collision zone and 

constrain Miocene exhumation of the gneiss dome under top-to-south, syn-collisional extension. 

(U-Th)/He ages point to a late episode of rapid river incision, possibly related to deep-to-

intermediate seismic activity beneath the Southern Pamirs. 

2. Chapter 2: Geometries of etched fission and alpha-recoil tracks 
Despite its practical importance for fission-track and recoil-track dating, nuclear-track etch-

ing in minerals has, in general, received little attention compared to track revelation in glasses 

and plastics. Current estimates of the efficiencies with which fission tracks are etched and 

counted in different minerals and crystallographic planes are based on old models involving two 

1 



Outline of the thesis 

traditional etching velocities: vt (track etching velocity along the nuclear defect) and vv (bulk 

etching velocity of the mineral surface). 

Observations of etched fission tracks in apatite reveal that their complex geometries result 

from the superposition of a track channel and a surface etch pit. Thus (1) etch pit evolution can-

not be described by traditional models based on vt and vv; (2) the surface etch pit holds no in-

formation on the defect properties along the nuclear track or the nature of the defect and thus 

should be disregarded in studies aimed at particle identification based on etched-track profiles in 

minerals. 

Etched recoil tracks in micas present a different case because the nuclear track is too short 

to produce a separate channel and etch pit. In addition, the sheet structure of the detector reduc-

es the problem of correlating etch figures in different crystallographic planes to two dimensions. 

The etch-pit geometries are interpreted in terms of periodic bond chains following the atomistic 

theory of crystal growth and dissolution. It follows from detailed observations that the periodic 

bond chains in phlogopite are O-Mg-O chains within the octahedron layer; the periodic bond 

chains in biotite have the same orientation and composition except for partial substitution of 

Mg2+
 with Fe2+. Following this interpretation, the periodic bond chains in muscovite are O-Al-O 

chains at the back and front of the octahedral subunit. According to this model triangular etch 

pits are characteristic of tri-octahedral micas and diamond-shaped etch pits for di-octahedral lat-

tices. A first-order estimate of the bond strengths between neighboring atoms along the periodic 

bond chains is in agreement with the relative track etch rates in the different investigated miner-

als. 

Hexagonal and star-shaped etch pits that violate the lattice symmetries occur in tri-octahe-

dral but not in di-octahedral micas when the linear energy transfer from the particle to the lattice 

exceeds a critical limit. Their anomalous shapes are due to simultaneous etching of the front and 

back of individual tetrahedral-octahedral-tetrahedral (TOT) subunits as a result of the fact that 

these have become detached. The loss of cohesion between TOT units over a much larger radius 

(~1 μm) than the track diameter (5-10 nm) is an indication of discontinuous track formation and 

of the influence of the lattice structure on the track formation process that is at odds with exist-

ing theories.  

3. Chapter 3: Revelation of nuclear tracks and dislocations 
Periodic bond chains account for the outlines of etched nuclear tracks in different minerals 

(Chapter 2) but fall short of explaining a number of other observations made in the course of 

these studies. Most prominent is the fact that the etch-pit sides and faces are curved to a variable 

extent. Detailed measurements also reveal that etched recoil tracks have a complex diameter dis-
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Outline of the thesis 

tribution. The lateral and vertical etch pit growth rate varies according to the defect (alpha-recoil 

track, fission track, dislocation, etc.) and as a function of etching time. In Chapter 3, an atomis-

tic etching model for minerals is proposed and implemented in a Monte Carlo computer simula-

tion. 

The simulations show that there are four stages in the evolution of an etch pit. During the 

first stage, the etch pit is an inverted pyramid; its horizontal and vertical dimensions increase at 

a constant rate; the apparent horizontal (vh) and vertical (vd) growth rates are faster than during 

all subsequent stages but nevertheless less than the step retreat rate (vs) on account of surface 

etching (vv). The pyramid apex is truncated in the second stage; it is thereafter bounded by an 

expanding bottom plane and shrinking lateral walls; this is accompanied by a gradual decrease 

of vh; vd drops to zero and then shows a gradual further decrease; negative vd indicate a slow de-

crease of the etch-pit depth; the bottom plane acquires a concave-up curvature; the outward cur-

vature of the walls, initiated during the first stage, increases. During the third stage the etch pit 

consists of a single concave-up bottom plane; vh and vd decrease at declining rates; consecutive 

etch pit profiles are scalable in the horizontal direction. A fourth stage is inferred but not docu-

mented by the simulations; it sets in when vh is reduced to zero; unless this corresponds to an as 

yet unidentified steady-state condition, the etch pit from here on forth shrinks until it eventually 

disappears.  

The onset and duration of these stages are determined by the extent of the defect or nuclear 

track below the etched mineral surface and the bond strength φ between neighbouring lattice 

atoms. High-φ minerals are better able to sustain angular features than low-φ minerals. The sole 

cause for this succession is the process of stochastic rounding of confined steps and faces due to 

a statistical bias. The size distribution of etched recoil tracks is due to (1) the size distribution of 

the latent tracks, (2) the random truncation of the surface tracks, (3) the variable rate of etch-pit 

enlargement and (4) the fact that new tracks are exposed at the surface due to surface etching. 

The greater size of dislocation, fission-track and ion-track etch pits is due to their greater extent 

below the surface. The increase of the number of etched tracks with etching time due to bulk 

etching is non-linear because the bulk etch rate vv is not constant. The evolution of the etch-pit 

shape with continued etching can cause loss of tracks due to observation effects related to loss 

of contrast.  

4. Chapter 4: The North American–Caribbean plate boundary 
The northern margin of the Caribbean plate in Guatemala and Honduras is one of the 

worldwide few continental transform plate boundaries. These are characterized by high seismic 

activity (San Andreas fault zone, South Alpine fault). In Guatemala and Honduras, this plate 

boundary comprises (from north to south) the Polochic fault zone, cutting the Maya block of the 
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North American plate, the Chuacús complex, the Motagua suture zone that is currently active as 

a strike-slip fault zone (the Motagua fault zone), and the Chortís block, currently part of the Ca-

ribbean plate. Large ophiolites occur both north and south of the Motagua fault zone. 

Structural, geochronologic, and petrologic data permit correlations between the Maya and 

Chortís blocks and tectonostratigraphic complexes of southern Mexico and the northern Carib-

bean. A common high-pressure metamorphic event in the Chuacús complex of Guatemala and 

the Acatlán complex of southern Mexico identifies them as parts of the Early Paleozoic Alleg-

hanian–Appalachian orogeny along the southern margin of North America. Permotriassic U/Pb 

zircon ages document development of a proto-Pacific magmatic arc, which initiated after final 

amalgamation of Pangea along its western margin. Jurassic rifting, related to the opening of the 

Gulf of Mexico, is reflected in high-temperature/low-pressure metamorphism, anatexis, and rift-

related sedimentation. Intra-arc rifting separated the Chortís block from southern Mexico and 

generated the oceanic crust preserved in the ophiolites south of the Motagua fault zone (on the 

Chortís block). 

In the Early Cretaceous rifting reverted to subduction and ultimate collision of the Chortís 

block with southern Mexico. Continued proto-Pacific subduction is reflected in Cretaceous arc-

related magmatism that is widespread on the Chortís block and in southern Mexico. 

In the Late Cretaceous, the southern margin of the Chortís block and the Maya block with 

its leading Chuacús complex was involved into highly oblique subduction; it led to the em-

placement of the oceanic crust preserved north of the Motagua fault zone, and sinistral collision 

of these North American units with the Caribbean arc (future Cuba, Hispaniola, Jamaica). Spec-

tacular sinistral transpression is preserved in the structural record of the Chuacús complex north 

of the Motagua fault zone. Imbrication is dated at 75-60 Ma by 40Ar/39Ar and apatite fission-

track cooling ages. 

The separation of the Chortís block from southern Mexico under sinistral transtension is re-

flected in the apatite fission-track and (U-Th)/He ages of ~40 Ma in southern Mexico and syn-

kinematic minerals in mylonite zones in the Chortís block, dated by U/Pb, Rb/Sr, and in particu-

lar Ar/Ar geochronology. Its eastward displacement along the active plate boundary amounts to 

≤1100 km to date. Apatite fission-track ages and structural data along the fault zones constrain 

individual faults strands through the Neogene and indicate that the Polochic fault zone, north of 

the Motagua suture zone, constitutes the active plate boundary. 

Chapter 4 demonstrates how geochronology, thermochronology, structural geology and pe-

trology work together to unravel >400 Ma of a complex interplay of arc formation, rifting, and 

collision. 
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5. Chapter 5: Late Miocene exhumation of the Shaxdara gneiss dome 
The Pamir Mountains in Tajikistan have received little attention to date due to their remote 

location in a politically unstable area. The major achievement of this study is the recognition of 

a large extensional dome (Shaxdara gneiss dome) in the southwestern Pamirs. 

The Shaxdara gneiss dome has previously been interpreted as Archaen−Proterozoic base-

ment accreted to the Asia continental margin during Paleozoic−Mesozoic amalgamation of Eu-

rasia. It is re-interpreted in Chapter 5 as a Paleozoic−Mesozoic marine sediment sequence, me-

tamorphosed in a Cretaceous Andean-type magmatic arc and overprinted subsequently by the 

India-Asia collision. 

Structural and thermochronologic results constrain the evolution of the Shaxdara gneiss 

dome since the Oligocene. Continued convergence between India and Asia caused transpression 

along the western Pamirs. The en echelon arrangement of three gneiss complexes in the western 

Pamirs suggest a common origin as antiforms resulting from buckling and crustal thickening 

with a sinistral wrenching component. Thickening is compensated by upper crustal extension 

confined to the thermally weakened gneiss domes. 

A detailed apatite fission-track study constrains tectonic denudation and exhumation of the 

footwall beneath a major south dipping shear/fault zone during the late Miocene. Apatite (U-

Th)/He ages from high elevation samples reflect this cooling event; in contrast, low-elevation 

samples indicate later exhumation by rapid incision of the Pjansch river, likely commencing in 

the Pleistocene. Slightly older ages from low-elevation samples along the Shaxdara river may 

suggest an older age of the latter. Post-Miocene rapid exhumation is tentatively suggested to be 

linked to deep seismicity recorded beneath the Shaxdara dome, but further interpretation is pre-

mature.  

The Shaxdara dome study highlights the possibilities that low-temperature thermochronol-

ogy opens up in the fields of geomorphology and neotectonics.  



 

Chapter 2 

Observations on the geometries of etched fission and alpha-
recoil tracks with reference to models of track revelation in 

minerals 
(published in Radiation Measurements, vol. 39, 2005) 

Abstract 
The kinetic and atomistic theories of crystal growth and dissolution are used to interpret the 

shapes and orientations of fission-track, recoil track and dislocation etch pits in tri-octahedral 

phlogopite and di-octahedral muscovite. An atomistic approach combined with symmetry con-

siderations lead to the identification of the periodic bond chains that determine the etch pit mor-

phologies and relative etch rates at a chemical level: O-Mg-O in phlogopite, O-Mg-O-Fe in bio-

tite and O-Al-O in muscovite. Using first-order estimates of the bond strengths, it is possible to 

account for the relative track etch rates in these minerals. The reported, sometimes simultane-

ous, occurrence of triangular, polygonal and hexagonal etch pit contours in phlogopite, some of 

which violate the crystal symmetry, suggests that the cohesion of the phlogopite lattice is lost 

over a much larger radius than that of the track core around the trajectories of particles for 

which the energy loss exceeds a threshold value. This is interpreted as an indication of pro-

nounced sublattice and anisotropic effects during track registration. 

6 



Geometries of etched fission and alpha-recoil tracks 

1. Introduction 
Despite its practical importance for fission-track dating, nuclear track etching in minerals 

has, in general, received little attention compared to track revelation in glasses and plastics. 

Outdated etching models still form the basis of current estimates of the efficiencies with which 

fission tracks are etched and counted in different minerals and crystallographic planes (Fleischer 

et al., 1975; Gleadow, 1978; 1981). It has been argued that the existing estimates of the combined 

etching and counting efficiencies (ηq) are in error (Jonckheere and Van den haute, 1996; 1998; 

1999) and that ηq depends on the track length distribution in the sample (Jonckheere and Van 

den haute, 2002). If this is so, then the calculated fission-track ages could be inaccurate irrespec-

tive of the fact whether they are determined using the absolute approach (φ-method; Price and 

Walker, 1963; Jonckheere, 2003) or a standard-based approach (Z and ζ dating methods; Hurford 

and Green, 1983; Hurford, 1990; 1998). 

 

Figure 1. Etched fission tracks (a, b) and dislocations (c) in pitted (a; basal), scratched (b; prism) and textured (c) sur-

faces of apatite. 

Etched fission tracks in apatite possess complex, composite geometries, consisting of a 

track channel and additional facets at its intersection with the surface. The channel is parallel to 

the latent track and not affected by the orientation of the etched surface. In contrast, the struc-

tures at the surface depend on its crystallographic orientation. Surface etch pits in apatite are 

prominent in basal planes (Figure 1a), less so in prismatic (Figure 1b) and absent in most higher 

index planes (Figure 1c). Identical etch pits develop where dislocations, small-angle grain 

boundaries and cracks intersect the surface. These etch pits are well developed at low etchant 

concentrations and reflect the crystal symmetry with little influence of the track orientation. 

They are less well-developed and their shape is to some extent influenced by the orientation of 

the track at higher concentrations (Jonckheere and Van den haute, 1996). According to the law 

of mass action, the chemical reaction between the etchant and the crystal surface is, at all stages, 

further from equilibrium for a more concentrated than for a less concentrated etchant, and the 

etch rate is consequently greater. This suggests that the different development and geometries of 

surface etch pits is determined by the reaction rate. The preceding leads us to conclude that the 

complex track geometries result from the superposition of two entirely independent etch pits: 
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(1) a track etch pit (channel) and (2) a surface etch pit, which has nothing whatsoever to do with 

the defect properties along the nuclear track. 

This has a number of significant consequences: (1) the composite geometries of etched nu-

clear tracks in minerals cannot be described by an etch model based on the two traditional etch-

ing velocities, vt (track etching velocity) and vb (bulk etching velocity); this accounts for the 

limited success of attempts to predict track geometries in minerals based on extensions of the 

(vb, vt)-model appropriate for isotropic detectors (Wagner, 1968; Gleadow, 1978; Thiel and Kül-

zer, 1978; Somogyi, 1981); (2) the geometry of the surface etch pit is not only independent of the 

defect properties along a nuclear track, but also of the nature of the defect, and therefore holds 

no information on vt; this implies that studies aimed at particle identification based on etched-

track profiles in minerals should disregard the surface etch pit; based on an alternative model for 

track revelation in minerals (Jonckheere and Van den haute, 1996), it is doubtful whether even 

the track-channel profile allows one to make inferences about vt, and therefore about the track 

forming particle; this leaves the etch-anneal-etch method (Green et al., 1978) as the only method 

for the identification of the track forming particle based on track etching in minerals.  

Progress in our understanding of track revelation in minerals has been hindered by confu-

sion about the meaning of "etching velocity". It is clear that, in models derived from those for 

isotropic detectors, an etching velocity is understood to be the rate of displacement of a point on 

a surface in a given direction. It follows from this definition that the track (channel) cross-

section is a direct reflection of the variation of the etching velocity with orientation (Yamada et 

al. 1994). Although such a definition works for isotropic detectors, it is important to note that it 

is in conflict with the kinetic theories of crystal growth and dissolution (Frank, 1958; Irving, 1962; 

Jaccodine; 1962), wherein an etching velocity (radial shift velocity; vr) is a property of a crystal-

lographic plane. The radial shift velocity vr is a vector normal to a crystallographic plane equal 

in magnitude to its rate of translation parallel to itself. Even before Frank (1958) published his 

kinetic theory, Hartman and Perdok (1955a, b, c) had published an atomistic theory of crystal 

growth and dissolution based on the concept of periodic bond chains. Here, we attempt to inter-

pret the geometries of etched recoil tracks in phlogopite and muscovite in terms of these theo-

ries. 

2. Regular etch pits 
The fact that phlogopite (KMg3[(OH)2AlSi3O10]) and muscovite (KAl2[(OH)2AlSi3O10]) are 

sheet silicates reduces the problem of correlating the etch figures in different crystallographic 

planes to one in two dimensions. The phlogopite lattice is made up of a stack of tetrahedron and 

octahedron layers (Klockmann, 1978; Putnis, 1992; Figure 2). The tetrahedron layer is a two-

dimensional network of corner-sharing SiO4-tetrahedra with partial substitution of Si by Al. In 
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end-member phlogopite, the octahedron layer is a two-dimensional network of edge-sharing 

MgO6-octahedra. An octahedron layer sandwiched between two tetrahedron layers forms the 

TOT-unit, which is repeated along the c-axis. The TOT-units are only weakly held together by 

electrostatic forces, mediated by shared K+-ions. The TOT-unit of muscovite is made up of the 

same two tetrahedron subunits as in phlogopite but the octahedron subunit consists of AlO6-

octahedra. All (three out of three) possible octahedron cation sites are occupied by Mg2+ in 

phlogopite (tri-octahedral mica), whereas only two out of three possible octahedron cation sites 

are occupied by Al3+ in muscovite (di-octahedral mica). Biotite is a tri-octahedral mica similar 

to phlogopite in which part of the Mg2+ has been substituted by Fe2+. The Fe end-member is an-

nite. 

Figure 3 is a photomicrograph of etched alpha-recoil tracks and dislocations in the cleavage 

plane (001) of phlogopite. This discussion centres on two observations: (1) the etch-pit contours 

are triangular; (2) the triangles at the front and back of a phlogopite sheet are oriented in oppo-

site directions (Figure 4). Triangular contours have been reported before by Patel and Ramana-

than (1962a,b), Brauer (1971) and Hashemi-Nezhad (1997). Measurements by Hashemi-Nezhad 

(1998) showed that the etch pits are not equilateral but isosceles triangles. Hashemi-Nezhad 

(1998) also pointed out the 180°-rotation of etch pits at the front and the back of a mica sheet. It 

is clear from Figure 3 that this is a simplification, and that the sides and bottom of the etch pits 

are curved. This is no concern here; it is shown elsewhere that the etch pit curvature as well as 

the fact that recoil-track and dislocation etch pits are different sizes is also explained by the ki-

netic and atomistic etching theories (Jonckheere et al., in prep.).  

It is interesting to note that although the recoil-track etch pits in Figure 3 possess a range of 

diameters, all have identical profiles. This points to an equilibrium form. The etched recoil-track 

diameters are at least an order of magnitude larger than the size of latent tracks (~102 nm; 

Jonckheere and Gögen, 2001). The simple geometries compared to those of fission tracks (e.g. 

Figure 6 of Gögen and Wagner, 2000) imply that there is no superposition of a track etch pit and 

a surface etch pit, but only a surface etch pit. In contradiction with the conclusion of Fleischer 

(2003), this means that no information about the physical properties (dE/dx) of the latent track 

can be gleaned from the etch-pit profile. The absence of steps in the track profiles (Figure 3) 

also speaks against the assertion that unetchable gaps exert a significant influence on the revela-

tion of recoil tracks and co-determine the effective track etch rate vt.  

The kinematic approach implies the principle of reciprocity (Batterman, 1957; Frank, 1958; 

Frank and Ives, 1962; Jonckheere and Van den haute, 1996), which states that upon dissolution 

(etching) a convex form becomes bounded by the planes with the highest radial shift velocities 

(fast etching) and a concave form becomes bounded by the planes with the lowest radial shift 
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velocities (slow etching). Reciprocity is better known in connection with the reverse process: 

upon growth a convex form becomes bounded by the slowest growing planes and a concave 

form becomes bounded by the fastest growing planes. The co-existence of a distinct track etch-

pit and surface etch-pit in the case of fission tracks (Figure 1) is thus a consequence of the fact 

that the former is a concave form, whereas the latter is a convex-concave form (convex intersec-

tions with the etched surface). 

 

Figure 2. The TOT-unit of phlogopite viewed perpendicular to the a,b-plane. K-atoms between the units are not 

shown. The crystallographic axes and the components of the tetrahedron and octahedron layers are indicated on the 

right. 

 

Figure 3. Etched alpha-recoil tracks and dislocations in the cleavage plane of a phlogopite sample. Note the triangular 

etch pit contours. The hexagonal shapes inside the dislocations are not the bases of the etch pits but due to the fact that 

the dislocations extend throughout the thickness of the sample and have been etched from both sides. 

 

Figure 4. Orientation of the etched alpha-recoil tracks at the front and back of a phlogopite sample. 
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In the case of phlogopite and muscovite it is possible to treat the mineral as a stack of inde-

pendent sheets and to assign radial shift velocities to different directions in the (001)-plane, re-

ducing the problem to two dimensions. Although the recoil-track etch pits in Figure 3 have been 

identified as surface etch pits, they are concave forms within the two dimensions of a sheet, and 

bounded by the slowest etching directions. According to an atomistic approach, these directions 

correspond to those of the periodic bond chains. These are, per definition, straight, continuous, 

periodic chains of strong chemical bonds between the lattice atoms. Because it requires more 

energy to break these bonds than those in other directions, etching proceeds by nucleation and 

removal of the atoms at the extremities of the half-chains on either side of the nucleus, parallel to 

the chain direction.  

Assuming that they are equilateral triangles, the etch pits are bounded by three periodic 

bond chains at 60° to each other. The simplest assumption is that the sides of the etch pits also 

have identical radial shift velocities. This suggests that the three periodic bond chains have the 

same chemical composition, i.e. are made up of the same sequence of atoms. Because 

neighbouring TOT-units are held together by weak electrostatic forces, the periodic bond chains 

cannot cross from one unit to the next and are thus situated within the TOT-unit, i.e. parallel to 

the (0,0,1)-plane. The symmetry of phlogopite is 2/m with a twofold axis parallel to the b-axis 

and a mirror plane perpendicular to the b-axis (Figure 2). It follows from the fact that the etch 

pits at the front and back of a phlogopite sheet are oriented in opposite directions that one peri-

odic bond chain is perpendicular to the a-axis, i.e. oriented along [1,0,0]. Given the orientation 

(60°) of the remaining periodic bond chains to the first, it follows that they must correspond to 

the directions [1,1,0] and [1,-1,0]. These three directions correspond to the sides of the etch pit 

on one side of a phlogopite sheet; the directions of the sides of the etch pit on the reverse side 

are obtained by applying the twofold rotational symmetry around b: [-1,0,0], [-1,1,0] and [-1,-

1,0]. 

The periodic bond chains cannot be made up of atoms from all three subunits of the TOT-

unit, i.e. from both tetrahedron layers and the octahedron layer, because there can then be only 

one set of periodic bond chains for the entire TOT-unit, in which case it would be impossible for 

etch pits on either side of a phlogopite sheet to point in opposite directions. In addition, if such a 

set of periodic bond chains were rotated 180° about the b-axis, it would give rise to a set of six 

intersecting chains, in which case the etch pit would be hexagonal. Furthermore, the front and 

back periodic bond chains cannot be situated within the upper and lower tetrahedron subunits, 

since each of these has a sixfold axis. This means that there are six equivalent orientations with 

which it is impossible to construct anything other than a hexagonal etch pit. It is possible that a 

periodic bond chain is made up of atoms from one tetrahedron layer and from the octahedron 

layer but an examination of the phlogopite lattice shows that there is no obvious chain of Mg-O-
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Si bonds along [1,0,0], [1,1,0] and [1,-1,0] (Figure 2; Jonckheere et al., in prep.) or, for reasons 

of symmetry, along [-1,0,0], [-1,1,0] and [-1,-1,0]. The remaining possibility is that the periodic 

bond chains are made up of linked atoms from the octahedron subunit alone. As before, they 

cannot be constituted of atoms from the entire subunit, since this implies that there cannot be 

separate and differently oriented sets of three periodic bond chains for the front and the back of 

the phlogopite sheet. This leads to the conclusion that one set of periodic bond chains is situated 

in within the top half of the octahedron unit, whereas the second set must then be situated within 

the bottom half. Having established the crystallographic orientations of the periodic bond chains 

as well as the subunit of the TOT-structure in which they must be situated, it is a matter of in-

spection of the phlogopite lattice to establish that the periodic bond chains along all these direc-

tions are chemically identical and made up of simple O-Mg-O chains (Figure 5a). 

 

 

Figure 5. The octahedron subunits of (a) phlogopite (tri-octahedral) and (b) muscovite (di-octahedral) mica. In (a) 

three periodic bond chains (O-Mg-O) form an equilateral triangle; in (b) four periodic bond chains (O-Al-O) form a 

diamond. 

 

Biotite has the same tri-octahedral structure as phlogopite; it is thus not surprising the etch 

pits have the same triangular shape. The periodic bond chain is Mg-O-Fe-O because part of the 

Mg2+ in the octahedron subunit is substituted by Fe2+; the Fe/Mg-ratio depends of the extent of 

the substitution. Muscovite is di-octahedral with Al3+ instead of Mg2+ as the octahedral 

cation;the periodic bond chains are thus O-Al-O. However, because one out of three octahedron 

cation sites is unoccupied, the O-Al-O chains are not oriented as in phlogopite or biotite; the 

etch pits are diamond-shaped and bounded by [1,1,0], [1,-1,0], [-1,1,0] and [-1,-1,0] (Figure 5b, 

6). There is no difference in the orientation of macroscopic etch pits at the front and the back of 

a muscovite sheet.  
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Figure 6. Diamond shaped contours of etched fission and alpha-recoil tracks in muscovite (oblique angle SEM pho-

tomicrograph). 

A first-order estimate of the relative strengths of the periodic bond chains can be obtained 

from the bond-strengths of the di-atomic molecules: Mg-O: 363 kJ/mol; Fe-O: 390 kJ/mol; Al-

O: 511 kJ/mol (Kerr, 1995). The greater strength of the Al-O bond could explain the lower track 

etch rate in muscovite compared to that of phlogopite or biotite for the same etchant (40% HF). 

It typically takes 20 min. to etch fission tracks in muscovite to a diameter of a few microns 

whereas it takes only 40 seconds in the dark micas. Although the Fe-O and Mg-O bond 

strengths are similar, biotite is more susceptible to chemical attack because Fe2+ can oxidize to 

Fe3+ in the presence of an electron acceptor (F-), thus disturbing the charge balance (Faure, 

1998). This accounts for the fact that alpha-recoil-tracks in biotite etch faster than in phlogopite 

(Lang et al., 2002a,b). 

3. Irregular etch pits 
The etched-track contours in phlogopite and biotite are not always triangular. Hashemi-

Nezhad (1997; 1998) reported that etched fission-tracks in phlogopite can have triangular, po-

lygonal or hexagonal contours. Lang et al. (2002a,b) observed that the etched tracks produced 

by ion irradiation of phlogopite at normal incidence can have triangular or hexagonal contours. 

These studies established that hexagonal tracks are associated with high energy-loss particles.  

 

Figure 7. Relative orientation of hexagonal and triangular track contours in phlogopite; (a) as observed (Hashemi-

Nezhad; 1998); (b) not observed. 
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Hashemi-Nezhad (1998) calculated that hexagonal tracks predominate at [dE/dx]-values in excess 

of ~10 MeV/µm, whereas there are only triangular tracks below ~8 MeV/µm, in reasonable 

agreement with the results of Lang et al. (2002a,b): triangular tracks below ~5 MeV/µm and hex-

agonal tracks above ~8 MeV/µm. This dependence on the properties of the track-forming particle 

appears to contradict the fact that etched-track contours in minerals are determined by the proper-

ties of the detector. Figure 3 of Hashemi-Nezhad (1998) also shows that the hexagonal etch pits 

are not bounded by directions parallel to those bounding the triangular etch pits (Figure 7) and 

thus not by the directions with the lowest radial shift velocities. 

We propose that the passage of an ion for which [dE/dx] exceeds a threshold value alters 

the phlogopite structure, and, in particular, that the TOT-units become disconnected over a large 

radius around the actual track, so that the etchant has access to the front and back of each TOT-

unit when the sample is etched (Figure 8). Much like the hexagonal dislocation cores in Figure 

3, this leads to a superposition of the triangular etch pits with opposite orientation at the front 

and the back of each unit, consistent with the orientation of the hexagonal-etch pit contours as in 

(a) rather than (b) in Figure 7. In contrast, the TOT-units remain connected at [dE/dx]-values 

below the threshold value, and the etchant has access from the top (surface) only, giving rise to 

triangular etch pits. Between 8 and 10 MeV/µm (Hashemi-Nezhad, 1998) or 5 and 8 MeV/µm 

(Lang et al., 2002a,b), the units are partially disconnected, giving rise to an alternation of trian-

gular and hexagonal contours along one and the same track (Hashemi-Nezhad, 1998). Interfer-

ence between triangular and hexagonal etch pits could also produce polygonal etch pits, al-

though the fact that these are observed associated with fission tracks with random orientations 

but not with ion tracks at normal incidence to the detector surface suggests that the track orien-

tation has an effect. 

 

Figure 8. The loss of cohesion between the TOT-units along a nuclear track in phlogopite leads to them being etched 

from the front and back, producing hexagonal track contours. A triangular contour develops at the surface. 

Two observations support this interpretation. First, Lang et al. (2002a,b) reported an abrupt 

increase of the track etch rate vt at the precise [dE/dx]-value where the etched-track contours 

switch from triangular to hexagonal, although vt does not depend on [dE/dx] on either side of 
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this critical value. As far as we could ascertain, there are no theoretical or experimental indica-

tions that there is a fundamental change in the track formation process or in the resulting track 

structure at a specific [dE/dx]-value in the electronic stopping regime, either in mica or in other 

detectors. Such an abrupt transition is more in accord with a change in the lattice properties of 

the detector. Second, the lateral extent over which the TOT-units are disconnected must be finite 

(Figure 8), so that the hexagonal track channels cannot increase their diameter indefinitely and 

etching must revert to the normal mechanism for intact phlogopite, i.e. in the form of triangular 

etch pits growing from the surface down (Figure 8). This explains the shallow triangular depres-

sion surrounding the hexagonal track channels reported by Lang et al. (2002b).  

The phlogopite structure gives an indication of the processes that can lead to the disconnec-

tion of the TOT-units. The diameter of the hexagonal track channels indicates that the TOT-

units are disconnected over a distance from the core of ~103 latent track diameters. This could 

come about by the neutralisation of the K+-ions between the units or by their radial evacuation, 

possibly involving a collision cascade channelled parallel to the (001)-plane. This mechanism is 

hypothetical and must be supported by further experiments involving a range of ions and ener-

gies as well as a range of natural and synthetic sheet silicates. It seems probable that they will 

confirm that pronounced sublattice and pronounced anisotropic effects are involved in nuclear 

track formation in sheet silicates. 

4. Conclusions 
The complex geometries of etched fission-tracks, recoil-tracks and dislocations in apatite, 

phlogopite and muscovite demonstrate that etch models based on those for isotropic detectors 

are not suitable for mineral track detectors. We must reintroduce the concept of a radial shift ve-

locity, vr, which is characteristic of a crystallographic plane as a whole, and represented by vec-

tor normal to the plane equal in magnitude to its rate of translation parallel to itself.  

The kinetic and atomistic theories of crystal growth and dissolution explain the different 

shapes and orientations of etch pits in the di-octahedral and tri-octahedral micas. An atomistic 

approach and symmetry considerations allow identification of the periodic bond chains that de-

termine the etch pit morphologies and etch rates at a chemical level: O-Mg-O in phlogopite, O-

Mg-O-Fe in biotite and O-Al-O in muscovite. Using first-order estimates of the relative bond 

strengths, it is possible to account for the relative etch rates of these minerals in HF. 

The reported, sometimes simultaneous, occurrence of different etch pit contours in 

phlogopite, some of which violate the crystal symmetry, suggests that the cohesion of the 

phlogopite lattice is lost over a much larger radius than that of the track core around the trajecto-

ries of particles for which the energy loss exceeds a certain threshold value. 

15 



Geometries of etched fission and alpha-recoil tracks 

Acknowledgement 
The authors are indebted to Prof. Dr. J.-C. Hadler-Neto (Instituto de Física Gleb Wataghin, Universidade Estadual de 
Campinas, Brazil) and the organisers of the Second Latin American Symposium on Nuclear Tracks (3-7 November, 
2003, São Pedro, São Paulo, Brazil) for their invitation to present these results before a forum of experts. Reviews 
from Dr. R. Ketcham (University of Texas at Austin) and an unknown referee were helpful in improving the manu-
script. 

References 
Batterman, B.W, 1957. Hillocks, pits and etch rate in Germanium crystals. J. Appl. Phys. 28, 1236-1241. 

Brauer, K.H., 1971. Results of the etching method on crystals of the mica group (in German). Akademie Verlag GmbH, 
Berlin, 115 p. 

Faure, G., 1998. Principles and applications of geochemistry (2nd ed.). Prentice Hall Inc., Upper Saddle River, New 
Jersey, 600 p. 

Fleischer, R.L., 2003. Etching of recoil tracks in solids. Geochim. Cosmochim. Acta 67, 4769-4774. 

Fleischer, R.L., Price, P.B., Walker, R.M., 1975. Nuclear tracks in solids. Principles and applications. Univ. of Calif. 
Press, Berkeley, 604 p. 

Frank, F.C., 1958. On the kinematic theory of crystal growth and dissolution processes. In : Growth and perfection of 
crystals (T.H. Doremus, B.W. Roberts, D. Turnbull eds.). John Wiley, London, 411-419. 

Frank, F.C., Ives, M.B., 1962. Orientation-dependent dissolution of Germanium. J. Appl. Phys. 31, 1996-1999. 

Gleadow, A.J.W., 1978. Anisotropic and variable track etching characteristics in natural sphenes. Nucl. Track Detection 
2, 105-117. 

Gleadow, A.J.W., 1981. Fission track dating methods: what are the real alternatives? Nucl. Tracks 5, 3-14. 

Gögen, K., Wagner, G.A., 2000. Alpha-recoil track dating of quaternary volcanics. Chem Geol. (Isot. Geosci. Sect.) 166, 
127-137. 

Green, P.F., Bull, R.K., Durrani, S.A., 1978. Particle identification from track etch-rates in minerals. Nucl. Instr. Meth. 
157, 185-193.  

Hartman, P., Perdok, W.G., 1955a. On the relations between structure and morphology of crystals I. Acta Cryst. 8, 49-
52. 

Hartman, P., Perdok, W.G., 1955b. On the relations between structure and morphology of crystals II. Acta Cryst. 8, 521-
524. 

Hartman, P., Perdok, W.G., 1955c. On the relations between structure and morphology of crystals III. Acta Cryst. 8, 525-
529. 

Hashemi-Nezhad, S.R., 1997. Geometry of charged particle tracks in crystalline detectors. Rad. Meas. 28, 167-170. 

Hashemi-Nezhad, S.R., 1998. The triangular track contours in phlogopite mica detectors and discontinuity of the 
etchable damage. Nucl. Instr. Meth. B142, 98-110. 

Hurford, A.J., 1990. Standardization of fission-track dating calibration: Recommendation by the Fission-track Working 
Group of the I.U.G.S. Subcomission on Geochronology. Chem. Geol. (Isot. Geosci. Sect.) 80, 171-178. 

Hurford, A.J., 1998. Zeta: the ultimate solution to fission-track analysis calibration or just an interim measure? In: 
Advances in fission-track geochronology (P. Van den haute, F. De Corte, eds.). Kluwer Academic Publishers, 
Dordrecht, 19-32. 

Hurford, A.J., Green, P.F., 1983. The zeta age calibration of fission-track dating. Isot. Geosci. 1, 285-317. 

Irving, B.A., 1962. Chemical etching of semiconductors. In: The electrochemistry of semiconductors (P.J. Homes ed.). 
Academic Press, London, New York, 256-289. 

Jaccodine, R.J., 1962. Use of modified free energy theorems to predict equilibrium growing and etch shapes. J. Appl. 
Phys. 33, 2643-2647. 

Jonckheere, R., Gögen, K., 2001. A Monte-Carlo calculation of the size distribution of latent alpha-recoil tracks. Nucl. 
Instr. Meth. B183, 347-357. 

Jonckheere, R., Stübner, K., Enkelmann, E., in prep. On the imperfect geometries of etched nuclear tracks in minerals. 
Geochim. et Cosmochim. Acta. 

Jonckheere, R., Van den haute, P., 1996. Observations on the geometry of etched fission tracks in apatite: implications 
for models of track revelation. Amer. Mineral. 81, 1476-1493. 

16 



Geometries of etched fission and alpha-recoil tracks 

17 

Jonckheere, R., Van den haute, P., 1998. On the frequency distributions per unit area of the dimensions of fission 
tracks revealed in an internal and external mineral surface and in the surface of an external detector. Rad. Meas. 
29, 135-143. 

Jonckheere, R., Van den haute, P., 1999. On the frequency distributions per unit area of the projected and etchable 
lengths of surface-intersecting fission tracks: Influences of track revelation, observation and measurement. Rad. 
Meas. 30, 155-179. 

Jonckheere, R., Van den haute, P., 2002. On the efficiency of fission-track counts in an internal and external apatite 
surface and in a muscovite external detector. Rad. Meas., 35, 29-40. 

Kerr, J.A., 1995. Strengths of chemical bonds. In: CRC Handbook of chemistry and physics (76th ed.) (D.R. Lide, H.P.R. 
Frederikse, eds.), CRC Press, Boca Raton, Florida, 9/51-9/73. 

Klockmann, F., 1978. Textbook of mineralogy (16th ed., revised and extended by P. Ramdohr and H. Strunz). Ferdinand 
Enke Verlag, Stuttgart, pp. 876 (in German). 

Lang, M., Glassmacher, U., Moine, B., Müller, C., Neumann, R. and Wagner, G.A., 2002a. Heavy-ion induced defects in 
phlogopite imaged by scanning force microscopy. Surf. Coat. Technol. 158/159, 439-443.  

Lang, M., Glassmacher, U., Moine, B., Müller, C., Neumann, R. and Wagner, G.A., 2002b. Artificial ion tracks in 
volcanic dark mica simulating natural radiation damage: a scanning force microscopy study. Nucl. Instr. Meth. B191, 
346-351. 

Patel, A.R., Ramanathan, R., 1962a. Etching of mica cleavages. Acta Cryst. 15, 860-862.  

Patel, A.R., Ramanathan, R., 1962b. Etching of synthetic fluorphlogopite. Amer. Mineral. 47, 1195-1201.  

Price, P.B., Walker, R.M., 1963. Fossil tracks of charged particles in mica and the age of minerals. J. Geophys. Res. 68, 
4847-4862. 

Putnis, A., 1992. Introduction to mineral sciences. Cambridge University Press, Cambridge, pp. 457. 

Somogyi G., 1980. Development of etched nuclear tracks. Nucl. Instr. Meth. 173, 21-42. 

Thiel, K., Külzer, H., 1978. Anisotropy of track registration in natural feldspar crystals. Rad. Eff. 35, 50-56. 

Wagner, G.A., 1968. Tracks from spontaneous nuclear fission of 238U as a means of dating apatite and a contribution to 
the geochronology of the Odenwald (in German). N. Jb. Min. Abh. 110, 252-286. 

Yamada R., Tagami T., Nishimura S., 1994. Assessment of overetching factor for fission track length measurement in 
zircon. Chem. Geol. (Isot. Geosci. Sect.) 104, 251-259. 



Chapter 3 

Revelation of nuclear tracks and dislocations: A Monte Carlo 
simulation of mineral etching 

(accepted for publication in Geochimica Cosmochimica Acta, 2008) 

Abstract 
A simple atomistic Monte Carlo simulation suggests that there are up to four stages in the 

evolution of an etch pit in the (001)-surface of an idealised regular lattice. During the first stage, 

the etch pit is an inverted pyramid; its horizontal and vertical dimensions increase at a constant 

rate; the apparent horizontal (vh) and vertical (vd) growth rates are faster than during all subse-

quent stages but nevertheless less than the step retreat rate (vs) on account of surface etching 

(vv). The pyramid apex is truncated in the second stage; it is thereafter bounded by an expanding 

bottom plane and shrinking lateral walls; this is accompanied by a gradual decrease of vh; vd 

drops to a negative value indicating a slow decrease of the etch-pit depth; the bottom plane ac-

quires a concave-up curvature; the outward curvature of the walls, initiated during the first 

stage, increases. During the third stage the etch pit consists of a single concave-up bottom plane; 

vh and vd decrease at declining rates; consecutive etch pit profiles are scalable in the horizontal 

direction. The hypothetical fourth stage is inferred but not documented by the simulations; it 

sets in when vh is reduced to zero; unless this corresponds to an as yet unidentified steady-state 

condition, the etch pit from here on forth shrinks until it eventually disappears altogether. The 

sole cause for this succession is the process of stochastic rounding of confined steps and faces. 

The triangular footprint of recoil-track, fission-track, ion-track and dislocation etch pits in 

trioctahedral mica and its compliance with the monoclinic symmetries implies that the relevant 

periodic bond chains are O-Mg/Fe-O chains in the octahedral layer. The size distribution of 

etched recoil tracks is due to (1) depth variations resulting from the size distribution of the latent 

tracks, (2) the random truncation of the surface tracks, (3) the variable rate of etch-pit enlarge-

ment and (4) the fact that new tracks are exposed at the surface due to surface etching. The 

greater size of dislocation, fission-track and ion-track etch pits is due to their greater extent be-

low the surface. The increase of the number of etched tracks with etching time due to bulk etch-

ing is non-linear because the bulk etch rate vv is not constant. The evolution of etch-pit shape 

with continued etching can also cause loss of tracks due to observation effects related to loss of 

contrast.  
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1. Introduction 
Some etch pits in mica (Figure 1a) have been identified as the sites of lattice damage pro-

duced by the recoiling daughter nuclei of alpha-disintegrating isotopes. Huang and Walker 

(1967) and Huang et al. (1967) proposed that counting of etched recoil tracks could be the basis 

of a radiometric dating method founded on the same principles as the fission-track method 

(Price and Walker, 1962; 1963; Fleischer et al., 1975). The mean size of unetched recoil tracks 

(~100 nm; Jonckheere and Gögen, 2001; Stübner and Jonckheere, 2006) is ~103 times smaller 

than the length of unetched fission tracks (~10-20 μm; Jonckheere, 2003). Their accumulation 

rate, on the other hand, is ~106 times faster than that of spontaneous fission tracks. Thus, the 

number of recoil tracks intersecting a unit mineral surface is ~103 times greater than that of fos-

sil fission tracks accumulated over the same period of time (Huang and Walker, 1967; Huang et 

al., 1967). This makes it possible, in principle, to date geological events (Gögen and Wagner, 

2000; Glasmacher et al., 2003) and archaeological artefacts (Garrison et al., 1978). The princi-

ples and potential applications of alpha-recoil-track dating are summarized in Faure (1998), 

Wagner (1998) and Geyh (2005). 

The fission-track method has become an important tool for geological investigations 

(Gleadow et al., 2002). The recoil-track method, in contrast, is not an accepted radiometric dat-

ing method for two main reasons. Recoil-track dating requires measurements of the uranium and 

thorium contents of the sample. This presents practical problems due to their ppb-concentrations 

in mica but no problems of principle because these can now be measured with different meth-

ods. The core problem, however, is relating the number of recoil-track etch pits per unit area of an 

etched mica surface (ρRT) to the volumetric recoil-track density (NRT). A better understanding of 

recoil-track etching is therefore required. This contribution attempts to relate the shapes and 

sizes of recoil-track etch pits in phlogopite to the relevant properties of the latent tracks and the 

etching properties of the mineral. Section 2 lists the characteristics of etched recoil tracks. Sec-

tion 3 outlines the principles of a numerical etching simulation based on an atomistic approach. 

The reasons for agreements and disagreements between the observations and simulations are 

discussed in section 4. Conclusions relating to the recoil-track dating method are formulated in 

section 5. 

2. Observations 
The present observations relate to etched recoil tracks in natural phlogopite 

(KMg3(OH)2AlSi3O10). Figure 1 is a photomicrograph of etched dislocations, recoil tracks and 

ion tracks in the cleavage plane of phlogopite. The observations below can be subdivided into 

those relating to their shape, size and number. The accompanying comments list earlier related 

observations and summarize their current interpretation. 
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Figure 1. Photomicrographs of recoil-track, ion-track and dislocation etch pits in phlogopite etched in 48% HF at 

23°C; (a) low-magnification incident-light differential interference contrast image of a carbon-coated surface etched 

for 150 s; (b)-(d) high-magnification images of identical samples showing triangular contours, curving, size range and 

much larger dislocation etch pits in (b) and (d); (e) incident-light image of an uncoated phlogopite surface irradiated 

through a wedge-shaped macrofol degrader with a perpendicular Xe-beam, illustrating a range of etch-pit evolution 

stages; the stepped appearance of some etch pits due to intermittent track structure is not observed at recoil-track etch 

pits; (f) incident (left) and transmitted-light (right) images of mirror etch-pits at the back and front of the same sample 

at a position where the Xe-beam pierced the phlogopite thickness (~30 μm). 

2.1. Track outline 
Although none of the etch pits in Figure 1 has straight sides, their basic shape is triangular. 

Triangular etch-pit contours at dislocations in phlogopite have been reported by Patel and Ra-

manathan (1962a; b) and Brauer (1971) and observed at fission tracks by Hashemi-Nezhad 

(1985; 1997). Hashemi-Nezhad (1998) showed that the triangles are not strictly equilateral, and 

called attention to the 180° rotation of etch pits at the front and the back of a mica sheet. Obser-

vations of recoil tracks in minerals, including the use of electron and atomic force microscopes 

and plasma etching, have been published by Katcoff (1969), Turkowsky (1969), Snowden-Ifft et 
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al. (1993) and Brown and Liu (1996). More recent observations of similar etch pits at other de-

fects are provided by Rufe and Hochella (1999) and Aldushin et al. (2006).  

Jonckheere et al. (2005) related the triangular etch-pit shapes and their relative orientations 

at the front and back of a phlogopite sheet to non-stoechiometric periodic bond chains (Hart-

mann and Perdok, 1955a-c) within the octahedral unit (O-Mg-O). Bickmore et al. (2001) had 

earlier identified the stoechiometric periodic bond chains of tri-octahedral 2:1 sheet silicates as 

[110], [1-10] and [010] on a theoretical basis. Because of the stoechiometric condition, these are 

made up of elements from the octahedral and both tetrahedral layers. This presents two prob-

lems: (1) these periodic bond chain orientations cannot account for the distinct etch-pit orienta-

tions at the front and back of a phlogopite sheet (Figure 1f); (2) these orientations are not con-

sistent with the monoclinic symmetry of the phlogopite lattice (2/m). It is therefore hereafter as-

sumed that the phlogopite TOT-unit contains two sets of periodic bond chains: [100], [-110] and 

[-1-10] and [-100], [110] and [1-10] (Figure 2). Each set is symmetric about the mirror plane 

perpendicular to the b-axis and one is converted into the other by the twofold axis parallel to b. 

These orientations correspond to those of the O-Mg-O-chains in the upper and lower half of the 

octahedral layer (Jonckheere et al., 2005). This conclusion supports that of Grim and Güven 

(1978) that it is more realistic to subdivide the 2:1 sheet silicate lattice into tetrahedral and octa-

hedral units for periodic bond chain analysis. The fact remains that [100] and [-100] are com-

posite chains consisting of [-110] and [-1-10] and [110] and [1-10] links (Figure 2). The theo-

retical question whether or not this disqualifies them as periodic bond chains or potential orien-

tations of the edges of closed concave etch pits is not addressed in this work.  

2.2. Curved shape 
It is clear from Figure 1 that the triangular shape is an approximation and that the edges of 

the etch pits are arched. Gögen (1999) observed a correlation between etch-pit curvature and the 

rate of etch-pit growth in a set of biotite samples etched in identical conditions. The edge curva-

ture also varies within a sample; the edges of large or shallow recoil-track etch pits are more 

arched than those of small (Figure 1b-c) or deep ones (Figure 1d). Rounding not only affects the 

etch-pit contour but also the internal face(s). Some recoil-track etch pits are saucer shaped with 

a rounded bottom and no other discernable internal structure (Figures 1b-d); this is also the case 

at short dislocations (Figure 1b) while long dislocations possess clear internal structure consist-

ing of distinct curved faces intersecting along straight edges (Figure 1d). The rounding of edges 

and face(s) of recoil-track etch pits is considered a significant feature and an important criterion 

for evaluating the present simulations. The phenomenon is known from etching experiments but 

it is not the automatic outcome of theories aimed at predicting the dissolution shapes of crystals.  
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Figure 2. View perpendicular to (001) of the octahedral layer of the phlogopite lattice, m: mirror plane and (2) two-

fold axis of the complete structure; thick lines: periodic bond chains at front (solid) and back (dashed).   

Kinetic calculations are based on the radial shift velocities vr of different faces; vr is a vec-

tor normal to a face equal in magnitude to its rate of displacement parallel to itself. A dissolu-

tion plot (Jaccodine, 1962), i.e. a polar plot of vr, or a reluctance plot (Frank, 1958; Frank and 

Ives, 1960; Irving, 1960; 1962), i.e. a polar plot of 1/vr, is the basis of kinetic calculations. Ki-

netic calculations can produce curved faces depending on the variation of the radial shift veloci-

ties around the maxima in the reluctance plot or minima in the dissolution plot. These plots are, 

however, the result of experimental measurements of the radial shift velocities. Thus, although 

kinetic calculations can produce curved faces, they do not actually explain them.     

The atomistic theory of growth and dissolution (Hartmann and Perdok, 1955a; b; c; Hart-

mann, 1958; Grimbergen et al., 1998) does not explain curvature. According to this approach, 

growth and dissolution are governed by straight unbroken chains of strong bonds (periodic bond 

chains). Three sorts of faces are distinguished: (1) F (flat), parallel to two or more periodic bond 

chains; (2) S (stepped), parallel to just one, and (3) K (kinked), parallel to none. F-faces are the 

slowest etching because it requires the formation of a nucleus and subsequent retreat of the sur-

rounding steps from the nucleation site. A concave etch pit is thus bounded by F-faces (Jonck-

heere and Van den haute, 1996), which are, per definition, flat. If, as in the case of mica, all the 

periodic bond chains lie in one plane (the (001) plane of phlogopite) then an etch pit extending 

from (001) into the interior cannot be bounded by F-faces but must be bounded, instead, by S 

(or K) faces, that need not be flat. The rounded bottoms of recoil-track etch pits are consistent 

with the atomistic model but not so the arched etch-pit contours at their intersection with (001). 

The atomistic approach explains neither the curved faces nor edges of fission-track, recoil-track 

or dislocation etch pits. 
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The molecular kinetics approach (Lacmann et al., 1974a; b) is a hybrid of the kinetic and 

atomistic approaches insofar as the shift velocities of crystal faces are calculated from those of 

the faces of an equilibrium form (E-form), related to the periodic bond chains of Hartmann and 

Perdok (1955a; b; c), but in fact based on earlier thermodynamic considerations of Kossel 

(1927), Stranski (1928) and Burton et al. (1951). The molecular kinetics approach does address 

the aspect of curvature but it is important to note that wherever curvature exists, it is residual 

curvature inherited from the original shape of the dissolving crystal. Much of the work of 

Lacmann et al. (1974a; b) is indeed concerned with the dissolution forms of single crystal 

spheres. In all these cases, the radius of curvature remains constant or decreases. The molecular 

kinetics method thus does not explain the increase or creation of curvature observed at recoil-

track etch pits and dislocations. The matter is more clear-cut: curved faces have a more or less 

transient existence in two specific cases: (1) dissolution of single crystal spheres and (2) growth 

on the surface of hemispherical hollows. In the complementary cases of (3) growth of single 

crystal spheres or (4) dissolution of the surface of hemispherical cavities, the growth (G-form) 

and dissolution forms (D-form) are made up of flat faces (Figure 4 in Lacmann et al., 1974a; b ; 

Franke et al., 1975; Heimann et al., 1975; Siesmayer et al., 1975).  

2.3. Track size 
The recoil-track etch pits visible under an optical microscope are an order of magnitude 

larger than the latent tracks (Jonckheere and Gögen, 2001; Stübner and Jonckheere, 2006). It is 

therefore reasonable to assume that their size does not reflect the extent of lattice damage but is 

a consequence of etching. "Size" here and in the following refers to the etch-pit dimensions par-

allel to (001), measured from corner to corner. Recoil-track etch pits are always smaller than 

those at dislocations, fission tracks and ion tracks. The latter have a uniform size in a given 

sample except for occasional smaller etch pits at short dislocations and shallow tracks (Figure 

1). Recoil-track etch pits, in contrast, exhibit a range of sizes from almost zero to a maximum; 

the track-size distribution is unimodal and negatively skewed (Figure 3a). 

Dislocation etch pits grow at a constant rate with etching time (te). The intercept of a re-

gression line to the dislocation data in Figure 3b is indistinguishable from 0; a regression line 

through the origin also fits quite well (correlation coefficient r = 0.96). This confirms that the 

size of the unetched defectis negligible and that there is no appreciable lag time before the onset 

of etch-pit growth. In contrast, the increase of the mean recoil-track etch-pit size with te is sub-

linear. The data in Figure 3b fit a two-parameter exponential function (s = a [1 - e-bte]; r = 0.98) 

although there are no theoretical grounds for this equation. In addition, recoil track etch pits do 

not grow at the same rate; this is illustrated in Figure 4: track 2 starts out much smaller than 

track 1 but has attained about twice its size at the end of the sequence. 
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Figure 3. Dimensions of recoil-track and dislocation etch pits; (a) size distribution of recoil-track etch pits; etching 

conditions: 420 s in 48% HF at 23°C; N = number of measurements; m = mean (μm); s = standard deviation (μm); (b) 

graph of the mean size S (μm) of recoil-track (RT) and dislocation (DL) etch pits as a function of etching time te (s); 

etching conditions: 48% HF at 23°C; S is measured from corner to corner. 

The recoil-track etching model of Gögen and Wagner (2000) is derived from earlier models 

of fission-track etching and based on three velocities: vt (track) and vv (vertical), both perpendicu-

lar to (001), and vh (horizontal) parallel to (001). The latent recoil track provides an uninterrupted 

chain of preferential nucleation sites extending into the crystal; vt is thus perpendicular to (001) 

and effectively infinite compared to vv and vh. Horizontal step retreat around the nucleation site 

in the uppermost (001) plane at a rate vs uncovers the underlying plane and allows step retreat to 

set in there, and so on. The slopes of the etch-pit walls are thus determined by the unit cell di-

mensions in a nearest-neighbour model. Preferential nucleation ceases when the etchant reaches 

the lower end of the latent recoil track and vt reverts to vv. This creates a flat-bottomed etch pit; 

it is permanent because the same vv acts at the etch-pit bottom as at the surface; its depth re-

mains constant but its horizontal size increases indefinitely at the rate vh. 

Because vv × te is large compared to the size of latent recoil tracks, new tracks are exposed 

at the surface and the number of recoil-track etch pits increases as a linear function of te, much 

like fission tracks in glass (Green and Durrani, 1978; Somogyi, 1980) except that the critical 

angle θc= 0. This model predicts a linear increase of the number of recoil-track etch pits (section 

2.4) up to a limit where the individual tracks become indistinguishable due to overlap (Gögen, 

1999; Gögen and Wagner, 2000). The model implies that the track-size distribution is homoge-

neous between 0 and ~ vh × te (tracks added due to bulk etching at the rate vv) with a superim-

posed peak at vh × te (tracks intersecting the original surface), again much like the diameter dis-

tribution of fission tracks in glass for θc= 0 (Van den haute, 1985). This kinetic model does not 

address the basic shapes and orientations or the curvature of etch pits. The fact that it fails to ac-
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count for the different sizes of recoil-track etch pits and of those at dislocations, fission and ion 

tracks in the phlogopite (001)-plane nevertheless constitutes a weak point.  

 

Figure 4. High-magnification incident-light differential-interference-contrast photomicrograph sequence of recoil-

track etch pits in phlogopite etched for 60 to 240 s (48% HF at 23°C), illustrating the different growth rate of the indi-

vidual tracks and its decrease with increasing etching time; the addition of tracks due to bulk etching, the change of 

the etch-pit shape and the roughening of the surface are also apparent. 

2.4. Number 
The earliest investigations brought to light that the number of recoil-track etch pits per unit 

area (ρRT) increases with etching time te. Huang and Walker (1967) and Huang et al. (1967) ob-

served a sharp increase of ρRT in muscovite mica during the first 2h of etching followed by a 

plateau between te = 2 and 20h (48% HF). They associated the initial increase of ρRT with a 

spectrum of nucleation times for different tracks. Hashemi-Nezhad and Durrani (1981) reported 
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an initial increase of ρRT in biotite etched in 36% HF for 3 min followed by a levelling-off or 

decrease between te = 3 and 6 min. The authors ascribed the first phase to bulk etching (section 

2.3) and the second to loss of contrast in the electron microscope images as the track size in-

creased. Gögen and Wagner (2000) found a linear increase of ρRT with te for phlogopite up to te 

= 20 min and then a levelling-off due to track overlap (40% HF). These investigators counted 

the tracks with a phase contrast microscope, as had Huang and Walker (1967) and Huang et al. 

(1967). The earlier observations should not be considered as superseded by the more recent in 

view of the great difference in the bulk etch rates vv of muscovite on the one hand and 

phlogopite and biotite on the other.  

 
Figure 5. The number (N) of recoil-track etch pits per unit area as a function of etching time te (s); the linear and a 

two-segment quadratic least-squares fits illustrate the problems of estimating the intercept and slope of the function in 

the absence of an a priori model of the dependence of N on te; etching conditions: 48% HF at 23°C.  

Glasmacher et al. (2003) confirmed the trend and interpretation of Gögen and Wagner 

(2000) based on tracks counts in dark micas etched for 5 to 107 min in 4% HF with the aid of a 

differential interference contrast microscope and a scanning force microscope. Stübner et al. 

(2006) discuss the results of step-etch experiments on phlogopites from the ~12 ka Laacher See 

tuff in the German Eifel region. The tracks were etched for 1 to 6 min. in 48% HF; after etching, 

the samples were carbon coated to create a reflecting surface and the etch pits counted with an 

optical microscope equipped with incident-light differential interference contrast. The graph of 

ρRT versus te suggests small deviations from the linear trend (Figure 5). The investigators point 

out that the model of Gögen and Wagner (2000) that predicts a linear trend is itself in question 

insofar as it fails to explain the shapes and sizes of the recoil-track etch pits. In particular, the 

assumption that vv is constant is difficult to reconcile with the increased surface roughness with 

increasing te (Figure 4). Without the assumption of a constant vv, it cannot be assumed that ρRT 

~ te. 
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3. Simulation 
There is renewed interest in the science of crystal dissolution for its environmental and 

technological significance (Lasaga and Lüttge, 2003). More and more studies make use of com-

puter simulations based on kinetic or atomistic principles. Kinetic Monte Carlo or Molecular 

Dynamics calculations, parameterised using thermodynamic or ab initio principles have been 

successful at quantitative simulation of measured dissolution rates (McCoy and LaFemina, 

1997; Lüttge 2005) and incorporating the effects of pH, temperature, saturation, ionic strength, 

inhibition, etc. (Lasaga and Lüttge 2004). Most programs are tailored to specific applications 

but some are more general (Cuppen et al., 2000; 2002; 2006; Hines, 2001; van Veenendaal et 

al., 2002, Lasaga and Lüttge, 2003). Our aim is to simulate the evolution of nuclear track etch 

pits in minerals. The aspects relevant to nuclear track applications are different from the priori-

ties of mineral dissolution studies. We therefore adopt a non-specific (Kossel) crystal, solvent 

(etchant) and defect (nuclear track). The Kossel lattice has 3 orthogonal bond chains of equal 

strength φ along [100], [010] and [001] (Figure 6); only interactions between nearest neighbours 

are considered. Probabilities are assigned to the removal of a unit depending on the number i of 

occupied nearest-neighbour positions (Cuppen et al., 2000): 

  pi = kT/h e-i(φ/½kT)       (1) 

Equation (1) implies that the ratio p3 (kink elimination; pk):p4 (step nucleation; ps):p5 (sur-

face nucleation; pn) increases with increasing φ; angular features would thus be expected to per-

sist for longer in a high-φ mineral. Re-attachment of building units is not allowed; the bond 

strength is set so that: φ/kT = 2 at ambient temperature (Cuppen et al., 2000); in order to inves-

tigate the effects of φ-variation due to chemical substitutions, e.g. Fe/Mg substitution in biotite 

(Gögen, 1999), simulations are also performed for φ/kT-values from 1.90 to 2.10. The simula-

tions do not use a physical unit of time so that the rate constant kT/h is immaterial. It is clear 

that the regular Kossel lattice is not suited for reproducing the triangular etch pits in the (001) 

plane of monoclinic phlogopite. It is however more convenient for simulations. The fact that the 

etch pits in (001) are bounded by identical steps is also in agreement with the assumption that 

the periodic bond chains of phlogopite consist of identical chains of O-Mg-O bonds in (001) 

(section 2.1; Figure 2). The "solid on solid" condition is imposed that prevents overhanging or 

undercutting structures; this implies that each building block is connected to its underlying 

nearest neighbour along the [001] direction. 

A matrix Sij represents the surface; i and j (1 ≤ i,j ≤ 2500) are the co-ordinates of a surface 

element in a- and b-axis units; Sij is the distance from the unetched surface at (i,j) in c-axis units. 

At the start of the simulation, Sij = 0 at all (i,j) ≠ (1,1); Sij increases by 1 when a surface element 
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is removed. The track is represented by S11 > 0, so that one quadrant of an etch pit, containing 

one corner and half the adjoining sides, is modelled. Periodic boundary conditions are imposed 

to prevent edge effects. Separate simulations were performed for S11 = 0, 50, 75 and 100. In 

view of the c-axis unit (10.2 Å; Hazen and Burnham, 1973) and the recoil-track size distribution 

in phlogopite, which has maxima at ~30 and ~100 nm (Stübner and Jonckheere, 2006), S11 = 

100 corresponds to the maximum extent of a recoil track below (001); S11 = 50 and 75 represent 

smaller tracks or tracks truncated by the unetched surface and S11 = 0 the absence of a track. 

Etching is simulated using a basic Monte Carlo process. During a first sweep, the 

neighbourhood of each surface element is examined and the appropriate elimination probability 

assigned to that element. During a second sweep, the surface elements are removed according to 

their assigned probabilities. The two operations are separated to avoid cascades. This approach 

is perhaps less efficient in terms of processor time and memory usage than the more common n-

fold way algorithm (Bortz et al., 1975; Cuppen et al., 2000; 2002; 2006) but it has the advantage 

that several surface elements can be eliminated during each cycle and that there is no need for 

time-scaling: each cycle corresponds to an equal unit of real time. The code is written in Sun 

Microsystems Java™; MathWorks Matlab™ was used for evaluating and plotting the results.  

 

 

 

Figure 6. Model representation of the (001)-surface of a Kossel crystal showing building units with different nearest 

neighbour configurations and their associated removal probabilities (p1,... p5); also shown are the basic steps of sur-

face nucleation, step nucleation and kink removal with their probabilities (pn, ps, pk); i,j: matrix coordinates along the 

x and y-axis; Sij: depth below the initial surface. 
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In line with the Kossel model as the simplest representation of the crystal, the nuclear track 

is simulated by a chain of empty sites perpendicular to the surface. Nuclear tracks have proper-

ties such as orientation, intermittency, up to unknown damage density distributions. On the 

other hand, a recoil track results from up to eight successive nuclear recoils in random directions 

so that it is difficult to assign an orientation to such a track. Etched recoil tracks with diameters 

of several microns are moreover tens of times larger than the damaged regions (Jonckheere and 

Gögen, 2001; Stübner and Jonckheere, 2006). Thus insofar as the latent track provides a chain 

of preferential nucleation sites stretching down through a stack of lattice planes, whether exactly 

below each other or with a limited random offset, the actual damage distribution within the la-

tent track is immaterial to the shape of the etch pit. This is validated by the fact that etched re-

coil tracks never show signs of relict orientations (skewed etch pits) or of intermittent etching 

(stepped etch pits). 

This is not the case for extended linear nuclear tracks and defects such as fission tracks, ion 

tracks, line dislocations, etc. It is indeed a question of considerable interest inhowfar their 

etched-track geometries reflect the properties of the latent track and can be used to infer the na-

ture of the track-forming particle. Some of the tightest constraints on the occurrence of exotic 

particles (magnetic monopoles, cold dark matter, etc.) predicted by unified physical theories are 

derived from investigations of etch pits in ancient micas. Ongoing simulations must enable us to 

determine which latent-track properties are preserved through the successive etching stages 

identified in this work; we intend to report the results at a later stage. 

4. Discussion 
The basic variables for the simulations are the vertical extent or depth of the nuclear track 

or defect (d), the bond strength (φ) and etching time (te; number of iterations); the dependent 

variables are the bulk etch rate (vv), etch-pit shape, size, depth and aspect ratio; the effective 

rates of horizontal growth (vh) and depth increase (vd) are derived from their variation with te. 

The simulation results are shown in Figures 7, 8 and 9: colour-coded topographies (Figure 7), 

bulk etch rates (Figure 8a), etch-pit sizes (Figure 8b), horizontal etch rate (Figure 8c), etch-pit 

depths (Figure 8d), rate of depth increase (Figure 8e) and aspect ratio (Figure 8f) as functions of 

te and φ; etch-pit contours are shown for different d, φ and te in Figures 8g and 8h; the evolution 

of the etch-pit cross-section as a function of te is discussed on the basis of Figure 9. 

4.1. Bulk etch rate 
The bulk etch rate vv is low at first because the unetched surface is free of steps and kinks 

so that etching proceeds at a rate limited by surface nucleation (pn = p5; eq. 1). An initial rough-

ness is created that increases the rate at which material is removed up to a maximum corre-

sponding to a constant surface step density (Liang et al., 1996). The onset of this plateau after a 
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few 104 iterations is independent of φ within the investigated parameter range (Figure 8a). The 

constant limiting value of vv increases with decreasing φ. The time dependence of vv is similar 

to that reported by Lasaga and Lüttge (2003). Our observations on phlogopite agree with the 

simulation results insofar that the surface acquires a courser texture with increasing etching time 

(Figure 4), without, however, reaching a steady-state condition after 600 s etching (40% HF at 

23ºC). It is assumed that etching of clusters of point defects contributes to a continued roughen-

ing of the surface. 

4.2. Etch pit contour 
The footprint of the simulated track etch pits is square, curved-sided angular or circular 

(Figure 7). Their contours are sometimes indistinct due to a low signal (track depth) to noise 

(surface roughness) ratio; this is the case when the track is short or the bond strength is low. 

Rounding of the etch pits is reflected in their aspect ratio α, i.e. the ratio of their maximum to 

minimum horizontal dimension. For the simulated etch pits, α ranges from ~1.4 (square) to ~1.0 

(circular). In all cases, α decreases with increasing number of iterations (Figure 8f). This evolu-

tion towards a rounded shape is punctuated by two longer-lived transient states with a clear 

transition phase between them. The first, at α ≈ 1.33, persists longer at deeper defects and in 

high-φ crystals and corresponds to still quite straight-sided angular etch pits. It occurs during 

stage 2 in the evolution of the etch-pit profile (section 4.3), when the rounding of the etch-pit 

sides is not yet influenced by the curvature of the etch-pit bottom; α then decreases again at the 

onset of stage 3 (section 4.3) until a second longer-lived transient state is attained. In general, 

shallower defects (depth 50) attain more circular contours earlier than deep defects (depth 100; 

Figure 8h); the shape of the deepest etch pits at that point is co-determined by φ (Figure 8f); the 

positive correlation between α and φ is in line with the expectation that high-φ crystals can sus-

tain angular features for longer than low-φ minerals (Figure 8g). 

The curvature of the etch-pit sides in these simulations is neither the result of extraneous 

factors, such as etchant or etch-product diffusion, nor of specific assumptions about the energies 

associated with nearest-neighbour, even less with next-nearest-neighbour, etc., interactions. 

There is no tailoring of the model or parameter tuning to produce any systematic effect at all. It 

is therefore proposed that step curvature is instead the result of a statistical bias due to the lateral 

confinement of steps enclosing an etch pit (Figure 10). Step retreat proceeds by step nucleation 

at a rate ps, followed by kink removal on both sides of the nucleated site at a rate pk. The finite 

step length due to its confinement introduces bias because a lesser number of suitable kink sites 

is available near the ends of the step than at its centre. This entails that the effective rate of step re-

treat is lower towards its extremities than at its centre (Figure 10). This is enough to produce 

and augment the curvature of a step in the first etching stages, during which long stretches of 
 

30 



Revelation of nuclear tracks and dislocations 

Figure 7. Three series of simulated etch pits illustrating the variation of shape and evolution depending on the model 

parameters. Bond strength φ/kT = 2.05; initial track depth: (a) d = 50; (b) d = 75; (c) d = 100. The number of itera-

tions i increases down each column from 1 to 4 105. The etch-pit contours become more rounded with increasing i 

(prolonged etching); etch pits at deeper defects hold on longer to their angular shape; shallower defects lead to shal-

lower etch pits with less distinct contours and stronger curvature. 
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Figure 8. Simulation results: (a) surface (bulk) etching velocities (vv) against the number of iterations; (b) maximum 

etch-pit radii against iterations; the plot for φ/kT = 1.95 and d = 100 corresponds to Figure 9; the arrow marks the on-

set of stage three at ~1.4 105 iterations; (c) apparent maximum (lighter) and minimum (darker) horizontal growth rate 

(vh) against the number of iterations; the thick black lines are the running means (solid: maximum vh; dashed: mini-

mum vh); (d) etch-pit depth d against the number of iterations; the data start at the onset of stage two; the thick lines 

are running means; (e) apparent rate of increase (vd) of the etch-pit depth against the number of iterations; thin lines: 

running averages for φ/kT = 1.95 and 2.05 and d = 50, 75 and 100; thick black line: mean running average; the data 

start at the onset of stage two; (f) aspect ratio (α) against the number of iterations for φ/kT = 1.95, 2.00 and 2.05 and d 

= 100; the arrow indicates the onset of stage three for φ/kT = 1.95 (Figure 9); the dashed line at 2 105 iterations refers 

to Figure 8g. 
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Figure 8 (continued). (g) comparison of etch-pit contours for φ/kT = 1.95, 2.00 and 2.05 (d = 100; 2 105 iterations); 

note that weaker bonds give rise to more curved and less well-defined etch-pit contours than stronger ones; the corre-

sponding aspect ratios are indicated by the dashed line in Figure 8f; (h) etch-pit contours for φ/kT = 2.00 and d = 50 

(thin line), 75 (intermediate) and 100 (thick line) after 5, 10, 15 and 25 104 iterations; note that, at the same number of 

iterations, shallower defects cause smaller and more curved etch pits than deeper defects. 

the step front remain straight. The fact that the length of the step bordering an etch pit increases as 

etching proceeds tends to enhance this effect. In practice, it makes no difference if kink sites are 

created by step nucleation, as assumed in the simulation, or are produced as a result of thermal dis-

tortions of the lattice. The same stochastic mechanism also explains the increasing curvature of the 

etch-pit bottom (Figure 10). 

The preceding views step curvature as a result of drag at its extremities. It is also possible 

to look at it from a different perspective. Given a single step nucleation, the midsection of the 

step has the highest likelihood of being exposed after a given time, assuming that probabilities 

are balanced such that the next step nucleation event happens before the current step is fully 

cleared away. Because of this, it is more likely that the next step will be nucleated near the mid-

dle, in turn exposing the next lattice row, and so forth.  

4.3. Etch pit profile 
Three stages can be distinguished in the evolution of a nuclear-track etch pit (Figure 9). 

During the first stage, the etch pit is an inverted pyramid bounded by four flat walls meeting in a 

point along the track. The pyramid faces are stepped at the lattice scale; the inter-step spacing 

(n; tread) increases with increasing φ. In the simulations, n increases from ~4.5 to ~6 for the in-

vestigated range of φ-values (φ/kT = 1.90- 2.10). The apparent rate of etch-pit growth perpen-

dicular to the step direction (vh) is less than that of step retreat (vs) owing to the simultaneous 

lowering of the surface due to bulk etching (vv). Within the model vh = vs - n vv. Similarly, the 

apparent rate at which the depth of the etch pit increases (vd) is given by: vd = vs - 1/n vv. Thus 

vd is independent of the etch rate vt of the damaged lattice along the track (track etch rate). 
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When the tip of the etch pyramid arrives at the end of the track or defect, it is truncated by 

the slowest etching plane (Jonckheere and Van den haute, 1996), in this case (001). Thus, dur-

ing the second stage, the etch pit is bounded by both lateral walls and a distinct bottom plane. In 

first approximation, the etch pit acquires a pan shape with a constant depth (vd = 0) because its 

bottom plane has the same orientation and etch rate as the surface; the etch-pit size continues to 

grow at the same rate as before (vh). The etch-pit evolution up to this point is consistent with the 

 

Figure 9. Sequence of calculated etch-pit profiles (bond strength φ/kT = 1.95; initial depth d = 100; interval:1 104 it-

erations) illustrating stages 1, 2 and 3; the postulated fourth stage is outside the range of these calculations; z is depth 

and D is diameter in cell (matrix) units. Note the gradual elimination of the etch-pit walls and the arching of the bot-

tom plane during the second stage and the horizontal stretching (dashed line) of the etch-pit profile during the third, 

along with the decreasing lateral growth rate and intersection angle θ.   

etching model of Gögen and Wagner (2000). Huang et al. (1967) showed great foresight in criti-

cising this (implicit) model for failing to account for the different rates of enlargement of shallow 

recoil-track etch pits and fission-track etch pits. The model indeed implies etch-pit geometries that 

are independent of the nature of the defect. Besides a constant depth and a constant rate of diame-

ter increase, kinetic considerations also predict that the stepped etch-pit walls are translated paral-

lel to themselves, because the angle of their convex intersection with the surface is the same as 

that of their concave intersection with the etch-pit bottom (cosine rule; Jonckheere and Van den 

haute, 1996). 

The simulations agree with this model in just one respect: the quasi-constant rate of etch-pit 

enlargement (vh; Figures 8b and 8c). In contrast, the etch-pit depth decreases at a rate that is 

greatest at the onset of the second stage (vd < 0; Figure 8e). The pyramidal faces shrink while  
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Figure 10. Principle of stochastic curving of confined steps and faces. The bulk etch rate vv and step retreat rate vs are 

the net result of a range of possible sequences of surface nucleation (pn), step nucleation (ps) and kink removal (pk). Lat-

eral confinement of a step or face excludes part of the sequences and reduces vv and vs towards the edges and corners 

of an etch pit, which cause its outward and downward curvature. 

remaining macroscopically flat. The etch-pit profile does not remain self-similar as during the 

first stage but evolves from angular to rounded (Figure 9). The proposed interpretation attributes 

these phenomena to a single cause: the lateral confinement of the (001)-face at the bottom of the 

etch pit. The rounding of the etch-pit profile is a result of the fact that less effective nucleation 

sites are situated along the edges and in particular in the corners of the (001)-face at the bottom of 

the etch-pit (Figure 10). As before, this effect is augmented by the gradual retreat of the steps as 

etching proceeds. As a result, the etch rate of the (001)-face at the bottom of the etch pit is less 

than that of an unconfined (001)-surface (vv), leading to a decrease of the etch-pit depth. This ef-

fect is compounded by the increased etch rate of the surface due to its acquired roughness. The 

rate of depth decrease declines (vd  0) as the ratio of the circumference to the area of the (001)-

face at the etch-pit bottom is reduced and its roughness increases. The shrinkage of the pyramidal 

faces and vd < 0 is due to drag resulting from curvature of the bottom plane (Figures 9 and 11).  

The third stage starts with the elimination of the pyramidal faces; the etch pit thereafter 

consists of a single concave-up bottom face made up of concentric steps (Figure 9). Both vh and 

α decrease (Figures 8b, c and f), i.e. the etch pit becomes more rounded and its size increases at 

a slowing rate while its depth remains almost the same (vd  0; Figure 8e). This means that the 

etch-pit profile does not remain self-similar. Instead, the simulations suggest that the etch-pit 

cross-section scales in the horizontal direction (Figure 9); this implies that the inter-step spacing 

increases. Earlier considerations related to step curving provide a plausible mechanism for this 

increasing inter-step spacing. Step curve results from a local lowering of the step retreat rate vs 

at its extremities due to statistical bias (section 4.2). For a step of fixed length, the curved ex-

tremities act as boundaries confining the central linear segment of the step. It is thus expected 

that the curved outer sections extend inwards towards the centre, causing an overall reduction of 

35 



Revelation of nuclear tracks and dislocations 

vs; this mechanism suggests an inverse correlation between the drag effect and the length of the 

step. Thus the longer outer steps of a stage-three etch pit move faster than the shorter inner 

steps. This first-order hypothesis is testable because it predicts that longer steps move faster 

than shorter ones of equal curvature.  

 
Figure 11. Relationship between the apparent horizontal growth rate (vh) of an etch pit, the bulk etch rate (vv), the 

step retreat rate (vs) and the radial shift velocity (vθ = vs sin θ) of a face tangent to the etch-pit rim at an angle θ to the 

surface; (a) tan θ > vv/vs  vh > 0; (b) tan θ = vv/vs  vh = 0; (c) tan θ < vv/v0  vh < 0.          

The third stage with decreasing positive vh and increasing negative vd is not final because 

the signs of both vh and vd are reversed on unlimited linear extrapolation. There thus exists a 

fourth stage, characterized by a reversal and/or convergence of vh and/or vd to asymptotic val-

ues. The simulations do not reach this stage due to the limited grid size. This cannot be circum-

vented by simulating shorter tracks because they are drowned by noise. It is nevertheless legiti-

mate to attempt to constrain stage four by extrapolating the mechanisms operating during stage 

three. The simulations show that vd  0 during stage three, in line with the conclusion that vd = 

0, based on the first-order approximation that the bottom of the etch pit and the surrounding sur-

face are parallel (001) lattice planes with identical radial shift velocities. The matter is compli-

cated by second-order effects such as the relative expanse and relative roughness of the bottom 

of the etch pit compared to that of the surrounding surface and their effects on the etch rates of 

these surfaces.  

Assuming vd = 0, then the horizontal growth of the etch pit reduces the acute angle θ be-

tween its rim and the surface (Figure 9); the decrease of θ in turn reduces vh (Jonckheere and 

Van den haute, 1996; Figure 11). When θ = arctan(vv/vs) then vh = 0 and the etch pit has attained 

its maximum size. This is counteracted to a finite extent by an increase of vs due to increased 
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step length. Thus first-order effects result in an etch pit of constant horizontal size and depth. 

The sum of second-order effects could, however, cause the etch pit to shrink and vanish after a 

finite etching time. E.g., if the trend towards increased inter-step spacing persists, then it could 

cause both a backlash that leads to a reduction of the etch-pit depth (vd < 0) and reduce θ still 

further so that vh < 0. The matter is too close to call; new simulations could bring the answer but 

require extensions of the grid size and number of iterations that are outside the scope of the pre-

sent program.  

5. Conclusion 
Huang and Walker (1967) and Huang et al. (1967) identified numerous shallow etch pits in 

muscovite as sites of localised lattice damage produced by the recoil nuclei resulting from the 

alpha-disintegration of uranium and thorium impurities and proposed that these could constitute 

the basis of a recoil-track dating method, based on similar principles as the fission-track method. 

Right from the beginning, these same investigators commented that: "preliminary data … indi-

cate that the rate of enlargement of the shallow pits may be different from the rate of enlarge-

ment of fission-track pits. If this surprising result is confirmed it would indicate that the track 

etching phenomenon in mica is a more complicated process than was hitherto believed" (Huang 

et al., 1967). This unexpected problem has been addressed in the present work. 

5.1. Etch-pit evolution 
A simple atomistic Monte Carlo simulation suggests that there are up to four stages in the 

evolution of an etch pit in the (001)-surface of an idealised regular lattice. During the first stage, 

the etch pit is an inverted pyramid; its horizontal and vertical dimensions increase at a constant 

rate; the apparent horizontal (vh) and vertical growth rates (vd) are faster than during all subse-

quent stages but nevertheless lower than the step retreat rate vs on account of surface etching 

(vv). The pyramid apex is truncated in the second stage; it is thereafter bounded by an expanding 

bottom plane and shrinking lateral walls; vd drops to negative values causing a slow decrease of 

the etch-pit depth; the bottom plane acquires a concave-up curvature; the outward curvature of 

the walls, initiated during the first stage, increases. During the third stage the etch pit is made up 

of a single concave-up bottom plane; the rate of decrease of vh slows; consecutive etch-pit cross-

sections are scalable in the horizontal directions. The fourth stage is inferred but not docu-

mented by the simulations; in first approximation, it is characterized by vh = vd = 0 but the sum 

of second-order effects and random fluctuations could cause the etch pit to shrink in all direc-

tions and disappear.      

5.2. Essential premises     
It is not unimportant that this complex evolution emerges despite the simplest modelling as-

sumptions. The assumed Kossel lattice is a regular and isotropic representation of the periodic 
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arrangement of units added in growth and removed in dissolution or etching. Each etch step 

consists of one of just three possible events: surface nucleation, step nucleation or kink removal; 

the associated probabilities (pn, ps, pk) depend on the number of nearest neighbours. Long-range 

interactions, re-addition, surface diffusion and thermal deformation of the lattice are not consid-

ered. The sole cause for the succession of etching stages is the process of stochastic rounding of 

confined steps and faces. The etch-pit depth, diameter, and contour depend on defect size and 

the binding energy φ, which in turn determines the ratio of pn, ps and pk. No aspect of the etch-

pit shape or growth rate is influenced by the etch rate along the defect (track; vt) on condition 

that vt > vd. 

This loss of information is a particular feature of the proposed model. In contrast to Gögen 

and Wagner (2000), the track diameter is not directly related to the effective duration that the 

track has been etched. In contrast to Fleischer (2003) the etch pit retains no memory at all of the 

track formation process. Besides recoil tracks, the results should also be valid for fission tracks, 

ion tracks and dislocations, although these tracks are not often etched beyond stage 1 or 2 in 

practical applications, as a consequence of their greater length.  

5.3. Trioctahedral mica 
The triangular footprint of recoil-track, fission-track, ion-track and dislocation etch pits in 

trioctahedral mica and its compliance with the monoclinic symmetries (2/m) leads us to reaffirm 

that the relevant periodic bond chains (Hartman and Perdok, 1955a-c) are O-Mg/Fe-O chains in 

the upper and lower halves of the octahedral layer (Jonckheere et al., 2005). This calls into 

question whether it is right to impose the conditions that each periodic bond chain must consist 

of stoechiometric units that are not part of another chain (Grim and Güven, 1978; Bickmore et 

al., 2001). The upper and lower sets of periodic bond chains form mirrored equilateral triangles 

in an idealised lattice (Figure 2). The fact that the etch pits are not quite equilateral (Hashemi-

Nezhad, 1998) is ascribed to lattice distortion to accommodate the misfit between the tetrahedral 

and octahedral layers, perhaps amplified by the presence of unbound surface atoms (Putnis, 

1992; Dahl, 1996). The rounding of the triangular form is ascribed to the process of stochastic 

curving. 

The complex size distribution of recoil-track etch pits (Figure 3a) is attributed to : (1) the 

size distribution of the latent tracks (Jonckheere and Gögen, 2001; Stübner and Jonckheere, 

2006); (2) variable truncation of surface-intersecting tracks; (3) the variable rate of growth de-

pending on the etch-pit stage; (4) exposure of new tracks at the surface due to bulk etching. The 

greater size of dislocation, fission-track and ion-track etch pits and their more angular contour is 

due to their greater extent below the surface and the consequent longer duration of stage 1. The 

quasi-linear increase of the number of etched tracks per unit surface (ρRT) with etching time (te) 
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is due to bulk etching at a quasi-constant rate. It is not excluded that there is an upper limit to 

ρRT if the stage 4 is such that etch pits disappear, although this phenomenon may be obscured by 

etch-pit overlap.    

5.4. Recoil-track dating 
According to Gögen and Wagner (2000), the number of recoil tracks per unit volume (NRT), 

and from it, the recoil-track age (tRT) of a sample can be computed from the slope or intercept of 

a plot of ρRT against te:  

 ρRT (te) = NRT [Re + vv te] - ρ0 (vv, vh, Re)     (2) 

in which Re represents the dimension of the etchable section of a latent alpha-recoil track. 

The correction term ρ0 and its dependence on vv, vh and Re are the result of an assumed observa-

tion threshold described by a critical etched-track diameter. It has since been established that the 

size of recoil tracks, and thus Re, is not constant but possesses an age-dependent bimodal distri-

bution (Jonckheere and Gögen, 2001; Stübner and Jonckheere, 2006). It is clear from the pre-

sent simulations that vh is also not constant but decreases with increasing te; the onset of stage 2 

depends on the vertical extent of the truncated track below the surface, and thus in part on Re: vh 

= vh (te, Re). The intercept of ρRT (te) is therefore quite difficult to relate to the sample age; its 

slope, in contrast, depends on vv alone. However, our simulations and observations indicate that 

vv increases from a minimum at te = 0 to a maximum when a certain limiting surface roughness 

is attained. The increased surface roughness, together with the evolution of etch-pit shape with 

continued etching can also cause loss of tracks due to observation effects related to loss of con-

trast rather than size. 

Stübner et al. (2006) suggested an alternative recoil-track age determination based on the 

ratio r of small-sized tracks (≤50 μm) to that of larger-sized tracks (>50 μm) and the Th/U-ratio. 

The present results confirm that the size distribution of etched recoil tracks reflects the size dis-

tribution of the latent tracks but with distortions: (1) tracks added to the population due to bulk 

etching are etched for an unknown length of time; (2) truncated tracks etch to a lesser size than 

identical full tracks; (3) it is not clear if tracks etch to a maximum size or shrink again thereafter 

(fourth stage); the latter implies that the same size could occur twice in the evolution of a track 

etch pit. The deconvolution of the etch-pit size distribution is thus problematic. 
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Chapter 4 

The North American–Caribbean plate boundary in 
Mexico–Guatemala–Honduras 

(submitted for publication in Tectonics, 2008) 

Abstract 
The boundary between the Caribbean and North American plates records extensive offsets 

and deformation related to relative motion among the North American, South American, and 

Caribbean plates. We use new structural, geochronologic, and petrologic data to investigate 

which crustal sections of the Motagua suture zone in Guatemala and Honduras accommodated 

the large-scale sinistral offset along the northern Caribbean plate boundary. We also develop the 

chronologic and kinematic framework for these interactions, and test for Paleozoic to Recent 

geologic correlations among the Maya block, the Chortís block, and the terranes of southern 

Mexico and the northern Caribbean. Our principal findings relate to how the Motagua suture 

zone partitions deformation: whereas the southern Maya block and the southern Chortís block 

record the Late Cretaceous- early Tertiary collision and eastward sinistral translation of the 

Greater Antilles arc, the northern Chortís block preserves evidence for northward stepping of 

the plate boundary with the translation of this block to its present position since the Late Eo-

cene. During the Late Miocene the translation boundary again stepped northward, once again af-

fecting the Maya block and imprinting and reactivating the Tonala (southeastern Mexico) and 

Polochic (Guatemala) shear and fault zones. Collision and translation are recorded in the ophi-

olite and subduction-accretion complex (North El Tambor Group), the continental margin 

(Chuacús complex) and the Laramide foreland fold–thrust belt of the Maya block as well as the 

overriding Greater Antilles arc complex. The Las Ovejas complex of the northern Chortís block 

contains a significant part of the history of the eastward migration of the Chortís block; it consti-

tutes the southern part of the arc that facilitated the breakaway of the Chortís block from the Xo-

lapa complex of southern Mexico. While the Late Cretaceous collision is spectacularly sinistral 

transpressional, the Eocene–Recent translation of the Chortís block is by sinistral wrenching 

with transtensional and transpressional episodes.  

Our reconstruction of the Late Mesozoic–Cenozoic evolution of the Motagua suture zone 

identifies Proterozoic to Mesozoic connections among the southern Maya block, the Chortís 

block, and the terranes of southern Mexico: (i) in the Early Paleozoic, the Acatlán complex of 

the southern Mexican Mixteca terrane, the Chuacús complex of the southern Maya block, and 

likely also the Chortís block were part of the Alleghanian–Appalachian orogen along the south-

ern margin of North America; (ii) after the final amalgamation of Pangea, an arc developed 
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along its western margin, causing magmatism and regional amphibolite-facies metamorphism in 

southern Mexico, the Chuacús complex, and the Chortís block. The separation of North and 

South America also rifted the Chortís block from southern Mexico. Rifting ultimately resulted 

in the formation of the Late Jurassic–Early Cretaceous oceanic crust of the South El Tambor 

Group; rifting and spreading terminated before the Hauterivian. Remnants of part of the south-

western Mexican Guerrero complex, which also rifted from southern Mexico, remain in the 

Chortís block; these complexes share Jurassic metamorphism. In the late Early Cretaceous the 

South El Tambor Group ophiolite and subduction–accretion complex was emplaced onto the 

Chortís block and the Chortís block collided with southern Mexico. Related arc magmatism and 

high-T/low-P metamorphism (Taxco–Viejo–Xolapa arc) of the Mixteca terrane spans all of 

southern Mexico. The Chortis block shows continuous Early Cretaceous–Recent arc magmat-

ism. 
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1. Significance of the study 
We present new structural, geochronologic and petrologic data to document the Paleozoic–

Tertiary pressure–temperature–deformation–time (P-T-d-t) history of the southern part of the 

Maya and northern part of the Chortís blocks, and the Polochic, Motagua, and Jocotán-

Chamelecón fault zones along the northern Caribbean plate boundary in southern Mexico, cen-

tral Guatemala, and northwestern Honduras. The principal questions we address are: which 

crustal sections of the Motagua suture zone accommodated the large-scale sinistral offset along 

the plate boundary, what was the timing of offset and deformation, and in what kinematic 

framework did it occur? We also investigate Paleozoic to Tertiary geologic correlations between 

the Maya block, the Chortís block, the tectonostratigraphic complexes (“terranes”) of southern 

Mexico, and the arc/subduction complexes of the northern Caribbean. 

2. The northern Caribbean plate boundary 
The Caribbean plate represents a lithospheric unit between the North and South American 

plates. Its western and eastern margins consist of subduction zones with volcanic arcs (Central 

America Isthmus, Lesser Antilles), whereas the northern and southern margins correspond to 

transpression, subsidiary strike-slip, or transtension zones (Polochic–Motagua, Cayman, Greater 

Antilles, North Andean and South Caribbean; e.g., Pindell et al., 2006). The Motagua suture 

zone (MSZ) of southeastern Mexico, Guatemala, and Honduras extends from the Pacific Ocean 

to the Caribbean Sea for ~400 km E–W and ~80 km N–S (e.g., Beccaluva et al., 1995). It 

represents the northwestern Caribbean plate boundary and links the Cayman trough pull-apart 

basin in the east with the subduction zone of the Pacific plate in the west (Fig. 1A). The expo-

sure of the MSZ within continental crust of southern North America and northern Central Amer-

ica facilitates multi-method studies of its late-stage, intra-continental evolution. 

The MSZ represents a broad Mesozoic–Tertiary transpressional system, dominated by the 

Polochic and the Motagua fault systems (Fig. 1B and 1C). Donnelly et al. (1990) defined the su-

ture between the North American and Caribbean plates as the Motagua fault sensu stricto, sepa-

rating the Maya block from the Chortís block. These blocks showcase a geologic history that 

encompasses Middle Proterozoic to Quaternary and have long been recognized as important 

elements in understanding the interaction of Laurentia, Gondwana, and the (Proto-)Pacific do-

mains (e.g., Keppie, 2004; Dickinson and Lawton, 2001). Most tectonic models suggest that 

collision of the Maya and Chortís blocks occurred along S- or N-dipping subduction zones dur-

ing the Cretaceous, and caused emplacement of Jurassic–Cretaceous proto-Caribbean oceanic 

crust onto the blocks; thrusting of metamorphic and sedimentary strata was bivergent N and S of 

the MSZ (e.g., Meschede and Frisch, 1998; Beccaluva et al., 1995 and literature therein). Since 

Late Cretaceous–early Tertiary, the MSZ developed into a sinistral wrench zone due to the dif- 
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The North American−Caribbean plate boundary 

ferent velocities of the North American and Caribbean plates (e.g., DeMets, 2001). In southern 

Mexico, Guatemala, and Honduras this still active fault system has dismembered the collisional 

blocks as well as the allochthonous remnants of the former oceanic crust; the latter comprises sha-

ly mélange, containing blocks of serpentinized ophiolite fragments, and metamorphic rocks such 

as amphibolite, eclogite, albitite, and jadeitite (e.g., Tsujimori et al., 2005). Inferred displacement 

accommodated along the MSZ is controversial, but magnetic anomalies within the Cayman trough 

suggest a maximum of ~1100 km; spreading rates in the trough were ~3 cm/a from 44–30 Ma and 

~1.5 cm/a thereafter (Rosencrantz et al., 1988). Active faulting and volcanism related to eastward 

subduction of the Pacific plate overprinted the ophiolite emplacement and intra-continental trans-

lation features within the crust of Mexico, Guatemala, and Honduras (e.g., Guzmán-Speziale, 

2001). 

3. Methods 
U/Pb, Ar/Ar, Rb/Sr, and fission-track geochronology provided absolute age information on the 

geologic history. Table 1 (all Tables are given in Appendix A) gives locations and descriptions of 

analyzed samples. We conducted isotope-dilution analyses (ID-TIMS) of zircon fractions at UW 

Seattle; analytic and data processing details are similar to Herrmann et al. (1994). At Stanford and 

St. Petersburg, we used ion microprobe dating to investigate samples with multifaceted zircon in-

ternal structures; the Stanford SHRIMP-RG and St. Petersburg SHRIMP II methodologies are 

those of DeGraaff-Surpless et al. (2002) and Williams (1998), respectively. 

 

Figure 1. (A) Plate tectonic framework of northern Central America and crustal complexes (“terranes”) of southern 

Mexico. Numbers in the Cayman trough give age of transitional to oceanic lithosphere (from Rosencrantz et al., 

1988). (B) SRTM digital elevation model of the Motagua suture zone in southern Mexico, Guatemala, and Honduras, 

highlighting neotectonic structures such as the Polochic, Motagua, and Tonala strike-slip faults and NNE-trending 

grabens (e.g., Sula). (C) Basement geology of southern Mexico and northern Central America and available reliable 

geochronologic data surrounding the Motagua suture zone. References for Belize, Guatemala, and Honduras: 1: Orte-

ga-Gutiérrez et al. (2004); 2: Harlow et al. (2004); 3: Horne et al. (1976a); 4: Manton (1996); 5: Venable (1994); 6: 

Steiner and Walker (1996); 7: recalculated from Gomberg et al. (1968); 8: Sutter referenced in Donnelly et al. (1990); 

9: Bertrand et al. (1978); 10: Manton and Manton (1984); 11: Drobe and Oliver (1998); 12: Donnelly et al. (1990); 

13: Emmet (1983); 14: Italian Hydrothermal (1987; reported in Rogers, 2003); 15: Horne et al. (1976b); 16: Horne et 

al. (1974); 17: MMAJ (1980; reported in Rogers, 2003); 18: Manton and Manton (1999); 19: Weiland et al. (1992); 

20: Bargar (1991); 21 (Ortega-Obregón et al. (2008); 22, Solari et al. (2008); 23, Martens et al. (2008). References for 

Mexico: A: Ortega-Gutiérrez et al. (1999); B: Talavera-Mendoza et al. (2005); C: Sánchez-Zavala et al. (2004); D: 

Yañez et al. (1991); E: Weber et al. (2006a); F: Ducea et al. (2004a); G: Elías-Herrera and Ortega-Gutiérrez (2002); 

H: Solari et al. (2001); I: Vega-Granillo et al. (2007); J: Keppie et al. (2004); K, Morán-Zenteno (1992); L, Solari et 

al. (2007); M, Herrmann et al. (1994); N, Elías-Herrera et al. (2005); O, Tolson (2005); P, Robinson et al. (1989); Q, 

Wawrzyniec et al. (2005); R, Weber et al. (2005); S, Alaniz-Alvarez et al. (1996); T, Solari et al. (2004); U, Schaaf et 

al. (2002); V, Weber et al. (2008). Ages without a label are our own data from southern Mexico. 
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U/Pb data presentation on Concordia, weighted mean and relative probability diagrams employed 

Isoplot 3.0 (Ludwig, 2003). We used cathodoluminescence (CL) to image the internal structure of 

the zircons prior to analysis. Ar/Ar analytical procedures are similar to Hacker et al. (1996), 

Grimmer et al. (2003), and Cerca et al. (2007). Argon was released by furnace step-heating or sin-

gle-grain laser fusion. Ar/Ar isotope-correlation diagrams are presented only for those samples 

that appear to contain excess 40Ar, as indicated by systematically discordant (e.g., saddle-shaped) 

age spectra and/or non-atmospheric 40Ar/36Ar intercepts. Rb/Sr mineral ages were measured by 

isotope dilution at Freiberg and GFZ Potsdam using whole rock and one to several mineral frac-

tions. The methodological and technical aspects of apatite fission-track (AFT) thermochronology, 

including the calculation and comparison of ages obtained by the independent φ, and the standard-

based Z and ζ methods, follow Grimmer et al. (2002); we use φ ages. Titanite fission-track (TFT) 

analytical techniques are those of Ratschbacher et al. (2006). 

Structural field measurements comprise foliation, lineation, kinematic criteria, tension 

gashes, folds, faults, and their relative age relationships. Shear sense was deduced on the meso- 

and micro-scale using indicators like σ and δ clasts, s–c fabrics, asymmetric boudinage, and the 

interpretation of lattice preferred orientation (LPO) of quartz measured by U-stage or electron 

back-scatter diffraction (EBSD). Microstructures reflecting type of polygonization and recrys-

tallization in quartz and feldspars yielded additional information about deformation tempera-

tures. On outcrop scale, ductile deformation features were measured to estimate structural geo-

metries and principle strain axes (X≥Y≥Z). We used faults and associated striae to analyze brit-

tle deformation. ‘Paleostress’ methods, employing fault and striae orientations, slip-sense of the 

hanging wall, and confidence level for the slip-sense determination, enabled the calculation of 

the orientation of the stress axes (σ1≥σ2≥σ3) and the stress ratio R [R=(σ2-σ3)/(σ1-σ3)]. The con-

fidence level is expressed in the data plots by distinct slip-sense arrows and allows the judgment 

of the quality of our database. The basic requirements for paleostress analysis are data sets that 

originate from a homogeneous stress field. Thus, data from multiply deformed rocks were sepa-

rated into subsets, each the result of one homogeneous stress field. Separation of data was 

guided by field evidence (polyphase slip along faults) and supplemented by graphical (incompa-

tibility of data as seen from stereoplots) and mathematical analyses (large angle between meas-

ured striae and theoretical orientation of maximum shear stress on the fault). Curved fibers be-

hind fault steps and crosscutting relationships provided relative movement chronologies. Paleos-

tress was calculated using the program package of Sperner et al. (1993) and Sperner and Rat-

schbacher (1994), and principal stress axes are displayed together with the fault-striae data in 

lower hemisphere, equal area stereoplots. 
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To record petrography as well as PT conditions of rocks, we examined polished thin sec-

tions by polarization microscopy and microprobe analyses. Mineral analyses were performed 

using a JEOL JXA-8900R electron microprobe equipped with five spectrometers at Freiberg. 

Major and minor elements were determined at 15 kV acceleration voltage and a beam current of 

20 nA with counting times of 20 s for Si, Al, Mg, Ca, Sr, Ba and K, and 30 s for Fe, Ni, Na, Cr, 

Mn and Ti. The standard sets of the Smithonian Institute (Jarosewich et al., 1980) and of 

MACTM were used for reference. Mineral abbreviations follow Kretz (1983) and Spear (1995). 

The microprobe dataset is compiled in Bachmann (2003) and available from the authors. 

4. Basement and cover of the Maya and the Chortís blocks 
Figure 2 presents lithostratigraphic columns of the southern Maya block, the MSZ, and the 

north-central Chortís block, based on the compilations given in Donnelly et al. (1990) and Rog-

ers (2003). We modified the columns according to our new data and the recent literature (dis-

cussed below) and, where available, added stratigraphic range (converted into Ma), thickness, 

reliable radiometric ages, PT estimates, and first-order depositional environment interpretations. 

In addition, we show columns of units that we will use in the discussion for correlation and re-

finement of tectonic models, and present relative probability diagrams displaying our own and 

published geochronology of these units. 

4.1. Cover sequences 
In general, the Maya block (Fig. 2B) records shelf evolutions during Late Paleozoic and 

Cretaceous; these were followed by terrestrial–shallow marine rift (Late Jurassic) and subma-

rine-fan (Late Cretaceous) developments. Along the MSZ, likely mostly Early Cretaceous ophi-

olites are imbricated with probably Upper Jurassic to Upper Cretaceous submarine-fan and 

ocean-basin deposits (North El Tambor Group and El Pilar Formation, Fig. 2A) and Maya-block 

basement (Chuacús complex); they are unconformably overlain by molasse (Subinal Forma-

tion). In the Sierra de Santa Cruz (Fig. 1C), massive ophiolitic rocks with rare basalts of island-

arc affinity are imbricated with Maastrichtian to Eocene (~80-50 Ma) carbonate–arenaceous 

pre-flysch and flysch (Sepur Formation; Wilson, 1974; Beccaluva et al., 1995). Aptian and Ce-

nomanian (~120–95 Ma) sedimentary rocks of the Petén basin of northern Guatemala (Maya 

block) record a pelagic facies, reflecting maximum transgression and an open marine connec-

tion to the Gulf of Mexico to the north, and the Proto-Caribbean seaway to the south (Fourcade 

et al., 1999). During the latest Maastrichtian and Danian (~70–60 Ma), the southern Petén basin 

(Fig. 1B) was a deep siliciclastic sink, the Sepur foredeep basin. The depocenter of this basin 

shifted from south during the late Campanian to north during the latest Maastrichtian and early 

Danian; this led to the demise of the pre-existing carbonate platform over more than 100 km 

from south to north.  

49 



The North American−Caribbean plate boundary 

 

 
 

 

Figure 2. (Litho)stratigraphic and pressure–temperature–time–deformation evolution and depositional environment 

interpretation of the Maya block, the Motagua suture zone, and the northern Chortís block and correlative units in 

southern Mexico and the southern Chortís block (see text for discussion of correlations). Ages in italics are detrital 

zircon ages from Talavera-Mendoza et al. (2005) and located in the stratigraphic sequence by an arrow; other ages 

from magmatic rocks and are those reported in the captions of Fig. 1C and the text. Pressure–time conditions from 

this paper and literature are reviewed in the text. 
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Figure 2. (continued) 

 

The ophiolites south of the Motagua fault (South El Tambor Group, Fig. 2K) are limited to 

the north by the Cabañas fault (southern strand of the Motagua fault zone) and are overlain by 

Subinal molasse and in the south by the Tertiary–Recent magmatic arc; they are cut by felsic in-

trusives. Together with Late Jurassic–Cretaceous ‘mélange’, they cover basement of the Las 

Ovejas complex and the San Diego Group of the Chortís block. Rare basaltic sections of these 

‘southern’ ophiolites show mid-ocean ridge basalt (MORB) affinity (Beccaluva et al., 1995). In 
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the north-central Chortís block (Fig. 2J), the clastic, partly turbiditic, rift-related Agua Fria 

Formation was deformed during Late Jurassic (Viland et al., 1996). It is overlain by the shallow-

marine, shelf-type Yojoa Group that contains arc and intra-arc rift deposits (Roger et al., 2007a). 

Possibly two molasse sequences are present: the mainly red beds of the Albian–Cenomanian 

Valle de Angeles Group and the ?Eocene Subinal Formation. Thus, molasse-type deposits occur 

on the Chortís during late Early to Late Cretaceous times (Valle de Angeles Group), whereas 

marine platform carbonates developed on the Maya block (Coban and Campur Groups). Top-to-

N thrust imbrication affected the Jurassic–Cretaceous sequence during Late Cretaceous (Don-

nelly et al., 1990; Colon fold belt of Rogers et al., 2007b). 

4.2. Basement complexes 
Clear definition and subdivision of the rock units that comprise the MSZ (Fig. 1C) remain 

elusive principally because Cenozoic faults delineate parts of these units. This section describes 

the major units of the MSZ from north (Maya block) to south (Chortís block). 

Chuacús complex (Maya block)  
In Guatemala, Ortega-Gutiérrez et al. (2004) described the Chuacús complex as schists and 

gneisses outcropping between the Motagua fault and the Baja Verapaz shear zone of the Sa-

lamá–Rabinal area (Fig. 1C). Chuacús schists and gneisses contain quartz + albite + white mica 

+ epidote/zoisite ± garnet ± biotite ± amphibole (barroisite/taramite/pargasite) ± omphacite ± al-

lanite ± chlorite ± calcite ± titanite ± rutile (Martens et al., 2005). Banded migmatites that con-

tain (garnet) amphibolite (locally relict eclogite), calcsilicate, and marble are uncommon. Rare 

quantitative petrology suggests upper greenschist- to amphibolite-facies conditions up to 650°C 

at ~1.1 GPa; retrogression to greenschist facies is poorly documented (Machorro, 1993; van den 

Boom, 1972). Both foliation concordant and discordant quartz–albite–white mica pegmatites are 

associated with the gneisses. Eclogitic relicts contain possible ultra-high pressure metamor-

phism, and pyroxene with up to 45 vol. % omphacite and garnet together with phengite + rutile 

+ kyanite + zoisite + epidote. Thermobarometric analyses yielded ~740°C at 2.3 GPa with retro-

gression at ~590°C and ~1.4 GPa. Decompression seems associated with local partial melting 

(Ortega-Gutiérrez et al., 2004). In eastern Guatemala (San Agustín Acasaguastlán), orthogneiss 

(quartz-monzonite, granodiorite) outcrops together with high-grade, typical Chuacús paragneiss; 

the latter locally shows sillimanite and abundant K-feldspar. The volcanosedimentary protolith 

is younger than ~440 Ma based on detrital zircons (Solari et al., 2008). 

Salamá metasediments (San Gabriel unit) and the Rabinal granitoids (Maya block) 
The metasediments were grouped into an older clastic and metavolcanic succession, the San 

Gabriel unit (Ortega-Obregón et al., 2008), which is intruded by the Rabinal granite, and a 

younger clastic and calcareous succession, likely part of the Santa Rosa Group; the basal con-
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glomerate beds comprise the Sacapulas Formation of van den Boom (972). Ortega-Obregón et 

al. (2004, 2008) proposed an up to 5 km wide sinistral–reverse shear zone, the Baja Verapaz 

shear zone, juxtaposing Chuacús gneiss and San Gabriel metasediments intruded by the Rabinal 

granite; deformation is most pronounced within 300 m of the Chuacús–San Gabriel boundary. 

The lateral continuation of the shear zone is unknown. The San Gabriel unit has a continental 

depositional environment and is pre-Silurian, given by the age of the Rabinal granitoids (see be-

low); it resembles low-grade metasediments in western Guatemala, where it is post-Middle Pro-

terozoic based on detrital zircon geochronology (Solari et al., 2008). The Santa Rosa Group Sa-

lamá metasediments yielded Early Carboniferous crinoids (van den Boom, 1972) and Mississip-

pian (Tournaisian) conodonts (Ortega-Obregón et al., 2008). The Rabinal granitoids are spatial-

ly poorly defined, as their sheared margins and the surrounding metasediments have similar ap-

pearance; they are predominately fault-bounded and widely tectonized. 

Maya Mountains (Maya block) 
Metamorphic rocks in the core of the Maya mountains of Belize are low-grade metasedi-

ments that locally yielded Carboniferous–Permian fossils and were correlated with the Santa 

Rosa Group (Bateson, 1972). Contact metamorphic andalusite and chloritoid appear in the vi-

cinity of the Mountain Pine Ridge granitoids (Jackson et al., 1995). 

Existing Geochronology: Maya block  
Three zircon fractions of a Rabinal granite-gneiss yielded a concordant 396 ± 10 Ma age 

(recalculated from the data given by Gomberg et al., 1968). Four zircon fractions combining 

two Chuacús gneiss samples south of Salamá gave a lower intercept U/Pb age of 326 ± 85 Ma 

(again recalculated from Gomberg et al., 1968). All zircon analyses of three Rabinal granite and 

one pegmatite of Ortega-Obregón et al. (2008) are discordant; they yielded lower intercepts of 

496 ± 26 and 417 ± 23 Ma (granite), and 462 ± 11 Ma (pegmatite), and an upper intercept of 

483 ± 23 Ma (granite). Muscovite from two pegmatites cutting the San Gabriel unit yielded 

K/Ar cooling ages of 453 ± 4 and 445 ± 5 Ma. Ortega-Obregón et al. (2008) suggested intrusion 

of the Rabinal granitoids between ~462 and 453 Ma. Three single zircon and two small popula-

tions from leucosome interbedded with relict eclogite (El Chol area) yielded intercept U/Pb ages 

of 302 ± 6 Ma and 1048 ± 10 Ma (Ortega-Gutiérrez et al., 2004). The fossils in the Santa Rosa 

Group rocks imply a post-Early Carboniferous metamorphic age for these metasediments. K/Ar 

and Ar/Ar ages exist from Chuacús-complex rocks; they are mostly poorly located and docu-

mented. Hornblende, white mica, and biotite gave Ar/Ar ages of 78–66 Ma, 76–67 Ma, and 67–

64 Ma, respectively (Sutter, 1979). Amphibole from garnet amphibolite and white mica from re-

trograde phengite-bearing gneiss yielded K/Ar ages of ~73 Ma and ~70 Ma, respectively. 

Coarse- and finer-grained white mica from foliated meta-pegmatite gave ~73 Ma and ~62 Ma, 
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respectively (weighted mean ages from several fractions given by Ortega-Gutiérrez et al., 2004). 

The oldest Ar/Ar age from the Chuacús complex is ~238 Ma (amphibole; Sutter cited in Don-

nelly et al., 1990). White mica from a Chuacús complex metasediment and a late-tectonic peg-

matite ≥4 km south of the main trace of the Baja Verapaz shear zone gave ages between 74.1 ± 

1.3 Ma and 65.3 ± 1 Ma; they were suggested to date shearing along the Baja Verapaz zone (Or-

tega-Obregón et al. (2008). The fossils in the Santa Rosa Group metasediments of the Maya 

mountains imply a post-Permian age for the low-grade overprint. U/Pb zircon and monazite 

ages obtained from two batholiths in the Maya mountains (Steiner and Walker, 1996) yielded 

410–420 Ma, indicating that some of the metasediments are not Santa Rosa Group; K/Ar biotite 

ages of these igneous rocks are 230 ± 9 Ma (weighted mean of 7 dates compiled in Steiner and 

Walker, 1996). 

El Tambor Group: metamorphic–metasomatic rocks of the Motagua suture zone 
The El Tambor Group comprises dismembered ophiolitic sheets of serpentinized peridotite, 

eclogite and jadeitite blocks, mylonitized gabbro, (garnet) amphibolite, pillow lavas, radiolarian 

cherts, and low-grade metasediments (e.g., Tsujimori et al., 2005; Chiari et al., 2004; Beccaluva 

et al., 1995; Harlow, 1994; Bertrand and Vuagnat, 1975). Regional prehnite−pumpellyite-facies 

metamorphism affected the volcanic rocks, forming albite + chlorite, predominantly pumpel-

lyite, and locally prehnite. Centimeter- to m-scale interlayering of mafic rocks, siliceous marble, 

and quartzite (probably metamorphosed chert), are reported in the La Pita complex of the east-

ern MSZ (Martens et al., 2005); assemblages with barroisite + garnet + epidote + albite + white 

mica are characteristic. Jadeitite formed sporadically within the serpentinite matrix of the El 

Tambor mélange; it consists of jadeitic pyroxene with minor paragonite, phengite, phlogopite, 

albite, titanite, zircon, apatite, and garnet and formed at 100–400°C and 0.5–1.1 GPa (Harlow, 

1994). Two contrasting high-P belts contain lawsonite eclogite and zoisite eclogite south and 

north of the Motagua valley, respectively. The lawsonite eclogites (South El Tambor Group, 

Fig. 2K) record unusually low-T−high-P with prograde eclogite facies at ~450°C and ~1.8−2.4 

GPa, followed by retrogression with infiltration of fluids at <300°C and ~0.7 GPa (Tsujimori et 

al., 2004, 2005, 2006). Amphibolitized, paragonite-bearing zoisite eclogites (North El Tambor 

Group, Fig. 2A) in antigorite schist north of the Cabañas fault formed at significantly higher T, 

600–650°C at 2.0–2.3 GPa (Tsujimori et al., 2004).  

Existing Geochronology: El Tambor Group 
Two Sm/Nd mineral isochrons from South El Tambor Group eclogites gave ages of 131.7 ± 

1.7 and 132.0 ± 4.6 Ma, which are identical to the 130.7 ± 6.3 Ma age from eclogite sampled 

north of the fault (Brueckner et al., 2005). The southern eclogites show MORB major and trace 

element patterns and are isotopically depleted (87Sr/86Sr ratios of 0.70374 and 0.70489, εNd of 
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+8.6 and +9.2). One North El Tambor Group eclogite has a significantly more enriched signa-

ture (87Sr/86Sr = 0.70536; εNd = -2.1; Brueckner et al., 2005). Harlow et al. (2004) obtained 

Ar/Ar white mica ages from jadeitite, albitite, mica-bearing metamorphic rocks, and altered ec-

logite within the MSZ, ranging between 77–65 Ma for the northern high-P belt, and 125–113 

Ma for the southern belt; however, the samples are not well located. In the northern belt, three 

phengite-only samples are indistinguishable within error at 76 Ma, whereas two phen-

gite−phlogopite−paragonite mixtures are younger at 71 and 65 Ma. The 600–650°C peak T of 

the northern high-P rocks suggest that the phengite (closing T ~400°C, von Blanckenburg et al., 

1989) date retrogression under blueschist-facies conditions when Na–Al–Si-rich fluids produced 

jadeitite and albitite in serpentinite (Harlow, 1994). All dated minerals from the southern belt 

are phengite; four ages are within error at 120 Ma, one is older, two younger. These ages likely 

date fluid infiltration during blueschist-facies retrograde metamorphism. Bertrand et al. (1978) 

reported K/Ar mineral and whole-rock ages from poorly located samples attributed to the North 

El Tambor Group. We divided their samples regionally and recalculated the ages: a metadolerite 

from the Baja Verapaz ophiolite sheet (Fig. 1C) north of Salamá yielded ~76 Ma, three meta-

diabase samples from pillow basalt overlying the Chuacús complex gave a weighted mean 

whole-rock age of ~74 Ma (their 40Ar/36Ar versus 40K/36Ar isochron gives atmospheric 
40Ar/36Ar), and six amphibole separates from garnet amphibolites of the same unit yielded a 

weighted mean age of 57.2 ± 5.4 Ma (again, atmospheric 40Ar/36Ar with an ‘isochron age’ of 

~56 Ma). All ages probably date metamorphism. 

The available petrology (lawsonite and zoisite eclogites south and north of the MSZ, re-

spectively), geochronology (~120 and 76 Ma for blueschist-facies retrogression south and north 

of the MSZ, respectively), and isotope geochemistry (isotopically depleted versus enriched 

south and north of the MSZ, respectively) demonstrate the existence of two distinct subduction–

accretion belts along the MSZ (herein named South and North El Tambor Groups), even though 

ages of crust formation and eclogite-facies metamorphism may appear similar.  

Las Ovejas complex (Chortís block) 
The Las Ovejas complex comprises biotite schist, gneiss, migmatite, (garnet) amphibolite, 

marble, and deformed metagranitoids. Specifically, amphibolite (≤15% of the Las Ovejas com-

plex in Guatemala), garnetiferous gneiss, staurolite schist, garnet–two-mica schist, and marble 

with calcsilicate layers are exposed together with metaigneous rocks, diorite, tonalite, granodi-

orite, and minor gabbro. Mineral assemblages define amphibolite-facies conditions; metamor-

phic grade of rocks containing staurolite increases toward the northwest where a sillimanite-

zone was identified (IGN, 1978). Both basement and cover of the northern Chortís block con-

tinue as the Bonacca Ridge, forming a series of islands south of the Swan Island Fault (Fig. 1C), 
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the southern boundary fault to the Cayman trough. Roatán Island, which is the best studied (Avé 

Lallemant and Gordon, 1999), exposes amphibolite-facies basement with (augen)gneiss, schist, 

amphibolite (partly metagabbro), marble, and rare pegmatite. 

San Diego phyllite and Cacaguapa schist (Chortís block) 
The undated San Diego metamorphic rocks consist of phyllite, and minor thin quartzite and 

slate layers (Schwartz, 1976). Their stratigraphic age is post-Early Cambrian as the youngest 

detrtial zircons are ~520 Ma (Solari et al., 2008). The Chiquimula batholith thermal overprint 

produced cordierite and andalusite (Clemons, 1966). Greenschist-facies and locally higher grade 

metamorphic rocks in Honduras include calcareous phyllite, white mica–chlorite and graphitic 

schists and slate (‘younger sequence’ of Horne et al., 1976a). The San Diego phyllites of south-

ern Guatemala and northern Honduras are correlated with the Cacaguapa schists south and east 

of the Jocotán-Chamelecón fault system (Fig. 1C; Burkart, 1994). The greenschist-facies lithol-

ogy at Roatán Island comprises (quartz) phyllite, chlorite schist, serpentinite, chert, and marble 

to limestone; locally granite porphyry is present (Avé Lallemant and Gordon, 1999).  

Sanarate complex 
The westernmost basement outcrop south of the MSZ comprises partly retrograde amphibo-

lite, garnet- and quartz-bearing amphibolite, retrograde leucogabbro, chlorite–epidote–

hornblende schist, micaschist, phyllite, and chlorite phyllite; massive amphibolite is characteris-

tic. Ductile deformation geometry and kinematics, PT conditions, and Jurassic metamorphism 

are distinctly different from that in the Las Ovejas complex (see below). The basement is in 

fault contact with Tertiary andesite and red beds and is cut by andesite dikes. Due to its distinct 

lithology and P-T-dt parameters, we distinguish this complex from the other units of the Chortís 

block; however, its boundaries and lithostratigraphy are mostly unknown. Along its eastern 

boundary the Sanarate-complex rocks shows W-dipping foliation and apparently thrusted top-

to-E over South El Tambor Group metaclastic rocks that show distinctly lower metamorphic 

grade. 

Existing Geochronology: Las Ovejas complex, San Diego phyllite and Cacaguapa 
schist, igneous rocks 

Most of the available geochronology is, in a modern sense, poorly documented and samples 

are only approximately located (Fig. 1C). U/Pb zircon ages on igneous rocks are: ~93 Ma (Rio 

Julian granite), ~80 Ma (sheared Rio Cangrejal orthogneiss), 81.0 ± 0.1 (El Carbon granodi-

orite), ~29 Ma (Banderos granodiorite; all Manton and Manton, 1984), 124 ± 2 Ma (dacite; 

Drobe and Oliver, 1998), and ~1 Ga (orthogneiss, ?equivalent to Las Ovejas complex; Manton, 

1996). We recalculated the zircon data of the El Carbon granite of Manton and Manton (1999) 

and obtained lower and upper intercepts of 30 ± 19 Ma and 126 ± 42 Ma, respectively. De-
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formed granitic plutons gave a 300 ± 6 Ma Rb/Sr whole-rock isochron for the Quebrada Seca 

complex (Horne et al., 1976a); the foliated plutons intrude amphibolite-facies metasedimentary 

and metavolcanic rocks indicating that the metamorphism of the high-grade rocks is post-

Permian. Granitoids gave the following Rb/Sr ages: 150 ± 13 Ma (San Marcos granodiorite, 

whole rock; Horne et al., 1976a), ~69 Ma (K-feldspar and plagioclase, cooling age of sheared El 

Carbon granodiorite; Manton and Manton, 1984), ~80 Ma (whole-rock isochron, Trujillo grano-

diorite; Manton and Manton, 1984), 140 ± 15 Ma (Dipilto granite, whole rock; Donnelly et al., 

1990), 118 ± 2 Ma (Carrizal diorite, K-feldspar and plagioclase; Manton and Manton, 1984), 

~54 Ma (Rio Cangrejal granodiorite), 39 Ma (Sula Valley [Ulúa graben] granodiorite), and 35 

Ma (Confadia granite; all biotite cooling ages; Manton and Manton, 1984). K/Ar cooling ages of 

igneous rocks comprise: 93.3 ± 1.9 Ma , 80.5 ± 1.5 Ma and 73.9 ± 1.5 Ma (Tela augite-tonalite, 

one amphibole and two biotite ages from different samples; Horne et al., 1974), 72.2 ± 1.5 Ma 

and 56.8 ± 1.1 Ma (Pedras Negras tonalite, amphibole and biotite; Horne et al., 1974), 35.9 ± 

0.7 Ma (San Petro Sula granodiorite, biotite; Horne et al., 1974), 122.7 ± 2.5 Ma and 117.0 ± 

1.9 Ma (San Ignacio granodiorite, hornblende and biotite; Emmet, 1983), 114.4 ± 1.7 Ma (San 

Ignacio adamellite, biotite; Horne et al., 1974), 79.6 ± 1.6 Ma (gabbro dike, amphibole; Emmet, 

1983), 62.2 ± 2.6 Ma (diorite, whole rock; Italian Hydrothermal, 1987, reported in Rogers, 

2003), 60.6 ± 1.3 Ma and 59.3 ±  0.9 Ma (Minas de Oro granodiorite, biotite; Horne et al., 

1976b and Emmet, 1983), 58.6 ± 0.7 Ma (San Francisco dacite pluton, biotite; Horne et al., 

1976b). Ar/Ar ages are from andesite and diorite of the eastern Chortís block (75.6 ± 1.3 Ma 

and 59.9 ± 0.5 Ma, amphibole and biotite; Venable, 1994). A K/Ar biotite age of 222 ± 8 Ma 

from micaschist probably reflects a Triassic thermal event (MMAJ, 1980). Hornblende from the 

amphibolite-facies basement of Roatán Island yielded 36.0 ± 1.2 Ma, and a granite porphyry 

from Barbareta Island, east of Roatán Island, yielded a 39.4 ± 2.8 Ma zircon fission-track age 

(closing T ~250°C; Avé Lallemant and Gordon, 1999). 

5. New Geochronology 
Tables 2 and 3 report ID-TIMS and ion-probe U/Pb geochronology and Figures 3 and 4 vi-

sualize the U/Pb data in Concordia diagrams and present representative zircon CL pictures, re-

spectively. Our new Ar/Ar and Rb/Sr mineral ages are summarized in Tables 4 and 5, respec-

tively, and are plotted in Figure 5. In this paper, we discuss Phanerozoic U/Pb ages; late Middle 

Proterozoic ages, which we find in both the Maya and Chortís blocks, will be reported else-

where. Our AFT and TFT data are listed in Table 6; confined track-length data appear in Table 

7. Figure 6 depicts AFT age–versus–elevation diagrams for the Chuacús and Las Ovejas com-

plexes of Guatemala/Honduras and the Chiapas massif of southeastern Mexico (Fig. 1C), and 

modeled T-t paths for selected samples (Chuacús and Las Ovejas complexes, granitoids). We 

excluded the samples from western Guatemala from the age–versus–elevation data (too few 
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readings and widely spaced) and also emphasize that also the plotted data do not strictly fulfill 

the criteria for exhumation estimates from age–versus–elevation data; for example, the samples 

cover considerable horizontal distances. We assigned errors to the elevation data, as several 

samples were collected in the early-1990s when hand-held GPS-receiver precision was still infe-

rior and large-scale topographic maps were locally unavailable. We emphasize that the regres-

sion data that we present are first-order estimates. Figure 7 shows the regional distribution of 

ages, highlights age groups, and depicts T-t fields for selected regions. We employed standard 

closing temperatures for the T-t diagrams: Ar hornblende, high-T steps, 525 ± 25°C, low-T 

steps, 400 and 300 ± 100°C, depending on grain size; Ar white mica, 350 ± 25°C; Ar biotite, 

300 ± 25°C; Ar K-feldspar, 400 ± 100°C for high-T steps and 200 ± 25°C for low-T steps, de-

pending on the likely presence of single or multiple domains; Rb white mica, 500 ± 25°C, ex-

cept for cm-sized, pegmatitic white mica, 600 ± 100°C; Rb biotite, 275 ± 25°C; TFT, 275 ± 

50°C; AFT, 100 ± 25°C; exceptionally, errors were set higher, imposed by variable grain size 

and strong deformation. Zircon crystallization was taken as 800 ± 50°C, except where zircon 

growth occurred during peak-T metamorphism and related migmatization, which is constrained 

by our new petrology (see below). We excluded a few samples from the T-t diagrams: ages 

from sample 5C-36 of the Chuacús complex immediately below North El Tambor Group ser-

pentinite, as these rocks show extreme, late-stage metasomatism; ages from very coarse-grained, 

pegmatitic white mica. In the following section, we present the data; we relate the ages to the 

main temperature−deformation (Td) events in the petrology and structure sections. 

5.1. U/Pb zircon geochronology 
Sample G18s (stop G1; Fig. 3A) is a migmatitic gneiss from the Chuacús complex of west-

ern Guatemala overprinted by lower greenschist-facies deformation. Four fractions with identic-

al 75–125 µm grains but different magnetic properties were utilized for ID-TIMS analysis. A 

discordia fit to 3 fractions yields intercepts of 220.0 ± 3.5 and 1292 ± 39 Ma (MSWD = 0.78); 

one of these fractions is concordant at 215.92 ± 0.18 Ma. The fourth fraction is concordant at 

268.04 ± 0.55 Ma. CL images (Fig. 4) depict well-rounded cores with variable but mostly high 

U-content, and low U (on average 63 ppm), oscillatory zoned rims with Th/U ratios (on average 

0.7) that imply magmatic origin. The weighted average of 6 grains analyzed with the SHRIMP 

gives a 207-corrected 217.7 ± 7.3 Ma age, within error of the concordant TIMS fraction. We in-

terpret the weighted average age of 215.9 ± 0.78 Ma of the SHRIMP and TIMS data as the age 

of migmatization within the basement of the western Chuacús complex. Sample GM1 (stop 

GM15, Fig. 3A) is quartz phyllite north of the Chuacús complex west of Salamá that is likely 

part of the Santa Rosa Group. Zircons are rounded but a significant portion is sub-euhedral. Be-

sides ages >1Ga, we obtained 4 concordant ages at 416.5 ± 1.6 Ma, 282.2 ± 1.7 Ma, 260.4 ± 2.9 

Ma, and 245.1 ± 2.9 Ma. The Devonian spot has low Th/U (0.012), the other zircons (Th/U on 
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Figure 3. (figure caption see next page) 
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Figure 3. (continued) U/Pb zircon data and age interpretation. See Table 1 for sample location and Tables 2 and 3 for 

data listings. ID-TIMS results are shown with 2σ error ellipses and discordias are given as lines. SHRIMP results 

show 2σ error ellipses and are corrected for common Pb. Selected age groups are displayed as weighted average and 

relative probability diagrams (ages are 207-corrected). Data evaluation and plotting was supported by the program 

package of Ludwig (2003). MSWD, mean square weighted deviation. The upper intercept ages and ages older than 

early Paleozoic will be discussed elsewhere. (A) Data from the Chuacús complex of the Maya block. (B) Data from 

the Chortís block; all SHRIMP ages are from the northeastern edge of the Las Ovejas complex and granitoids intrud-

ing it. Th/U diagrams aid discrimination of metamorphic and magmatic zircon (rims). 
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Figure 3. (continued) (C) Pooling of all SHRIMP ages from all samples for the Permotriassic and Ordovician-

Silurian dates of the Chuacús complex (Maya block) and definition of ages groups. Left column: Relative probability 

and age groups defined by Isoplot’s ‘deconvolution of multiple age components’ routine. Central column: Weighted 

average of 207-corrected ages; ages with filled error bars are included in the indicated mean, excluded data are inter-

preted as Pb loss, analysis of overlapping age domains, or a wide age range. Right column: Th/U diagrams. 

 

average 0.64) likely crystallized from a magma (note difference in luminescence of 416 Ma and 

257 Ma grains in Fig. 4). Our ages imply post-Early Triassic deposition for some parts of the San-

ta Rosa Group. Sample GM8s (stop G8; Fig. 3A) is Chuacús granite overprinted by greenschist-

facies mylonitization from western Guatemala. Four zircon fractions with variable grain size and 

magnetic properties define lower and upper intercepts at 165.2 ± 5.4 Ma and ~990 Ma, respective-

ly (ID-TIMS); one fraction is weakly reverse discordant and two fractions define a concordant age 

of 163.80 ± 0.38 Ma. CL images show oscillatory zoned rims around Proterozoic cores (Fig. 4) 

and oscillatory zoned coreless grains with marked changes in luminescence from center to rims; 

the ages of these grains are identical within error. Consequently, the Th/U ratios obtained from 

SHRIMP spots are variable and are with one exception >0.2, implying magmatic origin. The 207-

corrected ages for a prominent group of 6 rims and coreless grains yield a weighted average of 

171.0 ± 2.1 Ma. This likely dates granite emplacement. Sample 5CO-1 is two-mica, K-feldspar-

porphyroblastic orthogneiss, mylonitized during low-T overprint, from the north-central Chuacús 

complex; it defines the ‘Rabinal’ granitoids in the area of San Miguel Chicaj. Rounded, often mot-

tled, Proterozoic cores are surrounded by in general thin, structureless, often high-U rims that have 
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variable but magmatic Th/U ratios (mean 0.4) (Fig. 4). 207-corrected spot ages, mostly from rims 

but also from a few coreless grains with relatively flat CL response, range from 410 to 485 Ma 

(Fig. 3A). There may be two age groups with weighted average ages of 464.6 ± 5.3 Ma and 412.9 

± 3.7 Ma; Th/U ratios are similar. Sample 5CO-4b, high-P metamorphic (see below) garnet or-

thogneiss, comprises complex, mostly Proterozoic zircons. Grain shapes include both rounded and 

prismatic–idiomorphic. In general, low-U cores are surrounded by variable, higher-U rims that 

both have Proterozoic ages (1180–1017 Ma concordant spots; Fig. 3A). Spots that include the 

former grain portions and tiny, very luminescent low-U outer rims, irresolvable with the spot size 

 

 
Figure 4. Cathodoluminescence images of typical zircons. Numbers give sample, spot, and spot age (in Ma, below or 

above the sample number). 

62 



The North American−Caribbean plate boundary 

we employed, yielded the youngest ages. The lower intercepts of discordia fitted to two groups of 

grains indicate crystallization at 638–477 Ma, predating the high-P metamorphic event. Sample 

5CO-6b (south-central Chuacús complex, El Chol area), a two-mica orthogneiss, is intruded by 

very coarse-grained pegmatite and interlayered with paragneiss and garnet amphibolite; the latter 

contains relict eclogite (see petrology). All rock types are ductilely deformed. We analyzed the or-

thogneiss. The zircons are complex (Figs. 3A and 4): we detected a few well-rounded Proterozoic 

cores, one core that has flat CL response, low, likely metamorphic Th/U (0.020) and a 207-

corrected age of 402.9 ± 4.0 Ma, and many oscillatory zoned grains with magmatic Th/U (on av-

erage 0.82); three of the latter spots give a concordia age of 238.0 ± 2.5 Ma, and 8 spots yield a 

well-defined group with a weighted average of 218.2 ± 2.3 Ma. Almost all grains have mostly thin 

(5-40 µm) overgrowths with flat CL response and low Th/U (on average 0.01) that span 89 to 69 

Ma. The oldest grain has the highest Th/U and likely samples different age domains (core and 

rim). Selected omission of grains from the remaining group yields one statistically significant 

group of 6 grains with a weighted average age of 74.24 ± 0.52 Ma and 5 younger spots that may 

constitute a cluster at 70.3 ± 1.5 Ma; the latter group may be geologically meaningless, if it re-

flects progressive Pb loss of grains from the former group. Sample 5CO-6b is most straightfor-

wardly interpreted as a Triassic magmatite that inherited Proterozoic and Early Paleozoic zircons 

and experienced high-T metamorphism during Late Cretaceous, likely contemporaneous with 

pegmatite injection; similar very coarse-grained pegmatites also yielded Late Cretaceous K/Ar 

(Ortega-Gutiérrez et al., 2004) and Rb/Sr white mica cooling ages (see below). The regional signi-

ficance of magmatism is supported by Triassic hornblende and white-mica cooling ages from this 

region (238–225 Ma, Sutter referenced in Donnelly et al., 1990; see below). The high-P event is 

pre-Middle Triassic. 

Samples GM13s (stop GM42) and GM14s (stop GM43) (Fig. 3A) are from western Gua-

temala. GM13s is Chuacús (?ortho)gneiss and GM14s ductilely undeformed granite intruding 

gneisses along the Polochic fault. Seven zircon fractions of GM13s with different magnetic 

properties and, in part, grain size yielded lower and upper intercepts at 20 ± 15 Ma and 941 ± 

7.9 Ma, respectively. We analyzed 5 fractions of GM14s differing in grain size and magnetic 

properties; all are discordant and yield lower and upper intercepts at 21 ± 33 Ma and ~894 Ma. 

Phanerozoic spot ages of zircons from GM14s gave one concordia age at 425.5 ± 6.0 Ma and 14 

spots with a 14.65 ± 0.42 Ma weighted average age. These ages demonstrate middle Miocene 

Central American arc magmatism. 

Sample 5H-3 is syn-tectonic, syn-migmatitic, plagioclase-rich granite gneiss associated 

with migmatite, leucogranite, and gabbro–diorite; it is typical of the Las Ovejas complex and 

crops out at the western flank of the Ulúa graben in northwestern Honduras. 207-corrected spot 

ages on typically magmatic zircons (Fig. 3B, 4) range from 40.0 ± 0.4 Ma to 36.5 ± 0.9 Ma with 
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3 grains defining a concordia age at 37.0 ± 0.52 Ma. We interpret this age as the age of magmat-

ism and deformation. Sample 5H-9a comprises orthogneiss and migmatite south of the Jocotán 

fault zone that are distinctly different in grain-size (coarse) and deformation (weak) from the 

gneisses and migmatites of the Las Ovejas complex along the MSZ. Besides Proterozoic ages 

there are concordant spot ages at 400.3 ± 3.5 Ma and 328.9 ± 4.0 Ma. There are two main age 

groups: 272.8 ± 2.8 Ma (8 spots) and 244.8 ± 2.3 Ma (4 spots). These groups have distinctly dif-

ferent Th/U ratios and CL-response (Figs. 3B and 4). The younger group, likely metamorphic, 

has mean Th/U at 0.04 and appear dark and unzoned in CL. The older group has mean Th/U of 

0.7 and clear oscillatory zoning. We suggest Early Permian protolith crystallization and Early 

Triassic metamorphism. Sample 5H-11a is low-T, mylonitic orthogneiss (phyllonite), likely me-

ta-rhyolite intercalated with paragneiss and marble; the sample is also from the Jocotán fault 

zone. Six out of seven 207-corrected spot ages yield a 130.5 ± 2.7 Ma concordia age (Fig. 3B); 

Th/U ratios are on average 0.41. We interpret this date as reflecting Early Cretaceous magmat-

ism. Sample 5PB-5c is a small orthogneiss pod in massive migmatite that is enclosed in large 

granite in easternmost Guatemala; it is associated with garnet amphibolite (see petrology). 

Three spots define a 36.2 ± 2.1 Ma concordia age (Fig. 3B), likely the age of migmatization. 

One of the spots is from a relatively high-U, oscillatory zoned central grain portion that is sur-

rounded by a rim poorer in U (Fig. 4); this rim is ~5 Ma (31.2 ± 1.2 Ma) younger. The major 

group of Phanerozoic ages spans 140–191 Ma with two, likely significant, age groups: 158.8 ± 

0.52 Ma (n = 4) and 165.79 ± 0.87 Ma (n = 13); the consistently lower Th/U ratios (on average 

0.12) of the former (the latter has on average 0.36) support the grouping. There are other Phane-

rozoic concordant spots at 139.8 ± 1.0 Ma (n = 2), 190.6 ± 1.4 Ma (n = 1), and 240.6 ± 3.5 Ma 

(n = 1). We suggest a Middle Jurassic granite protolith that inherited Proterozoic to Early Juras-

sic zircons. Sample 92RN412 is granitic gneiss surrounded by amphibolite-facies rocks from the 

Las Ovejas complex of northwestern Honduras; it is grossly the same rock as 5H-3. Rb/Sr and 

K/Ar biotite cooling ages are ~39 and ~36 Ma, respectively (Horne et al., 1976a, 1974). Three 

of four zircon fractions with different grain size and magnetic properties plot close to concordia, 

one fraction is concordant at 38.3 ± 0.53 Ma. All fractions define intercepts at 36.6 ± 3.1 Ma 

and ~1014 Ma (Fig. 3B), three are at 37.49 ± 0.53 Ma and ~1136 Ma. The ~38 Ma age is within 

error identical to sample 5H-3. The age constrains deformation within the eastern Las Ovejas 

complex to be younger than 39 Ma (see below). Sample 94SA602 is amphibolite within the me-

tamorphic sequence that contains the granite gneiss of sample 92RN412; the protolith was prob-

ably gabbro. We obtained three zircon fractions that plot close to and on concordia, defining a 

lower intercept at 88 ± 51 Ma (Fig. 3B); the concordant fraction is at 88.27 ± 0.56 Ma, likely 

dating gabbro crystallization. Sample 93LP522 is granite south of the Jocotán–Chamelecón fault 

zone. Four zircon fractions define a lower intercept at 167.6 ± 2.6 Ma, on concordant fraction is 

at 167.99 ± 0.46 Ma (Fig. 3B); the ~168 Ma age is within error identical to sample 5PB-5c and 
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demonstrates Middle Jurassic magmatism in the Chortís block. Samples SF1D, 92QO404, and 

86TA100 typify metamorphic rocks of the central Chortís block in central Honduras (Precam-

brian . SF1D is weakly deformed granite gneiss surrounded by Jurassic metasedimentary rocks 

of the Jurassic Agua Fria metamorphic rocks, but the contact relationships are unclear. All five 

fractions are discordant and lower intercept ages between 275 and 234 Ma can be defined (Fig. 

3B). 92QO404 is porphyric granite surrounded by phyllite. Six fractions define intercepts at 405 

± 22 Ma and ~935 Ma (Fig. 3B). 86TA100 is augen schist with white mica, quartz, epidote, mi-

crocline, biotite, and garnet. 5 fractions define 481 ± 36 and 1315 ± 130 Ma (Fig. 3B). Besides 

Grenville inheritance, these samples support Ordovician–Silurian magmatism in the Chortís 

block. 

Figure 3C pools all Permotriassic and Ordovician–Silurian ages of all samples from the 

Chuacús complex and illustrates our approach to identify age groups. Isoplot’s ‘deconvolution 

of multiple age components’ routine defines groups displayed on relative probability diagrams; 

we consider only part of these groups significant and interpret them geologically in the discus-

sion section. The age of the groups is interpretatively refined by calculating weighted averages 

using selected omission of grains from the total data. One rejection criteria assumes that the old 

ages are variably affected by overlap onto older regions of the same grain; another assumes that 

the youngest ages have had partial Pb loss. Our grouping is also guided by the Th/U values of 

the spots (Fig. 3C). 

5.2. Ar/Ar and Rb/Sr geochronology 
We analyzed the ages of deformation and metamorphic cooling of the Maya and Chortís 

block rocks by Ar/Ar and Rb/Sr analysis of syn- to post-tectonic minerals. We also dated cool-

ing in pre- to post-tectonic plutons, again providing age limits for deformation. Sample G19s 

(stop G1, Fig. 5A) is weakly migmatitic western Chuacús gneiss retrogressed to hornblende–

epidote schist during localized but high-strain, low-T (≥400°C) sinistral shear. Two sericite frac-

tions of different grain size yielded nearly identical weighted mean ages (WMA). The pooled 67 

± 1 Ma age is interpreted to slightly post-date low-T plasticity in the shear zones. Sample G27s 

(stop G57, western Guatemala, Fig. 5A) is migmatitic Chuacús gneiss associated with amphibo-

lite and shows low-T mylonitization along discrete sinistral shear zones; undeformed, likely 

Miocene (~15 Ma, see above) granite occurs in the vicinity. The age spectrum is complex and 

the ~37 Ma WMA may reflect partially reset Late Cretaceous–early Tertiary biotite. 

Sample 5CO-4b is garnet gneiss associated with K-feldspar–porphyroblastic gneiss and schist 

from the north-central Chuacús complex; metamorphism evolved through a high-P stage and am-

phibolite– to epidote–amphibolite-facies retrogression (see below). Low-Si phengite and biotite 

are part of the recrystallized groundmass (≤510°C, ~0.7 GPa). The phengite spectrum is weakly 
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hump-shaped but the total-fusion (TFA), WMA, and isochron (IA) ages correspond within error at 

67 ± 2 Ma; the biotite is ~3 Ma younger. A Rb/Sr phengite–plagioclase–whole rock isochron is 

within error of the Ar/Ar ages (Fig. 5B). Epidote–amphibolite-facies retrogression is thus Late 

Cretaceous. Sample G10s (stop G29) is from the southern Chuacús complex and comprises mar-

ble interlayered with garnet micaschist and gneiss just north of El Tambor Group serpentinites. 

The Ar/Ar age of coarse white mica in the marble overlaps a Rb/Sr biotite age (G11s) of nearby 

two-mica orthogneiss within error at ~67 Ma (Fig. 5B). Sample G12s (stop G31) is fine-grained, 

mylonitic orthogneiss (~1 Ga, unpublished U/Pb zircon) north of G10s. The grain size is due to 

dynamic recrystallization of quartz at the transition between subgrain rotation and grain-boundary 

migration (~425°C, e.g., Stipp et al., 2002). White mica is related to the recrystallization fabric, 

includes albite, and is cogenetic with a second generation of garnet and chlorite; the ubiquitous al-

bite may be due to Na-rich fluid exchange between the Chuacús complex and the El Tambor 

Group rocks in the hanging wall. Mylonitization and fluid exchange occurred at or slightly after 

70 ± 3 Ma (Ar/Ar white mica, Fig. 5B). Samples 5PB-13b and 5PB-14 typify rocks of the east-

central Chuacús complex: 5PB-13b is coarse-grained garnet amphibolite associated with garnet 

micaschist metamorphosed at ~540°C and ~0.7 GPa (see below). 5PB-14 is hornblende–mica–

chlorite schist with quartzitic layers formed at identical PT conditions. Quartz recrystallized dy-

namically by subgrain rotation and grain-boundary migration. The hornblende spectrum of 5PB-

13b is complex with an age component older than 137 Ma; several steps are at 65 ± 6 Ma. The lat-

ter are within error of the Ar/Ar (5PB-14) and Rb/Sr (5PB-13b) white mica ages (Fig. 5B). As the 

closing temperatures for these systems are close to the peak-T conditions represented by the syn-

kinematic minerals, deformation is dated at ≥65 Ma. Sample 5PB-9b is retrograde biotite–chlorite 

gneiss from ortho–paragneiss intercalations at the eastern end of the Chuacús-complex outcrop in 

the Sierra des Santa Cruz. Mylonitization is upper greenschist facies with basal <a> slip and grain-

boundary migration recrystallization in quartz and coexisting fracturing and incipient recrystalliza-

tion in feldspar. The Ar/Ar white mica spectrum is classic hump-shaped (52–62 Ma) indicating 
40Ar excess, the Rb/Sr white mica–whole rock isochron is at 76.5 ± 0.59 Ma (Fig. 5B). Samples 

5CO-5a,b, 5CO-6b, 887C, and 885 are from the south-central Chuacús complex and typical for 

the garnet amphibolite–micaschist–biotite-(?ortho)gneiss–meta-pegmatite intercalations of this re-

gion. The pegmatites are variably deformed but massive stocks are weakly strained. All rocks 

share various stages of post-tectonic annealing. Garnet amphibolite 5CO-5a is retrogressed from 

~600°C at ~1.4 GPa to ~560°C at 1.1 GPa. The phengite Ar-release spectrum is hump-shaped, in-

dicating 40Ar excess; a low low-T plateau is at 225 ± 5 Ma (Fig. 5B). Hornblende shows a classic 

loss-profile spectrum (~720 Ma to ~153 Ma). The 70.0 ± 1.5 Ma Ar/Ar white mica age from inter-

calated quartzofeldspatic paragneiss sample 887C expresses Late Cretaceous overprint, also high-

lighted by our U/Pb zircon geochronology (see above). Rb/Sr meta-pegmatite white mica ages are 
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Figure 5. New 40Ar/39Ar spectra and Rb/Sr whole rock–feldspar–mica ‘isochrons’. See Table 1 for sample locations 

and Tables 4 and 5 for age data and interpretations. Weighted mean ages (WMA) were calculated using black steps of 

the given temperature range; TFA, total fusion age; IA, isochron age. Uncertainties are ±1σ. ‘Atm.’ in the isochron 

diagrams is the 40Ar/36Ar ratio of the atmosphere (295.5). MSWD, mean square weighted deviation. Abbreviations: 

WR, whole rock; Pl, plagioclase; Kfs, K-feldspar; WM, white mica; Bt, biotite. 
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Figure 5. (continued) 
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Figure 5. (continued) 
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at 76.1 ± 1.5 (5CO-5b), 57 ± 8 (5CO-6b), and 67 ± 11 Ma (885A, extremely coarse grained mica 

from the Guatemarmol mine west of Granados), demonstrating Late Cretaceous pegmatite em-

placement; our ages confirm those from foliated meta-pegmatite (K/Ar 73–62 Ma) of Ortega-

Gutiérrez et al. (2004). We interpret our ages as Triassic cooling during amphibolite-facies retro-

gression of relict eclogite and Cretaceous reheating associated with regional metamorphism and 

local magmatism.  

 

Samples G6s, G7s, 860B, and 5C-36a (Fig. 5C) are Chuacús rocks immediately below the 

North El Tambor Group rocks. These localities show imbrication of basement (now retrograde 

phyllonite, chlorite phyllite, epidotized biotite gneiss, carbonate-bearing garnet–actinolite mica-

schist), marble (San Lorenzo marble), serpentinite, and low-grade meta-siltstones (Jones Forma-

tion). They share a history of extreme fluid flow that resulted in strong retrogression, local car-

bonate and albite ‘metasomatism’ and post-tectonic garben formation, and locally intense quartz 

veining. White mica of G6s (station G26), retrogressed basement, has a U-shaped spectrum in-

dicating 40Ar excess with a flat-portion at 60 ± 5 Ma (Fig. 5C), comprising most of the released 

Ar. Retrograde biotite gneiss G7s (station G27) exhibits cm-sized pull-apart-type tension gashes 

locally filled with pseudotachylite that spectacularly dates brittle–ductile, sinistral transtension 

at ~70 Ma (Fig. 5C). 5C-36a shows coarse white mica from relict gneiss in overall fine-grained, 

locally biotite-rich phyllonite; its 48 ± 1 Ma Ar/Ar and the 35 ± 14 Ma Rb/Sr biotite ages are the 

youngest ages encountered in the Chuacús complex rocks and may reflect long-lasting fluid ac-

tivity.   

The following samples characterize metamorphism and deformation in the Las Ovejas unit 

und cooling of associated granitoids (Fig. 5D). Sample 5C-2c is partly mylonitic amphibolite in-

tercalated with paragneiss and quartzite and crosscut by diabase dikes. Hornblende is clearly 

syn-kinematic to sinistral shear deformation and shows two high-T steps at >30 Ma and a low-T 

‘plateau’ at 20 ± 2 Ma; we attribute little significance to these ages, as only few steps are avail-

able due to a furnace problem. Sample 5C-5 is phyllite faulted against Tertiary–Quaternary vol-

canic rocks along the Jocotán fault zone. Syn-kinematic biotite shows Ar-loss from ~31 Ma to 

~26 Ma with a mid-T ‘plateau’ at 29 ± 2 Ma (Fig. 5D). This age indicates early Oligocene Jo-

cotán fault activity, coeval with mylonitization in the Las Ovejas unit (see below). Samples 5C-

23c,d comprise biotite gneiss and amphibolite in a unit of partly migmatitic gneiss, meta-

gabbro, and granitic gneiss that is typical Las Ovejas complex lacking retrogression. Syn-

kinematic, fibrous hornblende gives a WMA of 35.5 ± 1.0 Ma; biotite is at 23.3 ± 0.5 Ma and 

thus >10 Ma younger. Biotite of nearby 5C-33 gneiss depicts a loss profile from ~26 Ma to ~15 

Ma with a mid-T ‘plateau’ at 23 ± 2 Ma, identical to biotite of 5C-23c. K-feldspar shows a loss 

profile from ~370 Ma to ~6 Ma; the low-T steps, forming a good-fit IA with atmospheric 
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40Ar/36Ar at 7 ± 2 Ma, are difficult to interpret geologically. The high-T steps indicate cooling at 

32 ± 4 Ma (Fig. 5D). Although from the vicinity of large post-tectonic granite, we interpret our 

5C-23 and 5C-33 station ages to date amphibolite-facies metamorphism and associated migma-

tization; the minerals lack post-tectonic annealing and are in part syn-kinematic to sinistral 

strike-slip deformation. The amphibole ages closely approximate the age of deformation (~35 

Ma); it remains unclear at these stations whether the late cooling through biotite closure (~23 

Ma) may indicate long-lasting deformation, reactivation, or slow cooling. Samples 5C-26c,d 

comprise garnet amphibolite and garnet-bearing biotite gneiss of the lithologic unit described 

above; distinct rocks are migmatitic gneiss and garnet-bearing leucosome. 5C-26c hornblende is 

aligned in the foliation (low strain) and exhibits a loss profile from ~64 Ma to 17 Ma. Multiple-

step degassing allowed deconvolution into sub-plateaus that were analyzed with isochrons (Fig. 

5D). A low-T ‘plateau’ at 18 ± 2 Ma has approximately atmospheric 40Ar/36Ar, an intermediate-

T ‘plateau’ at 21 ± 2 Ma is non-atmospheric but exhibits a good-fit isochron, and a high-T ‘pla-

teau’ at 36 ± 3 Ma is only weakly non-atmospheric. The intermediate and low-T ‘plateaus’ are 

within error of the 20 ± 2 Ma WMA for mid-T steps of a biotite–minor chlorite mixture; this 

biotite has a loss profile from ~28 Ma to ~3 Ma. The high-T steps of K-feldspar give 30 ± 1 Ma. 

Sample 5C-37b, again typical Las Ovejas complex of eastern Guatemala, is amphibolite asso-

ciated with migmatitic biotite gneiss and meter-sized bodies of leucogranite. The hornblende 

spectrum is complex but contains a high-T ‘plateau’ with a WMA of 39 ± 3 Ma, calculated for a 
40Ar/36Ar of 553, and a low-T ‘plateau’ with a WMA of 18 ± 3 Ma, calculated for a 40Ar/36Ar of 

362; the K/Ca ratios of the latter suggests a contribution of gas released from biotite micro-

inclusions. 5C-37d biotite reveals Ar loss ~26 to ~9 Ma and a mid-T ‘plateau’ at 19 ± 2 Ma. The 

leucogranite gives a white mica–K-feldspar–plagioclase–whole rock Rb/Sr isochron of 33.6 ± 

1.6 Ma. Located in the far-field of the large granitoids that were mapped crosscutting the Las 

Ovejas complex, stations 5C-26 and 5C-37 typify cooling from amphibolite-facies metamor-

phism at ~37 Ma and, possibly, relatively slow cooling throughout the Oligocene–Miocene. The 

Rb/Sr leucogranite white mica age supports the field observation that these small melt bodies 

are cogenetic with late Eocene metamorphism and migmatization. Sample 5C-28b is pegmatite 

gneiss crosscutting typical Las Ovejas biotite gneiss; its Rb/Sr whole rock–plagioclase–K-

feldspar isochron is at 34.2 ± 1.0 Ma and a whole-rock–plagioclase–white mica isochron at ~21 

Ma. Sample 5PB-5a is weakly deformed garnet amphibolite associated with massive migmatite 

and small orthogneiss bodies and represents a huge xenolith in granite. Peak-PT estimates using 

core-sections of minerals such as garnet that lack deformation are ~630°C at 0.7 GPa (see pe-

trology); the analyzed hornblende (WMA of 30 ± 2 Ma) and biotite (WMA at 28.2 ± 0.4 Ma) 

are syn-kinematic matrix minerals that date deformation and rapid cooling during weak, still 

amphibolite-facies retrograde overprint, also detected in the garnet rims; peak-T conditions are 

at ~36 Ma (U/Pb zircon, see above).  
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Samples G3s and G5s (stops G23 and G24; Fig. 5E) are phyllite and quartz-bearing amphi-

bolite from the Sanarate complex, respectively. Quartz shows low-T plasticity with grain-

growth inhibition and some post-tectonic annealing; together with hornblende and white mica it 

is syn-kinematic in discrete mylonite zones. The white mica spectrum of G3s shows Ar-loss 

from ~195 Ma to ~137 Ma with a mid-T ‘plateau’ at 155 ± 10 Ma, and G5s hornblende from 

~157 Ma to ~40 Ma; a high-T ‘plateau’ is at 156 ± 5 Ma and low-T steps at ≥40 Ma. We interp-

ret these data as indicating Middle–Late Jurassic deformation and Tertiary reactivation. 

The next sample group comprises Las Ovejas complex of northern Honduras and structural-

ly the footwall block of the Ulúa graben (Figs. 1B, 5F); our dating aimed establishing potential 

along-strike changes in deformation/metamorphism/magmatism and Ulúa-graben formation. 

Sample 5H-2a is post-tectonic, weakly deformed garnet–white mica-bearing pegmatite in mig-

matitic biotite gneiss and rare leucogranite sills, and 5H-2c is a more strongly deformed, finer-

grained variety of the pegmatite (augen gneiss); these magmatites are outcrop-scale intrusives. 

The coarse white mica of 5H-2a is at 23.68 ± 0.27 Ma (Rb/Sr whole rock–plagioclase–white 

mica) and provides a younger bound for the intrusion of the pegmatite protolith. The white mi-

ca–K-feldspar–plagioclase–whole rock isochron of 5H-2c is ~2 Ma younger (Fig. 5F), likely re-

flecting the higher strain. Sample 5H-3a is small, weakly deformed but syn-tectonic granite in 

strongly migmatitic biotite gneiss; the 22 ± 4 Ma IA of 10 biotite crystals analyzed by single-

grain laser fusion is >10 Ma younger than the intrusion age of the granite (~37 Ma, U/Pb zircon, 

see above). Nearby station 5H-4 typifies the heterogeneous lithology of the Las Ovejas complex 

in this area. Sample 5H-4b is biotite and hornblende-bearing pegmatite at the rim of a small, 

weakly deformed leucogranite body; all magmatites at this locality are deformed and in several 

cases the strain is concentrated in leucocratic dikes. The 38 ± 2 Ma hornblende is identical to the 

age of the concordant zircon fraction of nearby granite gneiss 92RN412 (see above), biotite is 

>10 Ma younger at 25 ± 3 Ma (laser single-grain ages). Sample 5H-4c shows syn-kinematic 

hornblende and biotite from a sinistral transtensive, greenschist-facies shear zone in amphibo-

lite: hornblende is at 30 ± 2 Ma, biotite show a 25 ± 2 Ma mid-T ‘plateau’ (Fig. 5F); these ages 

best date formation of the Ulúa graben (see also below). Large hornblende crystals of sample 

5H-4d, the weakly deformed host amphibolite to the above shear zone, contain small 

hornblende crystals and are within error (29 ± 3 Ma) of the syn-kinematic amphiboles. Sample 

5H-9a, orthogneiss and migmatite that yielded Permotriassic U/Pb zircon ages (see above) and 

are distinctly different from the Las Ovejas complex rocks, gives Rb/Sr whole rock–

plagioclase–white mica and biotite isochrons of ~162 and ~135 Ma, respectively. These dates 

have two possible interpretations: either they reflect very slow cooling from the Permotriassic 

metamorphic/magmatic event or Middle Jurassic reheating not reflected in the zircon geochro-

nology in this sample but detected in the Las Ovejas complex of Guatemala and in the central 
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Chortís block of Honduras. We prefer the latter interpretation, as we consider extremely slow 

cooling unlikely in the active tectonic setting of early Mesozoic northern Central America. 

We dated cooling in a few of the mostly undeformed granitoids of the northern Chortís 

block (Fig. 5G). Sample 5C-11, granodiorite of the Chiquimula batholith, shows biotite partly 

altered to chlorite; 10 grains dated by laser fusion give a 90 ± 10 Ma WMA. Eight out of 12 K-

feldspar grains of sample 5C-21, sub-volcanic granite also from the Chiquimula batholith, have 

a 20 ± 1 Ma laser-fusion WMA; this demonstrates a composite nature of this batholith. K-

feldspar of sample 5H-5, granite from the rift flank of the Ulúa graben, shows Ar loss from ~37 

Ma to ~28 Ma; the low-T ‘plateau’ at 28.3 ± 0.5 Ma indicates rapid cooling (Fig. 5G). In line 

with the syn-kinematic hornblende and biotite ages reported from this area (see above), this age 

suggests initiation of formation of the Ulúa graben at 28 ± 3 Ma. Six biotite grains of sample 

5H-13, granite from south of the Las Ovejas unit, gave a laser-fusion age of 59 ± 3 Ma. The lack 

of modern U/Pb geochronology still impedes clear age assignments of plutonic events in the 

Chortís block. Due to the often sub-volcanic nature of these granitoids, we assume that the 

available geochronologic data reflect, to first-order, these events. Figure 5H pools all granitoid 

data and gives first-order groupings: there is significant magmatism at ~36 Ma starting ≥40 Ma, 

at ~59 Ma, and less significant at ~81 Ma, ~120 Ma, ~161 Ma, and ~260 Ma. 

For correlative purposes (see discussion), we analyzed a few samples from southern Mex-

ico with the Ar/Ar method (Fig. 5I). Sample ML-18 is Magdalena migmatite of the eastern 

Acatlán complex (Figs. 1C and 2G). Biotite shows Ar loss from ~163 to ~88 Ma; a low-T ‘pla-

teau’ is at 90 ± 2 Ma, a high-T ‘plateau’ at 162 ± 2 Ma; the latter traces cooling from migmati-

zation and San Miguel dike intrusion (175–171 Ma U/Pb ages; e.g., Keppie et al., 2004; Talave-

ra-Mendoza et al., 2005). White mica from sample ML-37, mylonitic gneiss of the southernmost 

Oaxaca complex (Fig. 1C), shows Ar loss from a high-T ‘plateau’ at 315 ± 3 Ma to a low-T 

‘plateau’ at 247 ± 3 Ma; the latter corresponds to ages of Permotriassic arc magmat-

ism/metamorphism, exemplified by the Chiapas massif of southeastern Mexico (e.g., Weber et 

al., 2006a). Biotite from sample MU-12, migmatitic gneiss at Cruz Grande (Xolapa complex, 

Fig. 1C) yielded 29 ± 1 Ma (WMA), in line with cooling from widespread ~35–30 Ma Xolapa 

plutonism (Herrmann et al., 1994; Ducea et al., 2004a). Sample MU-13 is Las Piñas mylonitic 

orthogneiss, sampled east of La Palma, which forms the structural top of the Xolapa complex. 

Solari et al. (2007) reported a 54.2 ± 5.8 Ma intrusion age (U/Pb zircon), and 50.5 ± 1.2 Ma and 

45.3 ± 1.9 Ma cooling ages (K/Ar and Rb/Sr biotite, respectively) from a moderately deformed 

variety. Our sample was specifically taken to date low-T, high-strain mylonitic flow (~300°C) 

along the Tierra Colorada (Riller et al., 1992) or La Venta (Solari et al., 2007) top-to-NW, sini-

stral-transtensional shear zone; syn-kinematic biotite is at 35 ± 1 Ma. Sample ML-39, mylonitic 

gneiss at Pochutla, is from a narrow, late-stage shear zone in the regional Chacolapa shear zone 
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along the northern edge of the eastern Xolapa complex; its major sinistral strike-slip stage is 

constrained at 29–24 Ma (Tolson, 2005; Nieto-Samaniego et al., 2006). Our 15 ± 2 Ma biotite 

age suggests reactivation, also indicated by faulting in the 29 ± 1 Ma, post-mylonitic Pochutla 

granite (Herrmann et al., 1994; Meschede et al., 1996).  

Samples PA3-4, PI28-1, CB31, CB35, and CA34 are from the Chiapas massif of southeas-

tern Mexico (Figs. 1C and 5I). A belt of small plutons along the southwestern margin of the 

massif is associated with metamorphic rocks that are partly mylonitized and faulted along a 

NW-trending, >100 km long zone named Tonala shear zone by Wawrzyniec et al. (2005). The 

late ductile and brittle kinematics is sinistral strike-slip, overprinting an older, higher-T fabric; 

the zone likely connects to similar sinistral strike-slip fabrics and plutons along the Polochic 

fault (Fig. 1C; see below). Our goal was to obtain ages for the intrusions and sinistral shear. 

Hornblende of diorite CB31 and tonalite CA34 yielded 15.5 ± 1.5 Ma and 11 ± 2 Ma, respec-

tively; the former and latter are similar to 14.65 ± 0.42 granite GM14c along the Polochic fault 

zone of westernmost Guatemala (see above) and a 10.3 ± 0.3 Ma, pervasively sheared pluton 

(U/Pb zircon, Wawrzyniec et al., 2005) of the Tonala shear zone, respectively. Hornblende and 

biotite from three mylonitic gneisses (PA3-4, CA35, PI28-1) gave within error identical ages at 

~8.2 Ma, interpreted to date sinistral shear deformation. One hornblende age (PA3-4) at 28.5 ± 

1.5 Ma may be interpreted as approximating the age of the higher-T flow/metamorphism, in line 

with Oligocene deformation ages along the northern margin of the Xolapa complex (see above). 

5.3. Fission-track thermochronology 
Our TFT and AFT thermochronology is only reconnaissance in nature. The two TFT ages 

support available Ar/Ar and Rb/Sr geochronology, being close to biotite cooling ages. The AFT 

ages from Guatemala and Honduras show positive age–versus–elevation correlations both in the 

central Maya block and the central and eastern parts of the northern Chortís block (Fig. 6A); ex-

humation rates, if significant, are similar and slow for Maya and Chortís blocks (~0.038 and 

0.035 mm/a, respectively), and possibly slightly more rapid along the western Ulúa-graben 

flank (~0.046 mm/a). The Chuacús-complex ages depict a cluster at ~30 Ma, low elevation ages 

from the Las Ovejas complex at ~12 Ma (Fig. 6A). Despite high elevation, the youngest ages of 

the Chuacús complex occur in western Guatemala along the Polochic fault in a small, ~15 Ma 

granite body and the mylonitic augengneiss it intrudes (samples GM13s, GM14s, Fig. 7A). The 

~2 Ma age difference between crystallization and cooling through ~100°C of the granite reflects 

quenching at high crustal levels. The ~11.5 Ma TFT and the ~4.8 Ma AFT ages from low-T my-

lonite approximate the age of ductile–brittle to brittle Polochic faulting. The outcrop conditions 

prevent assessment of whether the apparently undeformed granite is locally affected by myloni-

tization but both mylonite and granite show E-trending, sinistral faults. The oldest ages at high 
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Figure 6. Low-temperature thermochronology data. (A) Apatite fission-track (AFT) age–versus–elevation plots for 

the central Chuacús complex (top) and the Las Ovejas complex and granitoids. Locations and fission-track parame-

ters are given in Tables 6 and 7. (B) AFT temperature–time (T-t) paths for rocks of the Chuacús (western and central 

area) and Las Ovejas (western area) complexes and three arc granitoids; the latter are: 5C-6, Chiquimula batholith in 

the Las Ovejas complex; 5C-32, small granite east of the Chiquimula batholith; GM15s, augengneiss of the western-

most Chuacús complex overprinted by ~15 Ma granite. Good-fit solutions (all T-t paths with a merit function value of 

at least 0.5, Ketcham et al., 2000) are dark grey or black; acceptable-fit solutions (all T-t paths with a merit-function 
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elevation in the Chortís block cluster at ~22.5 Ma. The trend in the northern Chortís block for 

AFT ages to become younger toward major fault zones (Motagua fault, Ulúa graben), with ages 

as young as 7.8–3.8 Ma, (Figs. 6A and 7A), may be apparent, as these samples also occupy the 

lowest elevations and thus are certainly also an expression of the age–versus–elevation trend. 

The presence of these ages at low elevations along the Motagua fault suggests that its current 

activity (e.g., M7.5 1976 Guatemala earthquake, incorporating strike-slip and normal compo-

nents; Plafker, 1976) extended at least into the latest Miocene–Pliocene. 

The track-length distributions of our samples are unimodal, narrow, and symmetric. Mod-

eled T-t paths give monotonous continuous-cooling type solutions (Fig. 6B). All of our T-t 

models (except the ~15 Ma granite from western Guatemala, see above) show a phase of rapid 

cooling in the last few Myr that is an artifact caused by annealing at ambient temperatures act-

ing over geologic time. Low-T track-length reduction has been described for fossil tracks in age 

standards (e.g., Donelick et al., 1990) and borehole samples (Jonckheere and Wagner, 2000). 

This reduction is not incorporated into the annealing equations derived from laboratory experi-

ments on induced fission tracks, which account for annealing processes that take place within 

the partial annealing zone (Jonckheere, 2003a, b).  

Our samples from the Chiapas massif comprise a ≥1.5 km elevation profile (Fig. 6C) and 

two swaths separated by <40 km with little elevation difference; no apparent major fault sepa-

rates these samples. The youngest sample is at ~15.7 Ma, close to the Tonala shear zone and the 

~11 Ma tonalite (Fig. 6C); it is most likely thermally influenced, supporting the Miocene mag-

matism and deformation along this shear zone. The remaining samples range from ~25 to ~39 

Ma without a clear age–versus–elevation trend and a weighted average age of 30.4 ± 2.5 Ma; we 

suggest that these samples indicate relatively rapid cooling at ~30 Ma. 

 

 

 

value of at least 0.05) are light grey. (C) AFT age–versus–elevation plot and elevation–age–distance from the coast 

diagram for a vertical profile and regional samples of the south-central Chiapas massif, southern Mexico. The Tonala 

shear zone, associated granitoids, metamorphic rocks, and mylonites, and their ages (in Ma) are indicated (Hbl, 

hornblende; Bt, biotite); note their influence on one AFT sample. (D) AFT and apatite (U-Th)/He data for two coast-

normal sections in southern Mexico from Ducea et al. (2004b) plotted in age–versus-elevation diagrams; these data 

are reference sections for our own data and are discussed in the text. Dark grey vertical bars give age range (U/Pb zir-

con) and intrusion depth of granitoids from about the same area as the thermochronology data. Light grey bars give 

interpreted closure through 70–100°C or ~4 km depth. 

78 



The North American−Caribbean plate boundary 

 
Figure 7. (A) Major geologic units of the Motagua suture zone, distribution of Paleozoic−Cenozoic igneous rocks 

and new geochronologic ages. Abbreviations: Zrn, zircon; WM, white mica; Bt, biotite; Hbl, hornblende; Kfs, potas-

sium-feldspar; TFT, titanite fission-track; AFT, apatite fission-track. Numbers in italic denote undeformed granitoids. 

(B) Definition of mineral cooling and (C) zircon crystallization-age groups in relative probability plots, (D) Tempera-

ture−time diagrams of all data and (E) selected localities/samples (closing temperatures see text). (F) Single sample 

temperature−time diagrams illustrating age groups common in the Chuacús complex (Maya block) and the Las Ove-

jas complex (Chortis block). 
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5.4. Interpretation of new geochronology 
Our U/Pb zircon geochronology outlines Early Paleozoic−Late Cenozoic high-T meta-

morphism and magmatism (Figs. 3 and 7C). In the Chuacús complex, we resolved prolonged 

Ordovician–Silurian (~410–485 Ma, age groups at 415 and 465 Ma), Permotriassic (~215–270 

Ma, age groups at 238 and 220 Ma) and Middle Jurassic (~163–177 Ma, age group at 171 Ma) 

events; these are partly supported by Ar/Ar cooling ages (~225–238 Ma) and reflect magmatism 

(Fig. 3A). The U/Pb data also demonstrate metamorphic zircon growth at ~70–78 Ma 

(Th/U<0.03, age group at 74 Ma; Fig. 3A) about coeval with pegmatite emplacement at ~74 Ma 

(Rb/Sr and K/Ar on very coarse-grained white-mica). Miocene (~15 Ma) granite intruded into 

shallow crustal levels (nearly identical AFT age) in the western Chuacús complex. Both in the 

Las Ovejas complex and the central Chortís block, we resolved Early Permian (~264–283 Ma, 

age group at 273 Ma) magmatism followed by Early Triassic (~242–253 Ma, age group at 245 

Ma) high-grade metamorphism that is also reflected by a K/Ar biotite cooling age (222 ± 8 Ma; 

MMAJ, 1980) and Middle to Late Jurassic (~140–191 Ma, age groups at 159 and 166 Ma) 

magmatism and subsequent cooling (Rb/Sr and Ar/Ar ages at ~155 Ma). Overwhelmingly, the 

northern margin of the Las Ovejas complex is dominated by Late Eocene high-grade metamor-

phism, migmatization, and plutonism at 40–35 Ma (age group at 37 Ma). Cooling ages related to 

this event also come from Roatán Island (~36 Ma Ar/Ar hornblende; see above). Our geochro-

nology also supports an Ordovician–Silurian event in the Chortís block. Based on U/Pb zircon 

geochronology, the Maya and Chortís blocks share Ordovician to Jurassic events (Fig. 7F; the 

evident Proterozoic similarity is not addressed here). At least the northern and central Chortís 

block is distinctly different from the Maya block in the Late Cretaceous and early Tertiary. 

The most striking, first-order result showcased by our Ar/Ar and Rb/Sr geochronology is 

the clear-cut separation of the southern Maya and northern Chortís blocks reflected in all cool-

ing ages (Figs. 7A and B): the Chuacús complex, rimmed by the Polochic and the Motagua fault 

zones, cooled through ~500°C and through 275–350°C ~40 Myr earlier than the Las Ovejas 

complex south of the Motagua fault zone; cooling through ~100°C occurred ~15 Myr earlier in 

the Chuacús than the Las Ovejas complex. Obviously, the sampled block margins experienced 

distinctly different thermal evolutions during the Late Cretaceous and Tertiary: the Chuacús 

complex was heated to high amphibolite-facies metamorphism (see below) and cooled relatively 

rapidly (~28°C/Myr) to upper crustal temperatures during the Late Cretaceous (Fig. 7D); subse-

quently, cooling (~6°C/Myr) and exhumation was apparently slow (~0.038mm/a; see Figs. 6A 

and 7D). Multi-mineral T-t paths from central and east-central Chuacús samples (Fig. 7E) sup-

port this two-stage history. The Las Ovejas complex lacks Cretaceous regional metamorphism; 

its cooling from ≥40 Ma appears steady-state at ~16°C/Myr (Fig. 7D and E). Our geochronolo-

gy does not prove whether slow cooling actually occurred, thus potentially reflecting long-term 
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strike-slip deformation, or represents deformation and cooling at 40–35 Ma and reactivation at 

25–18 Ma. As we found clear syn-kinematic mineral growth defining both age groups (see be-

low), we favor the latter scenario. Along the southern margin of the Chiapas massif, U/Pb and 

Ar/Ar geochronology demonstrates Tertiary plutonism (~29, ~16, ~11 Ma) and sinistral strike-

slip at ~8 Ma along the Tonala shear zone.  

Most AFT ages within the Chuacús complex of the southern Maya block group around ~30 

Ma and thus correspond to the ~30 Ma age cluster in the Chiapas massif. We suggest that these 

ages indicate a thermal disturbance at ≥30 Ma induced by Tertiary arc magmatism and sinistral 

displacement between the Maya and Chortís blocks along and across this arc (see below). The 

young TFT and AFT ages along the Polochic fault zone relate its sinistral strike-slip deforma-

tion to the Late Miocene–Recent deformation along the Tonala shear zone, thus supporting their 

connection (Fig. 1C). These ages also support Burkart’s (1983) estimate of major displacement 

(~130 km) along the Polochic fault between 10 and 3 Ma. The presence of very young AFT 

ages along the Motagua fault zone extends its neotectonic activity into the latest Miocene–

Pliocene. The cluster of AFT ages at ~22.5 Ma in the northern Chortís block likely reflects con-

tinuation of the cooling from Late Eocene–Early Oligocene magmatism and metamorphism; the 

~12 Ma cluster is attributed to a thermal event that is connected with the flare-up of magmatism 

(ignimbrite event) along Central America (see below). 

Taking the peak-P conditions of ~0.7 GPa (see petrology below) reached in the Chuacús 

and Las Ovejas complexes during their Cretaceous (Chuacús, ~75 Ma) and Tertiary (Las Ove-

jas, ~40 Ma) metamorphism, it appears that (i) early average exhumation rates were at least one 

order of magnitude more rapid than those derived from the AFT age–versus–elevation relation-

ship (Fig. 6A); (ii) the presence of AFT ages at high elevations, which approach those of the 

Ar/Ar and Rb/Sr biotite geochronometers, suggest that the change from relatively rapid to rela-

tively slow rates occurred relatively early in the exhumation process (~60 Ma in the Chuacús 

complex; ~20 Ma in the Las Ovejas complex). The fact that the late-stage exhumation rates 

(AFT age–versus–elevation data) are grossly similar in the Chuacús and Las Ovejas complexes 

suggests, given the strongly different cooling rates, much hotter crust in the Las Ovejas com-

plex. 

The difference between the southern Maya and northern Chortís blocks during the Creta-

ceous−Tertiary is emphasized by the distinctly different P-T-d-t conditions encountered in the 

North and South El Tambor Group allochtons (Harlow et al., 2004; Tsujimori et al., 2004): ex-

tremely low-T lawsonite eclogites experienced blueschist-facies retrogression at ~120 Ma south 

of the Motagua fault, whereas higher-T zoisite eclogites show blueschist-facies retrogression at 

~76 Ma north of the fault. These P-T-d-t conditions illustrate differences in tectonic evolution 
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and time of the emplacement of these subduction–accretion complexes. Significantly however, 

in the high-P/low-T case, the region south of the Motagua fault zone cooled earlier and cooling 

in the North El Tambor Group is coeval with the onset of cooling in the Chuacús complex. 

 

 
Figure 8. Pressure–temperature–time diagrams: (A) Pressure–temperature–time space of our new petrology and 

geochronology, and literature data of Ortega-Gutiérrez et al. (2004). A few Chuacús complex samples (Maya block) 

plot in the eclogite field. They follow an isothermal decompression path to amphibolite facies. The Chuacús eclogite-

facies metamorphism is at best constrained to between 477 and 402 Ma and at worst to between 638 and 238 Ma. The 

retrograde amphibolite-facies metamorphism is dated at 238–218 Ma, the eclogite-facies metamorphism is pre-238 

Ma (see text). Most of the Chuacús complex passed through epidote–amphibolite facies metamorphism and subse-

quent retrogression to greenschist facies. This event is well-dated at as Late Cretaceous (≤75 Ma). The Sanarate com-

plex of the northwestern Chortís complex gives Jurassic (~155 Ma) epidote–amphibolite-facies metamorphism that 

evolved prograde out of the greenschist facies. The Las Ovejas complex (Chortís block) shows Tertiary (≤40 Ma) ep-

idote–amphibolite to amphibolite facies. (B) Motagua suture zone pressure–temperature–time evolution from this 

study and Tsujimori et al. (2004, 2005, 2006), Harlow (1994), Harlow et al. (2004), and Brueckner et al. (2005). The 

Late Cretaceous Chuacús complex and mid-Tertiary Las Ovejas complex pressure–temperature fields are from this 

study. The northern zoisite eclogites (on Maya block) formed at ~132 Ma and reached mid-crustal conditions at about 

the same time as the Chuacús rocks experienced reheating at epidote–amphibolite-facies conditions accompanied by 

local magmatism. We suggest that the two are linked to the same oceanic–to–continental subduction zone (see text). 

The southern lawsonite eclogites (on Chortís block) formed at ~131 Ma and were at mid-crustal conditions already by 

~120 Ma. Their emplacement is not genetically linked to the high-grade metamorphism and magmatism of the Las 

Ovejas rocks, which is a result of the Caribbean-plate translation and the formation of the Cayman trough (see text). 
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6. New Petrology 
We selected twelve representative thin sections of magmatic and metamorphic rocks from 

both sides of the MSZ for electron microprobe analysis. Table 8 lists mineral assemblages and 

summarizes the P-T-t estimates, and Figure 8 visualizes the PT space of our and literature data. 

6.1. Chiquimula batholith within Las Ovejas complex 
Coarse-grained granodiorite 5C-13 is part of the Chiquimula batholith with the mineral as-

semblage quartz + K-feldspar + plagioclase + biotite + hornblende. Subhedral and anhedral pla-

gioclase crystals are typically altered to sericite and have An-contents of 35-55 mole-% with 

normal zoning patterns. Twinning is in part deformational. Subhedral orthoclase has a K-

feldspar component of 80-90 mole-% and displays perthitic unmixing. Prismatic amphibole is 

magnesiohornblende (classification of Leake et al., 1997) with relicts of augite in the cores. 

Reddish-brown biotite contains up to 4.6 wt.-% TiO2, has an XMg of ~0.45 and is partly trans-

formed to chlorite. Accessories are opaque minerals, apatite, and zircon. Anderson and Smith’s 

(1995) Al-in-hornblende geobarometer yields 100–180 MPa at 740−860°C, calculated with the 

Ti-in-hornblende and plagioclase−hornblende geothermometers (Colombi, 1988; Blundy and 

Holland, 1990; Holland and Blundy, 1994). Our Ar/Ar geochronology demonstrates that the 

Chiquimula granite is a composite batholith (~90 Ma biotite−chlorite age, 5C-11; ~20 Ma K-

feldspar, 5C-13); assuming that the 20 Ma K-feldspar age of 5C-11, adjacent to 5C-13, is close 

to the intrusion age of this shallow granodiorite (3−5.5 km), the average exhumation rate is 

0.15−0.27mm/a. This supports our inference (see above) that relatively rapid exhumation in the 

Las Ovejas complex is pre-20 Ma. 

6.2. Intrusive sequence, Juan de Paz ophiolite, North El Tambor Group  
Fine- to medium-grained microdiorite 5PB-8 shows agglomeration of hornblende and pla-

gioclase. Plagioclase shows normal zoning with An-content decreasing from 85 to 55 mole-% 

from core to rim. Calcic amphibole (magnesiohornblende) is slightly brownish and short pris-

matic. A few clinopyroxene relicts yield 95-98 mole-% augite (end member calculation after 

Banno, 1959) and are mantled by hornblende. Opaque minerals and apatite are common acces-

sories. Anderson and Smith’s (1995) Al-in-hornblende geobarometer indicates ~140 MPa at 

730−860°C, calculated with the Ti-in-hornblende and the plagioclase−hornblende geothermo-

meters. Bertrand et al. (1978) dated a likely metamorphic overprint in related dolerites from the 

Baja Verapaz (Fig. 1C) at ~75 Ma (see above). 

6.3. Western Chuacús complex 
Strongly foliated hornblende−epidote schist G19s contains phengite (Si-content ~3.3 p.f.u.), 

green amphibole (edenite to ferro-edenite associated with magnesio- to ferro-hornblende), epi-

dote (XPs≥ 0.15; cf. Dahl and Friberg, 1980), and saussuritized plagioclase with an An-content 
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of 0−2 mole-%. Biotite forms post-tectonic, topotactic flakes on phengite. Accessory minerals 

are opaques and titanite. Phengite geobarometry yielded >0.7 GPa at 500°C (Massonne and 

Szpurka, 1997). The calibrations of Spear (1981) and Plyusnina (1982) gave 0.7−0.8 GPa at 

450-500°C, which are reproduced by Colombi’s (1988) Ti-in-hornblende geothermometer. Our 

67 ± 1 Ma Ar/Ar phengite age demonstrates latest Cretaceous exhumation through the middle 

crust with an average rate ~0.37 mm/a. Epidote schist G21s is mylonitic with numerous porphy-

roclasts of epidote (XPscore = 0.295, XPsrim = 0.215), albite (An0.3-0.9), and microcline 

(Kfs98Ab1-2Cel1-2An<0.5). The feldspars lack recrystallization but quartz recrystallized dynamical-

ly by subgrain rotation. Greenish biotite (XMg~0.47) and phengite (~3.3 Si p.f.u.) are common; 

opaques, titanite, apatite, and zircon are accessories. Strong mineral chemical disequilibria be-

tween the phases preclude PT estimates; the Si-content of phengite suggests ~0.8 GPa (Mas-

sonne and Szpurka, 1997).   

6.4. Central Chuacús complex 
Garnet gneiss 5CO-4b is dominated by orthoclase (Kfs93Ab5Cel1An<0.5) and minor, partly 

saussuritized plagioclase (An0.2-1.4). Quartz shows subgrain-rotation recrystallization. Chloritized 

biotite (XMg=0.17) and phengite have epidote (XPs=0.23) and plagioclase inclusions. Phengite 

has elevated Si-contents of up to 3.50 p.f.u. in the core, indicating high-P conditions, whereas 

Si-contents as low as 3.27 p.f.u. occur in the rim sections. Garnet forms porphyroblasts with in-

clusions of plagioclase, quartz, minor ferro-hornblende/ferro-tschermakite, omphacite (10 mole-

% jadeite) and rutile. It displays compositional zoning with a bell-shaped spessartine curve (core 

Alm43GAU44Sps10Prp0.5; rim Alm47GAU48Sps5Prp0.5). Carbonate, zircon, and titanite form ac-

cessory minerals in the matrix. Relict phases highlight the polymetamorphic evolution of 5CO-

4b. Compositional zoning of garnet and omphacite inclusions in the core demonstrate high-P. 

For the garnet cores, ~525°C is calculated (Krogh, 2000) at ≥0.8 GPa (jadeite barometry of Hol-

land, 1980, 1990). The highest-P conditions (highest aprp*agrs
2) are preserved near the garnet rim. 

‘Garnet−phengite’ thermometry (Green and Hellman, 1982) using the garnet rim data and high-

P phengite yields 550°C at minimum pressures of 1.4 GPa (phengite barometer of Massonne 

and Szpurka, 1997). The strong retrograde overprint is indicated by pervasive growth of matrix 

biotite and low-Si phengite; outermost garnet rims (highest XPrp) and adjacent biotite yielded 

~510°C (geothermometer of Hodges and Spear, 1982) at 0.7 GPa (barometry of Massonne and 

Szpurka, 1997 using paragenetic phengite), demonstrating re-equilibration under epidote–

amphibolite-facies conditions. Due to this overprint and late retrograde processes, feldspar 

thermometry (Fuhrman and Lindsley, 1988) on coexisting plagioclase (An0.2-1.4) and K-feldspar 

(integrated analysis with a 50 μm beam diameter) indicate cooling temperatures of 400−440°C. 

The lower intercept U/Pb zircon age indicates that high-P metamorphism is <638–477 Ma and 
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our Ar/Ar and Rb/Sr phengite and biotite ages date the latest portion of the retrograde path at 

68−64 Ma. 

Garnet amphibolite (eclogite) 5CO-5a contains minor quartz showing subgrain-rotation re-

crystallization and foliation-defining, large calcic amphibole (pargasite to edenite). Omphacite 

with 35 mole-% jadeite at the rim to 40 mole-% in the core is present as relicts in garnet and 

hornblende cores and less commonly in the matrix. Si-content of well-aligned phengite slightly 

decreases from core (3.32 p.f.u.) to rim (3.27 p.f.u.) and is the dominant sheet silicate. Garnet is 

almandine-rich with elevated grossular and pyrope contents. Remarkably flat zonation patterns 

may be due to the small crystal size; the average composition is Alm60GAU22Sps0.5Prp16. Pla-

gioclase (An2−4) is secondary, forming along the rims of garnet and hornblende; irregular spots 

of An10−12 are also present. Late-stage biotite (XMg~0.53) grew at the expense of phengite. Apa-

tite, rutile, ilmenite, and pyrrhotite are accessories. The mineral assemblage garnet + phengite + 

omphacite permits the application of the Waters and Martin (1993) barometer, which calculates 

pressures of 1.4–1.5 GPa for omphacite inclusions in the garnet core and core sections of phen-

gite. A temperature estimate for this mineral assemblage using garnet-clinopyroxene geother-

mometry of Krogh (2000) is problematic due to the uncertainty of the ferric iron estimate in the 

silicates. Since garnet usually contains only small amounts of ferric iron, any error is predomi-

nately caused by the estimate of ferric iron in clinopyroxene. A useful approach is the assump-

tion of 50% Fe3+ of total iron in clinopyroxene (Carswell et al., 2000; Schmid et al., 2000), 

which leads to temperatures of 600–625°C for garnet and omphacite inclusions. Similar temper-

atures are calculated using the hornblende–clinopyroxene geothermometer of Perchuk et al. 

(1985). Omphacite in the matrix likely was affected by retrograde processes and consequently 

shows a wide range of temperatures (490−590°C). Temperatures for retrograde overprint of the 

eclogite were estimated at about 560°C using the garnet−hornblende thermometer of Graham 

and Powell (1986) for garnet rims and adjacent hornblende. The GRIPS geobarometer of Boh-

len and Liotta (1986) calculates pressures of ~1.1 GPa for these minerals and associated pla-

gioclase, rutile, and ilmenite. These estimates indicate isothermal decompression during exhu-

mation of the eclogite. Ortega-Gutiérrez et al.s’ (2004) ~302 Ma lower intercept zircon age from 

a leucosome interbedded with relict eclogite from the area of 5CO-5 was interpreted to provide 

a minimum age for the Chuacús high-P event. We interpret our ages from this location as re-

flecting Triassic cooling during post-high-P, amphibolite-facies retrogression and Cretaceous 

reheating associated with regional metamorphism and local magmatism (see above).  

The strong foliation of garnet-bearing micaschist 5PB-13a is formed by alternating mica- 

and quartz-rich layers; quartz shows subgrain-rotation and grain-boundary-migration recrystal-

lization. Small, almandine-rich and spessartine-poor garnet grains (Alm70GAU10Sps1Prp18) are 
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included in large albite porphyroblasts (An0.2-0.7), and larger garnet porphyroblasts with 

Alm74GAU2Sps13Prp8 crystallized within the matrix; the garnets are slightly inhomogeneous 

without regular zonation patterns. Green to brownish biotite (XMg~0.58) is partly altered to 

oxychlorite. Si-content in phengite decreases from core (3.3 p.f.u.) to rim (<3.2 p.f.u.). This cor-

relates with decreasing Ti-content and indicates a retrograde evolution. Due to the lack of criti-

cal mineral assemblages, only few thermobarometers can be used to evaluate the PT conditions 

of these schists. The Si-content of phengite yields ≥0.6-0.8 GPa; the garnet−biotite geothermo-

meter (Hodges and Spear, 1982) and the garnet−phengite geothermometer (Green and Hellman, 

1982) point to 560-580°C for the garnet inclusions in albite and 460–475°C for the matrix gar-

nets. Our Rb/Sr phengite age suggests metamorphism at ~65 Ma. 

Garnet amphibolite 5PB-13b is well foliated, medium- to coarse-grained, and comprises 

large, pale-green calcic amphibole (magnesiohornblende to edenite) with numerous garnet and 

quartz inclusions; the matrix has also phengite and clinozoisite. Phengite Si-content (3.3−3.15 

p.f.u.) and XMg (0.76−0.66) decrease toward the rims. Clinozoisite (XPs=0.08−0.09) forms large 

prisms. Quartz shows both dynamic subgrain-rotation and grain-boundary-migration recrystalli-

zation. Albite (An2−6) has numerous quartz inclusions. Small, euhedral garnet yields 

Alm55GAU35Sps5Prp4 in the core and Alm54GAU30Sps5Prp11 in the rim and has increasing XMg 

values from core to the rim, indicative of prograde growth. One garnet differs compositionally, 

with high XMg in the core and abruptly increasing almandine content at the expense of grossular 

and spessartine towards the rim; this may indicate an earlier, prograde metamorphic evolution. 

Retrograde chlorite is widespread; apatite, zircon, and titanite are accessories. Pressures of ≥0.7 

GPa (Massonne and Szpurka, 1997) at 530–550°C (garnet−hornblende geothermometer of Gra-

ham and Powell, 1986) are obtained; the Ti-in-hornblende thermometer of Colombi (1988) pro-

vides ~590°C. Our Ar/Ar amphibole and Rb/Sr phengite ages suggest metamorphism at ~65 

Ma. 

Hornblende–mica–chlorite schist 5PB-14 shows distinct layering with amphibole−mica and 

quartz that is dynamically recrystallized by subgrain rotation and grain-boundary migration. 

Pseudomorphs of chlorite (ripidolite after Hey, 1954) after relict garnet and lamellae of oligoc-

lase (An12) within albite (An0.5-2) demonstrate retrograde overprint. Green amphibole (tscherma-

kite to magnesiohastingsite) and clinozoisite (XPs~0.13) are subordinate. White mica shows in-

creasing Si-content from the core to the rim (3.12−3.20 p.f.u.). Pale brown biotite is rare. Car-

bonate is Fe-bearing dolomite. Opaque minerals, rutile, and titanite form accessory phases. PT 

conditions of 500–550°C at ~0.8 GPa are suggested by the geothermobarometer of Plyusnina 

(1982). This estimate is reproduced by the phengite geobarometry (Massonne and Szpurka, 

1997) and the amphibole–plagioclase geothermometers of Spear (1981), Blundy and Holland 
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(1990), and Holland and Blundy (1994). 600–630°C is indicated by the Ti-in-hornblende geo-

thermometer of Colombi (1988), likely due to the high bulk Ti-content of the rock. This may, 

however, also indicate an early stage of medium- to high-grade, amphibolite-facies metamor-

phism. Our 65 ± 1 Ma Ar/Ar white mica age dates cooling during greenschist-facies retrogres-

sion. 

Gneiss G14s is inhomogeneous with alternating plagioclase−quartz and mica−hornblende 

layers. Plagioclase is albite (An0.5−2); epidote (XPs=0.2) and chlorite are present in the mafic lay-

ers. Phengite has Si-contents of 3.27−3.34 p.f.u. Biotite yields XMg of ~0.51. Green amphibole is 

magnesio- and ferro-hornblende. Small garnet within the mafic layers and as tiny inclusions in 

plagioclase has a bell-shaped spessartine curve and rimward decreasing XFe and XMn; cores and 

rims are Alm40GAU31Sps25Prp1 and Alm48GAU37Sps13Prp2, respectively. Accessories are carbo-

nate, opaques, and titanite. Triboulet’s (1992) geothermobarometer calculates ~610°C at ~0.62 

GPa for the rim composition of the minerals, supported by phengite geobarometry at 0.6–0.7 

GPa at 500–600°C. About 550°C are obtained by the garnet–hornblende (Graham and Powell, 

1986) and the garnet–chlorite geothermometer (Ghent et al., 1987). These PT estimates indicate 

peak conditions at the transition from epidote-amphibolite– to amphibolite-facies metamor-

phism. 

6.5. Sanarate complex 
Chlorite–epidote–amphibole schist 5G-1a contains albite (An1-3.5), clinozoisite (XPs≥0.1), 

chlorite (ripidolite), amphibole (edenite), and phengite (3.2–3.3 Si p.f.u.). The application of the 

geothermobarometer of Triboulet (1992) yields peak PT conditions of ~550°C at ~0.65 GPa for 

the rims of the minerals. The cores indicate ~380°C at ~0.55 GPa, outlining a prograde meta-

morphic loop. These data highlight the transition from lower greenschist to epidote–amphibolite 

facies and are supported by the geothermometry of Colombi (1988) and Holland & Blundy 

(1994), which provide ~415°C for the core and ~560°C for the rim of the amphibole. Si-

contents of syn-tectonic phengite accordingly yield 0.6–0.65 GPa (Massonne and Szpurka, 

1997). A likely age of this metamorphism is Middle Jurassic, given by the hornblende and white 

mica ages from adjacent locations G23, G24, which comprise similar rocks. 

6.6. Las Ovejas complex   
Garnet amphibolite 5PB-5a displays a fine- to medium-grained matrix with syn-kinematic 

biotite, amphibole and large, poikiloblastic garnet. Matrix quartz shows numerous subgrains. 

Biotite is Ti-rich (up to 4.1 wt.-% TiO2) and has an XMg of about 0.24. The green amphibole is 

hastingsite. Large plagioclase grains are chemically homogeneous with An-content of ~35 

mole-%. Garnet cores show Alm69GAU19Sps8Prp4; XFe and XMn increase towards the rims, indi-

cating retrograde overprint. Accessories are opaques and apatite. Garnet−hornblende geother-
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mometry (Graham and Powell, 1986) in combination with garnet–amphibole–plagioclase–

quartz geobarometry (Kohn and Spear, 1990) yields 627–655°C at 0.7–0.8 GPa. Comparable 

temperatures are calculated with garnet–biotite thermometers of Hodges and Spear (1982), In-

dares and Martignole (1985), and Perchuk and Lavrent´eva (1983). Ar/Ar hornblende and bio-

tite ages out of shear bands date deformation and rapid cooling through the middle crust at 30-

28 Ma. 

6.7. Interpretation of new petrology 
Garnet amphibolite and felsic gneiss of the central Chuacús complex in the El Chol area 

preserve, in accordance with Ortega-Gutiérrez et al. (2004), a high-P event. Our data emphasize 

Ortega-Gutiérrez et al.s’ “decompression and melting event” (550–650°C at 1.4 GPa). Garnet 

gneiss 5CO-4b likely records part of a prograde path. A first overprint is at ≥550°C and ~1.1 

GPa, a second in the epidote–amphibolite-facies (~550°C at ~0.7 GPa). Only restricted areas of 

the Chuacús complex escaped the regional third overprint at 450–625°C at 0.7–0.8 GPa. The 

age of the high-P event is certainly pre-238 Ma, the age of two-mica orthogneiss intrusion (U/Pb 

ages) and high-T metamorphism (Ar/Ar ages) in the El Chol region, that we relate to the second 

overprint in the El Chol area dated as Triassic (238-215 Ma). The high-P event is syn- or post-

638–477 Ma, the lower intercept U/Pb zircon age of high-P garnet–K-feldspar gneiss at location 

5CO-4. It is likely older than the ~302 Ma lower intercept age of a leucosome interpreted to be 

associated with eclogite decompression (Ortega-Gutiérrez et al., 2004) and possibly syn- to pre-

402 Ma, the age of metamorphic zircon incorporated in the Triassic two-mica orthogneiss. The 

regional ≥450°C and 0.7–0.8 GPa overprint is Late Cretaceous and the most outstanding feature 

of most of the Chuacús complex. This regional Cretaceous reheating is associated with local 

magmatism; deformation is syn-kinematic within the transition zone of amphibolite- to green-

schist-facies metamorphism and continued during subsequent cooling. Characteristically, pres-

sure estimates of the Cretaceous event are similar throughout the Chuacús complex but >100°C 

higher temperatures and somewhat higher pressures occur in the central Guatemala than in 

western Guatemala. The microdiorite from the Juan de Paz ultramafic sheet of the North El 

Tambor Group likely records seafloor hydrothermal overprint followed by low-grade Creta-

ceous metamorphism.  

Our reconnaissance petrology of the northern Chortís block identifies Tertiary amphibolite-

facies metamorphism, migmatization, local magmatism, and associated deformation for the Las 

Ovejas complex starting at ≥40 Ma. Peak PT conditions are ~650°C at 0.7–0.8 GPa, veiling ear-

lier high-grade metamorphism associated with magmatism and migmatization that is Permo-

triassic and Jurassic (age groups at 273, 245, 166, and 158 Ma). Distinctly different, Middle Ju-

rassic (~155 Ma) prograde, lower greenschist- to epidote–amphibolite-facies metamorphism is 

preserved in the non-migmatitic Sanarate complex of southern Guatemala, west and outside of 
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the Cenozoic-shaped Las Ovejas complex. The latest Cretaceous–Tertiary Chiquimula batholith 

is a composite, shallow crustal level intrusion (3-6 km). Sub-volcanic ~20 Ma intrusives in this 

batholith demonstrate exhumation from ~25 km during 40–20 Ma, supporting a two-stage de-

formation–exhumation history within the Las Ovejas complex; i.e. relative rapid pre-20 Ma fol-

lowed by slower post-20 Ma exhumation (see above). 

Figure 8A summarizes the available P-T-t data from the Chuacús, Sanarate, and Las Ovejas 

complexes. The intricate metamorphic evolution in the Chuacús complex apparently is related 

to Early Paleozoic high-P metamorphism and its retrogression still in the eclogite field, further 

epidote–amphibolite-facies retrogression associated with Triassic magmatism/metamorphism, 

and regional Cretaceous epidote–amphibolite to amphibolite-facies reheating. The northern 

Chortís block contains a part dominated by Jurassic epidote–amphibolite metamorphism, only 

weakly overprinted by a Cenozoic event; the latter defines the Las Ovejas complex, which is 

characterized by epidote–amphibolite to amphibolite-facies reheating. Figure 8B compares the 

P-T-t evolutions of the mélange complexes (North and South El Tambor Groups) and the conti-

nental blocks onto which they were emplaced. Jurassic–Early Cretaceous North El Tambor 

Group oceanic and immature arc rocks incorporated ~131 Ma eclogite into an accretionary 

wedge that reached crustal levels in the Late Cretaceous (~76 Ma) and was incorporated as the 

roof nappe into the southern Maya block imbricate stack that initiated contemporaneously (~75 

Ma). Mostly Cretaceous South El Tambor Group oceanic rocks incorporated ~132 Ma eclogite 

into an accretionary wedge, reached crustal levels at ~120 Ma, and were emplaced onto the 

Chortís block, whose last thermal overprint was during the Middle Jurassic. Locally and varia-

bly, the South El Tambor Group was affected by the Cenozoic deformation and metamorphism 

characterizing the La Ovejas complex. 

7. Structure and kinematics 
We organized our structural–geometry and kinematic data according to tectonic position 

and region (western, northern, and central Chuacús complex; central and eastern Las Ovejas). 

7.1. Chuacús complex and Late Paleozoic cover, western Guatemala 
Figures 9 and 10 compile structural and kinematic field and laboratory data and Figure 11 

shows representative deformation features and dated syn-kinematic minerals. The western 

Chuacús complex shows regional, heterogeneously distributed, low-grade deformation (D2) that 

overprints high-grade, partly migmatitic flow structures (D1). Most pronounced is a deflection 

of the first foliation, s1, into ubiquitous, sub-vertical, sinistral, D2 shear zones. In this study, we 

concentrated on the Late Cretaceous (see below) greenschist-facies event D2; its low-grade is 

distinct, as the same event reaches amphibolite facies in the central Chuacús complex of south-

ern Guatemala and is coeval with magmatism. Another distinct map-scale feature is a NW struc-
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tural trend (foliation, stretching lineation, shear planes), oblique to the ~E trend of the Polochic 

fault zone; the latter is clearly younger (see above).  

The basement mainly comprises migmatitic paragneiss and (locally) orthogneiss, amphibolite 

and (hornblende)–epidote schist, augen gneiss of magmatic protolith, pegmatite, and variably 

strained granitoids. We also studied localities of Late Paleozoic metasediments (often conglome-

rate; Chicol and Sacapulas Formations). D1 shows high-T plasticity, dominant coaxial flattening (s 

fabrics), and intrafolial and isoclinal folds, which refold an even earlier, relict foliation. D1 is ac-

companied by local migmatization, traced by feldspar layers. D1 quartz LPO shows medium- to 

high-T prism <a> glide (G20s of stop G45; Fig. 9, bottom right) that contrasts with D2 low-T 

quartz LPO (see below). Quartz is coarse-grained and recrystallized by grain-boundary migration. 

D1 is Late Triassic (~215 Ma), suggested by our U/Pb zircon age of phyllonitic (due to D2) mig-

matitic gneiss (G18s of stop G1). D2 formed 10–80 cm wide, chlorite- and carbonate-bearing shear 

zones that boudinaged s1 (e.g., G1), imposed locally well developed augen- to ultra-mylonites that 

evolved during decreasing temperature into ductile–brittle mylonite with clinozoisite-, epidote-, 

and quartz-bearing faults (e.g., G3) and late fracturing (e.g., G45). These discrete shear zones wi-

den into belts of mylonite, transforming the basement gneisses into biotite–chlorite schist and epi-

dote–hornblende phyllite. Strain is locally prolate (dominant l-fabrics; e.g., G56/57). D2 quartz 

LPO indicates basal <a> slip (G1) with a strong coaxial flow component (c-axis cross-girdles). 

Quartz recrystallization mechanisms are variable but typically low-T and dynamic; subgrain rota-

tion is dominant (e.g., G21s of stop G46; Fig. 11A-2) but evolves out of bulging recrystallization 

occur in quartz ribbons (e.g., G25s of stop G56, Fig. 11A-2, inset). Hornblende and feldspar are 

broken. Plagioclase shows rare incipient stages of recrystallization along twin planes; thus, defor-

mation occurred mostly below ~450°C, evolving to very low-grade (≤300°C). Sinistral shear crite-

ria are ubiquitous: flow folds, σ clasts, shear bands, and sc-fabrics in layers of quartz recrystalliza-

tion (Fig. 9). Epidote (±hornblende) schists G19s (stop G1) and G21s (stop G3) provide quantita-

tive PT estimates for the initial, higher-T stages of D2 at 450–500°C and 0.7–0.8 GPa. D2 is pre-

cisely dated at 67 ± 1 Ma by syn-kinematic white mica (G19s of stop G1; Fig. 11A-2). D2 also 

developed in the Paleozoic metasediments and is more pronounced (sinistral) transpressional (e.g., 

G4, Fig. 9) than in the underlying basement. Location GM36 shows stretched conglomerate (Fig. 

9) cut by aplitic veins with the same ~E-W extension that stretched the pebbles; low-T plasticity 

with dynamic subgrain rotation occurred in quartz clasts. The basement rocks are variably over-

printed by faults that are related to the Polochic fault zone (Fig. 10); the principal faults strike 

WNW (Polochic-parallel) and N. Faulting is ≤20 Ma, given by the ~20 Ma U/Pb zircon lower in-

tercept of samples GM13s and GM14s (stops GM42, GM43) and the ~23  Ma AFT age of stop 

GM35 (sample GM9s); it is best constrained by the TFT and AFT ages along the Polochic fault 

(11.5–4.8 Ma, see above). 
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Figure 9. Overview map (top left) locates geologic-structural map (bottom) in the Maya block of western Guatemala. 

The latter compiles and reinterprets available 1:50.000 geologic maps and plots the main structural features both on 

map and in stereonets (lower hemisphere, equal area); it also serves as legend for the following structural data maps. 

S, foliation; str, stretching lineation; sb, shear band; ab, asymmetric boudinage; σ, δ, sigma and delta clasts; qtz-c,
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Figure 10. Additional structural data from the Maya block of western Guatemala. Legend for structural symbols as in 

Fig. 9. S0, bedding; tg, tension gash; ccw, counterclockwise. 

 

 

 

 

 

(Figure 9, continued) LPO of quartz c-axis; subscripts 1, 2, first, second deformation fabric element; D, deformation 

event; X, Y, Z, principal axes of finite strain. Fault-slip data and principal stress orientations 1–3: faults are drawn as 

great circles and striae are drawn as arrows pointing in the direction of displacement of the hanging wall. Confidence 

levels of slip-sense determination are expressed in the arrowhead style: solid, certain; open, reliable; half, unreliable; 

without head, poor. Arrows around the plots give calculated local orientation of subhorizontal principal compression 

and tension. Mineral abbreviations for geochronologic data obtained at the same location (below some stereonets) are 

those of Fig. 5. Ages are in Ma, except as otherwise noted. 
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Figure 10. (continued) 
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Figure 11. Representative dated minerals and deformation-geometry and kinematic structures. A: Chuacús-complex 

(Maya block) rocks. 1, stop G27, sample G7s: weathered retrograde biotite gneiss with sinistral brittle-ductile faults 

and pull-apart-type tension gashes that were locally filled with pseudotachylite (~70 Ma Ar/Ar whole rock). 2, west-

ern Guatemala: stop G46, sample G21s, partly mylonitic epidote schist; epidote and feldspar are brittle, quartz is

94 



The North American−Caribbean plate boundary 

7.2. Chuacús complex, central Guatemala 
Central Guatemala exposes the deepest part of the Chuacús complex studied by us (Figs. 

12, 13) and allows insight into pre-Cretaceous deformation–metamorphism–magmatism. The 

Cretaceous structural overprint increases both toward south and north, i.e. the North El Tambor 

Group of the hanging wall. Typical Chuacús-complex rocks are garnet-bearing para- and or-

thogneiss, garnet amphibolite that is partly retrograde eclogite (see petrology), and marble (e.g., 

stops 880-884, 886, 5CO-4–6). Felsic and mafic rocks are often concordantly interlayered and 

resemble a bimodal volcanic sequence dominated by metasediments. The layering is accen-

tuated by felsic sills (dominant) and dikes that crop out as partly pegmatitic orthogneiss and lo-

cally comprise 50% of the rock volume. They are associated with the main high-T metamor-

phism. Our new geochronology assigns them to the Triassic (see above). This rock association 

is sheared, folded, and thermally overprinted by syn- to post-tectonic feldspar + hornblende + 

white mica + garnet (± kyanite in quartz veins) growth. Locally, but increasingly abundant to 

the south, a second type of pegmatite is observed (e.g., stop 884). It is muscovite-rich, crosscuts 

the sills/dikes, and is associated with lower amphibolite- to upper greenschist-facies metamor-

phism. These pegmatites are undeformed where massive but sheared along quartz-rich layers. 

 

ductile with subgrain-rotation recrystallization; quartz layers show syn-recrystallization sc fabric and strain concen-

tration in shear bands (sb); phengite (~0.8 GPa) dates deformation at 67 ± 1 Ma (stop G1, Ar/Ar); inset (top-left, stop 

G8, sample GM8s) shows bulging recrystallization in quartz of mid-Jurassic granitoid that is locally mylonitized 

along discrete Cretaceous low-temperature shear zones. 3, stop 5CO-6: Triassic orthogneiss with pegmatite dikes and 

pods deformed top-to-NE during amphibolite-facies, ~70 Ma (U/Pb zircon) flow. 4, stop 854: Second deformation, 

likely Cretaceous, sinistral shear zones anastomose around relict garnet and white mica microlithons. 5, stop 856: un-

deformed pegmatite dikelet (quartz + plagioclase, plagioclase mostly converted to epidote) intrudes parallel to c 

planes of second deformation, recrystallized sc-fabric in quartz-rich layers of orthogneiss; pegmatite is Late Creta-

ceous (e.g., samples 885, 5CO-6b). Feldspar in orthogneiss is broken but locally recrystallized. 6, stop 5PB-9, eastern 

Guatemala: high-strain, sinistral shear zone dated by syn-kinematic white mica at ~76 Ma (Ar/Ar and Rb/Sr). B: 

Chortís block rocks. 1, stop 5PB-5, Las Ovejas complex: syn-kinematic amphibole (hastingsite) and biotite in 

~650°C, 0.75 GPa (garnet) amphibolite date rapid cooling at ~30 Ma. 2, stop G24, sample G5s, Sanarate complex: 

~155 Ma syn-kinematic amphibole and chlorite in amphibolite. 3, stop 5C-26, Las Ovejas complex: weakly de-

formed, migmatitic amphibolite, hornblende is syn-kinematic at ~35 Ma (Ar/Ar) with slow cooling to or reheating at 

~20 Ma (Ar/Ar hornblende and biotite). 4, stop 5C-2, Las Ovejas-complex amphibolite: ~20 Ma syn-kinematic 

hornblende in mylonite. 5, stop 5C-37, Las Ovejas complex: retrograde amphibolite-biotite gneiss sequence with 

mostly foliation-parallel leucogranite dikes and quartz-segregation veins. Part of the high strain zone (bottom) and de-

tails (insets top) show sub-vertical, greenschist-facies, second deformation under sinistral wrenching. Hornblende 

dates beginning of deformation at ~39 Ma and biotite retrogression at ~20 Ma (Ar/Ar). Hammer and coins for scale. 

6, stop 5H-4, Las Ovejas complex, Honduras: greenschist-facies, sinistral shear in diorite; hornblende and biotite date 

deformation between 38 and 25 Ma (Ar/Ar). C: Northern foreland fold-thrust belt. 1, stop G60: Cretaceous limestone; 

NE–SW shortening and NW–SE extension indicated by pressure-solution surfaces, fold-axis parallel tension gashes, 

and faults. Ductile strain is recorded by elliptical shape of crinoid stems; foliation dips steeply into the picture, bed-

ding is sub-parallel to the outcrop surface. Hammer, compass, and coin for scale. 
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They are Late Cretaceous as indicated by ~74 Ma metamorphic overprint in the host rocks 

(U/Pb zircon, stop 5CO-6) and their 74–62 Ma white mica ages (see above).  

The relict eclogite-facies metamorphism was at ~600°C and 1.4–1.5 GPa (see above) with a 

retrograde overprint at ~560°C and ~1.1 GPa. The latter metamorphism and associated magmat-

ism is Triassic (see geochronology). Other garnet amphibolites are coarse-grained with variably 

developed but mostly strong foliation and 550–610°C at 0.6–0.7 GPa, thus transitional from 

amphibolite to the epidote–amphibolite facies. ~570°C and ~0.7 GPa conditions for formation 

of garnet inclusions and ~470°C for matrix garnets in well-foliated micaschists concur with PT 

estimates from the garnet amphibolites but likely trace progressive later stages of continuous 

metamorphic evolution. 500–550°C at ~0.7 GPa conditions characterize the latest stages of re-

trograde overprint in hornblende–mica–chlorite schists. Local, large-scale fluid flow is indicated 

by up to 1 m thick quartz-segregation veins and ubiquitous albite growth. The regional amphi-

bolite- to epidote–amphibolite-facies overprint in the garnet amphibolites and schists is Late 

Cretaceous (see geochronology). 

Where preserved Triassic deformation is distinct. Foliation is sub-vertical and folded tight-

isoclinally to ptygmatically with axes parallel to the mineral stretching lineation (F1 <a> type 

folds) that trends NNW (Fig. 12, stops 5CO-5, 880–886) and thus is clearly different from the 

overall trend of the Cretaceous deformation (~ENE). F1 verge mostly (N)E and are locally sheath 

folds. At these locations, overprinting Cretaceous F2 folds are steeply plunging, open, NE-vergent, 

and associated with dextral and sinistral (conjugate) shear bands (Fig. 12). Garnet–K-feldspar 

gneiss (5CO-4), resembling Rabinal augen gneiss (see below), has old garnet with an internal foli-

ation that is 90° to the external (Cretaceous) foliation. Overall, Triassic deformation appears 

coaxial and the structures are annealed (widespread albite overgrowth, see above). 

Structural geometry and kinematics of the regionally dominant Cretaceous deformation ap-

pear simple (Figs. 12, 13, 11A-3): the stretching lineation consistently trends ~ENE and paral-

lels the ubiquitous B2 axes; where s1 is sub-vertical, it is transposed by sinistral shear 

zones/bands; where s1 is sub-horizontal, shear zones/bands record sinistral transpressive, top-to-

NE flow. Late faults have huge fibers and indicate N-S shortening (e.g., stop G29). This Creta-

ceous high-strain, NE–SW stretching is suggested by various features. Stop G31, for example, 

shows relatively idiomorphic, inclusion-free, pre-Cretaceous garnet that is fractured and con-

nected with chlorite; a second generation of garnet and chlorite is co-genetic. Quartz shows 

transition from subgrain-rotation to grain-boundary-migration recrystallization (e.g., stop G31). 

At stops 880–886 late, mostly unfoliated/unfolded dikes/veins are exposed; some of these quartz 

+ feldspar + muscovite + biotite pegmatites show high-strain boudinage. At stop 887 a several 

meters thick, weakly foliated pegmatite crosscuts the major (Triassic) foliation but deflects it si-
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nistrally. F3 refold F2 openly. Where F3 is not developed l tectonites are common. Our interpre-

tation is that folding is represented by prolate strain (e.g., stop 887). Our geochronology con-

strains cooling from ~550 to 275°C and thus deformation at 75–65 Ma (see above).  

Stations 854 and 856 reveal Chuacús complex that is dominated by orthogneiss (Figure 12). 

At 856, <0.5 m thick, D1 mylonite–ultramylonite shear zones cut augen gneiss, biotite granite, 

and aplite dikes. The host rock is weakly deformed at high-T preserving NW trending str1. Dis-

crete ultramylonite shear zones that differ in degree of localization—the younger are more 

strongly localized—overprint a first, E striking, dextral, high-T shear zone fabric. D1 is syn-

migmatitic, F1 are isoclinal. D2 imprints ENE trending ultramylonitic–mylonitic, Ramsay–

Graham-type shear zones with late chlorite–quartz veins, in which quartz is fibrous tracing the 

NW–SE str2. Quartz and plagioclase in the sinistral, often anastomosing shear zones (Fig. 11A-

4) show subgrain-rotation recrystallization and reaction softening by transfer to sericite and epi-

dote, respectively; locally feldspar is recrystallized (~500°C). At 854 and 856, undeformed 

pegmatite and aplite dikes/dikelets cut migmatitic, sillimanite- and white mica-bearing ortho- 

and paragneiss and are younger than the D2 fabric (Fig. 11A-5). Pure quartz layers show prism 

<a> slip and subgrain-rotation with transitions to grain-boundary migration recrystallization. 

Common F2 refold both s1 and D2 shear zones, imposing prolate strain. We do not have direct 

age control on these deformations; however, structural geometry, kinematics, and associated 

metamorphism suggest a Cretaceous age for D2. 

We also studied the Chuacús complex along a section at its easternmost outcrop at the base 

of the Juan de Paz ophiolite unit (Fig. 12). The structural trend changes to ENE, from WNW in 

western and E in central Guatemala. Deformation is continuous from greenschist facies to brittle 

(boudinaged quartz rods) and heterogeneous. At station 5PB-9, deformation is high-strain, most-

ly coaxial with sinistral and dextral shear bands and <5 cm-thick mylonite zones, shows coaxial, 

basal <a> slip in quartz, and open <a> folds. The whole rock–syn-kinematic white mica (Fig. 

11A-6), Rb/Sr isochron at 76.5 ± 0.6 Ma precisely dates deformation. At station 5PB-10 (Fig. 

12), ubiquitous vertical, sinistral shear bands, a single- to type-I cross-girdle quartz c-axis orien-

tation and strong preferred orientation of a-axis and m-planes indicate dominant rhomb and 

prism <a> slip under somewhat higher deformation temperatures than at station 5PB-9 and do-

minant non-coaxial flow. 

7.3. Metasomatized southern Chuacús complex rocks below the North El Tambor 
Group, central Guatemala 

The immediate footwall of the North El Tambor serpentinites comprises imbricates that 

stack Chuacús-complex rocks, Chuacús rocks with low-grade sedimentary rocks (Jones Forma-
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Figure 12. Overview map (top left) locates geologic–structural map (bottom right) in the Maya block of central Gua-

temala. Main structural features are plotted both on map and in stereonets (lower hemisphere, equal area). See Figs. 9 

and 10 for legend; B, fold axis. 
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tion and San Lorenzo marble), and these rocks with serpentinite (Figs. 12, 13). Rocks that are 

imbricated are phyllite (retrograde biotite gneiss), epidotized biotite gneiss, (±garnet)–

actinolite–clinozoisite–chlorite phyllite, marble, and low-grade siltstone. These rocks show neo-

crystallization of calcite, quartz, Mg-chlorite, and albite (e.g., stops 5PB-15, 860) depending on 

the surrounding lithology. The boundary between serpentinite and Chuacús-complex rocks is, 

where exposed, a shallow-dipping breccia zone with serpentinite and marble clasts (stop G26, 

Fig. 13). Nearly all of the stations (Fig. 13) show relict, mostly sub-horizontal, high-grade folia-

tion (s1) that is folded (e.g., G26, G27, 5C-36). During D2 sinistral ductile–brittle shear bands 

developed where s1 was steeply dipping (e.g., 5PB-15, 860). Stretching is WSW–ENE and ex-

emplified by s1 boudinage. Quartz-filled tension gashes are ubiquitous (e.g., G26, 5PB-15) and 

testify to fluid flow. F2 flexural-glide folds are N(E)-vergent and show lengthening along B2 

(e.g., G26, 5C-36). Quartz deformed by subgrain-rotation recrystallization (e.g., G26) and basal 

<a> glide (5C-36). The LPO indicates dominantly coaxial flow. White mica at stop G26 is seri-

cite and its Ar/Ar age dates deformation at ≥60 Ma. This corresponds to the Rb/Sr white mica–

whole rock isochron at ~63 Ma from a chlorite phyllite. Faulting started in the ductile–brittle re-

gime with a dominant NE striking set. At station G27 pseudotachylite (Figs. 11A-1, 13, sample 

G7s) fills pull-apart tension fractures. These are again involved in continuous deformation, as E-

trending quartz fibers formed as strain shadows. The pseudotachylite dates D2 at ~67 Ma.  

7.4. North-central Chuacús complex, Rabinal granitoids and low-grade metasediments, 
central Guatemala 
The northern Chuacús complex comprises paragneiss that typically resembles meta-

greywacke (coarse-grained feldspar and white mica) and K-feldspar porphyroblastic granitoid 

(U/Pb zircon ages at 485–410 Ma, stop 5CO-1) that were transformed to quartz phyllite and au-

gen gneiss. The distinction between ortho- and paragneiss is problematic at many locations and 

makes mapped lithologic boundaries questionable (e.g., BGR, 1971, Fig. 12). Marble and am-

phibolite intercalations resemble those of the southern Chuacús complex. The major deforma-

tion, attributed to the WNW trending Baja Verapaz shear zone by Ortega-Gutiérrez et al. 

(2004), is locally mylonitic and low-grade. Foliation dips intermediate to steeply S(W) and the 

stretching lineation (str1) plunges intermediate to the SW (Figs. 12, 13). A continuous kinematic 

evolution from ductile shear bands to ductile–brittle faults and quartz-filled, en-echelon tension 

gashes (e.g., stops 5CO-1, 5CO-3, 867) indicates sinistral transpression. At station 5CO-1, typi-

cal Rabinal augen gneiss, shear bands evolve into ductile–brittle faults (quartz ductile), and 

faults with large quartz–white mica fibers that are conjugate to kink bands that are partly faulted 

and indicate N–S shortening and E–W extension along str1. Quartz shows typical low-T plastici-

ty with subgrain-rotation recrystallization. K-feldspar is brittle. Local ultramylonite (<1 m thick, 

stop 867) has cogenetic chlorite + sericite and quartz ribbons that show weak bulging- and do-
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minant subgrain-rotation recrystallization. Late kink folds are interpreted as flow heterogenei-

ties at the end of deformation. Quartz fibers in the strain shadow of pyrite are un-recrystallized. 

The post-245 Ma (see above) Sacapulcas conglomerate (mostly intermediate volcanic rock peb-

bles, stops 865–866) records identical, low-T structural geometries and kinematics. Paragneiss 

(stop 867) preserves pre-Cretaceous deformation with large white mica and pre-existing folia-

tion and felsic veins that are cut by orthogneiss that is typical Rabinal gneiss. 

7.5. Northern foreland fold–thrust belt, Guatemala 
The ‘Laramide’ foreland fold–thrust belt north of the Polochic fault zone and the overlying 

North El Tambor Group allow comparisons of structural geometries and kinematics with those 

recorded in the Chuacús basement in the south. The stratigraphic range observed at our structur-

al stations ranges from Permian to Upper Cretaceous, i.e., Permian Chochal and Tactic Forma-

tion limestone and shale, and Lower and Upper Cretaceous Coban and Campur Formation do-

lomite and limestone (BGR, 1971). In the following, we give an overview but emphasize that 

the stereoplots (Figs. 10, 13) contain a cornucopia of structural detail, e.g., geometries, deforma-

tion evolution, and changes in the paleostress field. Deformation age is difficult to constrain di-

rectly. It is certainly Late Cretaceous–Tertiary. Structural and kinematic compatibility with the 

well-dated deformation in the Chuacús complex (see above) and that in the Sierra Madre Orien-

tal–Yucatan fold belt (e.g., Gray et al., 2001) suggest the major deformation, sinistral transpres-

sion, is latest Cretaceous–early Tertiary. 

In western Guatemala, stations G59 to G61 within Cretaceous limestone and minor shale 

record folding with well developed ductile–brittle, NW–SE extension along the regional fold 

trend (Figs. 10, 11C-1). Deformation starts during layer-parallel shortening before buckling with 

vertical extension by tension gashes (tgold) and continues with buckling and layer-internal duc-

tile flow with foliation development, foliation boudinage, and creation of a fold axis-parallel 

stretching lineation. Later stages develop conjugate but mostly sinistral faults and oblique stylo-

lites that show strong volume-loss by pressure solution; dissolved material is partly deposited in 

veins that comprise up to 20-vol% of the rock. Fold axis-parallel extension is accentuated by a 

second set of tension gashes (tgyoung) and conjugate faults that represent tilted horst-graben struc-

tures; the latter exactly constrain extension at 128° (inset stop G61-62, Fig. 10). Abundant cri-

noids in the limestone record up to 50% shortening due to volume reduction that is mostly ac-

commodated by bedding-parallel stylolites (Fig. 11C-1). Other stations, both in limestone and 

serpentinite, show less ductile flow but more pronounced faulting. Folding is mostly gliding in 

bedding; the slip direction is oblique to the fold axes (e.g., stop G55). Common to most stations 

is rotation of σ1 from E–W to N–S in time and sinistral transpression. 

100 



The North American−Caribbean plate boundary 

 

Figure 13. Additional structural data from the Maya block and the early Tertiary Subinal Formation in central Gua-

temala. Legend for structural symbols see Figs. 9, 10, 12. 
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Figure 13. (continued) 

 

In central Guatemala, Permian limestone and the contact zone between Cretaceous limes-

tone and serpentinite provide a similar albeit less complete deformation history. Sinistral trans-

pression and rotation of σ1 imply increased shortening and less strike-slip over time (e.g., G43, 

Fig. 13). The weak structural record of serpentinite emplacement and the overall paucity of shal-

lowly dipping faults are notable. Early fault sets indicate ~NE–SW shortening along conjugate 

strike-slip faults (e.g., G39). At station G40, ~N–S shortening along mostly strike-slip faults 

formed anastomosing fault zones with boudinage and E–W extension. Normal faults may be to-

pographically induced, and late cataclastites likely record active sinistral wrenching along a 

strand of the Polochic fault zone. The normal faulting observed at station G41 could also be 

gravitationally induced or, alternatively, a transtensional continuation of sinistral wrenching.  
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7.6. North El Tambor Group on Chuacús complex, central Guatemala 
We analyzed imbrications of serpentinite, ophicalcite, and felsic volcanic rocks (stop G34) 

and serpentinites (stops G28, G35, G38, GM11-13, 5PB-7; Figs. 13 and 14). All stations show a 

low-grade, ductile–brittle fabric with shear bands and faults that slipped sinistrally, coeval with 

shortening indicated by folding and oblique-slip faulting. White mica ages (~65 Ma) of green-

schist-facies rocks (Chuacús complex, stops G26, G29, see above) in the immediate footwall of 

these El Tambor rocks suggest latest Cretaceous deformation. At several stations, tectonic 

mélange occurs along major N-dipping detachments that contain foliated, moderately serpenti-

nized ultramafic rocks (G34, G38) and pure serpentinite (G35; Figs. 13 and 14) with brittle–

ductile s–c fabrics. The ultramafic bodies are surrounded by an anastomosing, lenticular, scaly 

foliation that records overall coaxial deformation. Shortening is NNE–SSW and extension is 

WNW–ESE. Most stations contain a younger fabric with unclear age relations: sinistral shear 

and normal faulting both with NW–SE extension. Late-stage, flattening-type extension is possi-

bly caused by topographic collapse. 

7.7. Tertiary volcanic rocks and early Tertiary Subinal-Formation red beds, western and 
central Guatemala 
In western Guatemala, Tertiary pyroclastic rocks, welded tuffs and, locally, sedimentary 

rocks cover the Chuacús complex and are exposed along the Polochic fault zone. Our data (Figs. 

9, 10) highlight three strike-slip dominated events. From older to younger these are: (i) ~N–S 

shortening and ~E–W extension. (ii) ~NE–SW shortening and ~NW–SE extension, mostly 

along ~E-trending sinistral strike-slip faults. This is by far the dominant set and traces the Po-

lochic fault-zone deformation. The strata dip up to 80°, indicating strong local shortening. A 

similar stress field but dominated by normal faults also occurs in subhorizontal pyroclastic rocks 

that likely are part of the Tertiary ignimbrite province of Central America (~15 Ma; e.g., Jordan 

et al., 2007); we thus attribute this major event to the currently active stress field. (iii) Normal 

faulting with widely dispersed slip directions. This event likely records topographic collapse. 

Deformation of the Subinal-Formation red beds started with ~N–S shortening that tilted 

beds (open to tight folds) and produced a fracture cleavage (Figs. 13 and 14). At stops 872–873, 

two sets of older faults have constant ENE–WSW extension (σ3) but σ1 and σ2 permutated. The 

strike-slip faults have oblique lineations so that faulting likely started during late stages of fold-

ing. Faulting recorded at all stations has a clear sinistral-transpressive component. Late normal 

faulting is interpreted as prolongation of folding-related deformation with extension along the 

fold axes becoming dominant. 

103 



The North American−Caribbean plate boundary 

 
Figure 14. Geologic map (bottom) of the Motagua suture zone with structural data from the northern Chortís block, 

the North and South El Tambor Groups and the Sanarate complex; the outline of the latter is conjectural. In addition 

structural data of Cretaceous to late Tertiary sedimentary and magmatic rocks straddling the suture are shown. Main 

structural features are plotted both on map (this figure) and in stereonets (lower hemisphere, equal area, Fig. 15). See 

Figs. 9 and 10 for legend. 

7.8. Sanarate complex, central Guatemala 
The Sanarate complex, the westernmost basement outcrop south of the MSZ, comprises re-

trograde amphibolite, chlorite–epidote–hornblende schist, micaschist, and chlorite phyllite with 

peak PT conditions at ~550°C and ~0.65 GPa. The basement is in fault contact with Tertiary 

andesite and red beds (stops G23, G24, 5G-1; Figs. 14 and 15). Foliation and relict isoclinal 

folds constitute D1. D2 shows low-T, partly mylonitic quartz–white mica fabrics along an E 

trending, vertical foliation; shear sense is sinistral. Quartz is post-tectonically annealed. D3 oc-

curs both in the red beds/volcanics and the basement. ENE–WSW shortening thrust the base-

ment in a sinistral-oblique sense onto the red beds. Two generations of hornblende exist in the 

studied amphibolite. The dominant syn-kinematic younger generation (Fig. 11B-2) and also 

syn-kinematic white mica in the micaschist/phyllite date D2 as Middle Jurassic (samples G3s, 

G5s, stations G23, G24, Fig. 5E). The reheating (quartz weakly annealed) is likely Tertiary 

104 



The North American−Caribbean plate boundary 

(low-T steps in G5s). Adjacent stations 853 and 870–871 comprise massive amphibolite and 

rare garnet amphibolite and leucogabbro close to the boundary with the South El Tambor 

mélange rocks. Their apparently lower-grade metamorphism distinguishes them from the Las 

Ovejas complex amphibolites. Asymmetric boudinage of hornblende–quartz veins, σ clasts, and 

late biotite-rich shear bands associated with kink bands record top-to-NE flow with a slight dex-

tral component along W-dipping foliations. Tight to isoclinal flow folds are present in high-

strain zones (Fig. 15). This deformation remains to be dated.  

 
Figure 15. (figure caption see next page) 
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Figure 15. (continued) Structural data from the Chortís block and Cretaceous to late Tertiary sedimentary and mag-

matic rocks straddling the Motagua suture zone. Legend for structural symbols as in Figs. 9, 10, 12. 

 

7.9. Las Ovejas complexes and San Diego phyllite, Guatemala and western Honduras 
Stations 5C-2, 5C-28, 5C-26,27, and 5C-22–24 are in basement lacking retrograde meta-

morphism of the Las Ovejas complex south of the central Motagua valley and north(east) of 

serpentinite and mélange rocks of the South El Tambor Group (Figs. 14, 15). This area compris-

es biotite granite with diorite xenoliths, gabbro-amphibolite, migmatitic biotite gneiss, and gar-

net-bearing leucosome. The main deformation is of variable intensity, from weakly foliated to 

locally mylonitic–ultramylonitic but constant in orientation. Foliation has intermediate dips to-

ward the NW, kinematically-related shear bands trend NE and dip, in general, steeper than the 
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foliation, and the stretching lineation is sub-horizontal NE–SW, parallel to axes of <a> type 

folds. These structures overprint relict earlier deformation fabrics and began syn-migmatically 

(Fig. 11B-3) with melt locally concentrated along shear bands; shear is overwhelmingly sini-

stral. Dikes intrude parallel to the foliation (5C-22, sub-volcanic granite), mostly normal to the 

stretching lineation (5C-2, diorite), thus indicating syn-tectonic magmatism, or crosscut irregu-

larly (5C-28, pegmatite). Syn-kinematic hornblende and white mica date deformation as pre-to 

syn-35 Ma; a cluster of ~10 Myr younger ages (mostly cooling through 300°C) indicates later 

structural reactivation, as suggested by locally well defined, syn-kinematic mineral fabrics (e.g., 

stop 5C-2, Fig. 11B-4).  

Paragneiss and micaschist at stop 5C-3 bound South El Tambor serpentinite and show syn-

tectonic, greenschist-facies retrograde metamorphism. Late sinistral faults juxtapose these rocks 

with the serpentinite. Stations 5C-37, 38 at the southeastern edge of the same South El Tambor 

allochthon comprise migmatitic biotite gneiss, amphibolite, and leucogranite and their retro-

grade products. D1 syn-amphibolite-facies deformation with local migmatites is overprinted by 

localized but pervasive greenschist-facies D2 (Fig. 11B-5). The biotite gneiss and the amphibo-

lite are in part extremely deformed and often l tectonites; s1 and sinistral-transtensional shear 

bands dip intermediate to NW and str1 plunges shallowly. The tourmaline–garnet–white mica 

leucogranites postdate the migmatitic gneiss, intrude mostly as sills, and are locally deformed 

syn-intrusive with high strain. D2 induced vertical sinistral shear zones, <a> folds, foliation 

boudinage, and syn- and mostly antithetic faulting of leucogranite dikes and quartz segregation 

veins (Fig. 11B-5). The transition from shallowly dipping D1 shear bands to vertical, ductile-

brittle D2 ones is abrupt (within ~10 m). Hornblende (amphibolite) and white mica (leucogra-

nite) date the initiation of deformation and syn-tectonic intrusion at 40–35 Ma. The likely kine-

matic evolution from ductile (≤40 Ma) to ductile-brittle (~20 Ma, biotite) could be interpreted in 

this outcrop as long-lasting progressive deformation instead of structural reactivation (see 

above). Stations 5PB-1–5 and 861,862 expose unretrogressed Las Ovejas complex migmatitic 

biotite gneiss, intercalations of (garnet) amphibolite, biotite–white mica–garnet–tourmaline 

pegmatite, marble, and calcsilicate. Locally these rocks are post-tectonically annealed due to 

their proximity to granitoids (Fig. 14). At location 5PB-5 massive migmatite is enclosed in gra-

nite. Garnet amphibolite contained in the migmatite yielded ~650°C at 0.7–0.8 GPa peak meta-

morphic conditions and preserves pre-migmatitic garnet relicts. Deformation started prior to 

migmatization, is locally high-strain with migmatitic biotite-gneiss mylonite, and is sinistral-

transpressive with local s–c mylonites. It continued with sinistral ductile-brittle faulting. Mig-

matization was at ~36 Ma (U/Pb zircon and Ar/Ar hornblende, see above). Station 5C-15 shows 

the Jocotán fault as a ductile–brittle sinistral fault zone. N–S ductile shortening with well devel-
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oped sinistral shear bands changed to NE–SW compression in the brittle field. Low-T plasticity 

is recorded by bulging to dominant subgrain-rotation recrystallization in quartz. 

7.10. Las Ovejas complex of northern Honduras  
Stations 5H-1–6 characterize deformation of the western footwall of the Ulúa graben in 

northern Honduras (Figs. 14, 15). The Las Ovejas complex rocks and their deformation are sim-

ilar to those in Guatemala. Partly migmatitic biotite gneiss, biotite granite, diorite, micaschist, 

and small white mica- and garnet- or hornblende-bearing pegmatite pods and sills deformed un-

der sinistral transpression that started during the migmatitic stage. Deformation continued into 

the ductile–brittle field with sinistral-transtensive, SE-dipping shear zones/normal faults that we 

relate to opening of the Ulúa graben. The pegmatites either show strain concentration with well 

developed mylonite and ultramylonite or are variably but mostly weakly deformed, forming ir-

regular pods. In comparison with Guatemala, foliation is rotated, dipping moderately to steeply 

N with the stretching lineation NE–SW; shear bands dip NW. Our 40–36 Ma U/Pb zircon ages 

from migmatitic biotite gneiss and the ~38 Ma Ar/Ar hornblende age from hornblende pegma-

tite constrain small-scale magmatism and deformation (see above). Syn-kinematic hornblende 

and biotite (Fig. 11B-6) and rapid cooling of K-feldspar in greenschist-facies, ductile–brittle 

shear zones related to the Ulúa graben suggest its initiation at ~28 Ma. At stop 5H-7, a top-to-E 

shear/normal fault zone separates orthogneiss from phyllite and is likely related to the Ulúa gra-

ben. The orthogneiss shows a relict older fabric (D1) with NE dipping foliation. Greenschist fa-

cies with up to mylonitic deformation is present both in phyllite and orthogneiss. Shear bands 

show sinistral transpression (NE–SW shortening) with transition to brittle–ductile fabrics. 

Quartz shows subgrain-rotation recrystallization. Stations 5H-8,9 comprise orthogneiss and 

migmatite with mostly Permotriassic U/Pb zircon ages and Jurassic–Cretaceous cooling ages. 

These rocks are distinctly different from the Las Ovejas complex rocks along the MSZ. Migma-

tization is pervasive and thus different from the ~40 Ma event. D1 is coeval with migmatization. 

Again, NE-dipping s1 is overprinted by discrete ductile–brittle shear bands/zones that probably 

are Tertiary. Stations 5H-11,12 comprise low-T, mylonitic orthogneiss (likely a rhyolitic proto-

lith) interlayered with thin paragneiss and marble (?metavolcanic sequence). A relict high-T de-

formation, again with the characteristic NE dipping foliation, is cut by greenschist-facies mylo-

nite (locally chlorite out of biotite and sericite on mylonitic shear bands) with <3 cm chlorite-

bearing ultramylonite layers. Overall deformation is top-to-SW sinistral transpression and likely 

related to the Jocotán fault zone. 

7.11. Late Cretaceous and Tertiary–Quaternary sedimentary and magmatic rocks 
south of the Motagua suture zone, central Guatemala 
Conjugate strike-slip fault sets that indicate ~E–W shortening dominate Upper Cretaceous 

limestones (stops GM4,5,7; Figs. 14 and 15). The quality of the field exposures do not allow us 
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to discriminate among subgroups representing a deformation sequence or  to assess block rota-

tions. The lack of a dominant E-trending set of sinistral strike-slip faults, which we attribute to 

the active stress field along the Motagua fault, distinguishes these stations from the Tertiary–

Quaternary rocks (stops GM1,2,10; Figs. 14 and 15) but ties them to the deformation recorded 

in Subinal-Formation red beds. The latest increment of deformation in all these stations is E–W 

extension by normal faulting. Biotite granite (≥37 Ma) at stations 5H-5,6 within the footwall 

block of the Ulúa graben shows brittle–ductile normal faults and fracture cleavage related to 

graben formation dated by rapid cooling at ~28 Ma (Ar/Ar K-feldspar). Conjugate strike-slip 

faulting with N–S compression was followed by normal faulting (σ3 of both events trends E) in 

red beds and volcanic rocks at station 5H-14 within the Jocotán fault zone.  

7.12. South El Tambor Group on Las Ovejas complex and San Diego phyllite, central 
Guatemala 
Stations 852, 855, 864, 869 comprise rare unfoliated blueschist, serpentinite, graphite-

bearing meta-siltstone to phyllite with quartzite layers, and greenschist of the southern South El 

Tambor mélange. The meta-siltstones show ductile–brittle, heterogeneous fracture cleavage 

formed by pressure solution (diffusion creep), and quartz veins in meta-sandstone layers. D1 

shows open–tight, ~S vergent folds and thrust imbricates with associated fold–bend folds. We 

do not have age information on this mélange-forming event. These rocks are cut by sub-

volcanic andesite dikes and sub-volcanic granite stocks, which we interpret as apophyses of the 

Chiquimula batholith. D2 affects the mélange rocks and these dikes/granitoids by ~E trending 

(transtensional) strike-slip and normal faults. Their low-T nature and the presence of ~20 Ma 

sub-volcanic granite in the Chiquimula batholith (see above) suggest Tertiary faulting.  

7.13. Interpretation of new structural geology 
Our work along the MSZ focused on the Cretaceous–Cenozoic deformation. Clearly, how-

ever, older events occurred. In the Chuacús complex, Triassic deformation, studied superficial-

ly, shows high-T ductile flow and is distinct in structural geometry and kinematics: (N)W strik-

ing foliation, NW trending stretching directions, tight–isoclinal <a> folds. Shortening appears 

coaxial N(E)–S(W) with strong along strike lengthening. Associated high-T metamorphism, 

migmatization, and magmatism are Late Triassic (238–215 Ma, major group at ~220 Ma). Fol-

iation trajectories of the Late Cretaceous, Maya-block deformation change from WNW in west-

ern, to W in central, and SW in eastern Guatemala. Using the (W)NW-strike of the Late Creta-

ceous–Paleocene Mexican thrust belt as a reference frame (e.g., Nieto-Samaniego et al., 2006), 

this implies large-scale sinistral shear. The southern Maya block in Guatemala apparently com-

prises a ductile–brittle nappe stack, whose detailed geometry remains to be established. The 

North El Tambor Group allochton in the hanging wall, itself an accretionary stack of rocks of 

variable tectonostratigraphic origin and subduction depth, is underlain by an up to several 100 m 
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thick carapace of imbricated rocks, containing Chuacús basement and cover, altered by fluid in-

filtration and metasomatism. The central Chuacús complex may either constitute a Late Creta-

ceous antiformal stack or, our preferred model, an antiform above a blind thrust, exposing pre-

Cretaceous metamorphic and magmatic products in its core. The Baja Verapaz shear zone is the 

sole thrust to this stack. The northern El Tambor sheets (Baja Verapaz, Sierra des Santa Cruz) 

are cut by out-of-sequence thrusts that are part of the foreland fold–thrust belt. The relatively 

high-P (0.7–0.8 GPa) and relatively low-T (≥450°C) metamorphism in the Chuacús complex 

suggests subduction of oceanic crust transitioning to continental crust (the Chuacús geothermal 

gradient is ≥18°C/km from our data) and steep continental subduction; this is supported by the 

nearly coeval blueschist (~76 Ma, North El Tambor Group) and epidote–amphibolite- to amphi-

bolite-facies (≤75 Ma, Chuacús complex) metamorphism in the accretion stack and the sinistral-

transpressive deformation. Penetration of deformation and overburden (PT conditions) appear to 

increase from western to eastern Guatemala. Although in detail variable, meso-scale Late Creta-

ceous deformation is simple: N–S shortening by reverse shear zones and up to two generations 

of folds are accompanied by sinistral strike-slip shearing and major E–W lengthening. Tangen-

tial stretching is dominant in most cases, as deduced from the mostly shallowly plunging stret-

ching lineation. In detail, overall sinistral transpression is typically partitioned between oblique 

stretching within the foliation and strike-slip along steeper dipping shear zones/bands transect-

ing the foliation. Flow has a dominant non-coaxial component, most clearly expressed by quartz 

LPOs, developed during dynamic, subgrain-rotation dominated recrystallization. There is a clear 

kinematic continuity from ductile to brittle deformation. Although dominated by diffusion 

creep, deformation is on first-order identical within the northern foreland fold–thrust belt, the 

sole thrust carapace below the North El Tambor Group sheet, and within it. Emplacement of the 

El Tambor allochton, poorly constrained by our data, appears to change from tangential to fron-

tal over time (strike-slip before thrusting). 

Structural trends in the northern foreland fold–thrust belt and the Chuacús complex of 

western Guatemala are NW and oblique to the Polochic fault zone, testifying to the younger age 

of this fault. Polochic mylonitic deformation appears to be younger than ~15 Ma (apparent post-

tectonic pluton), although our only Tertiary age (~37 Ma) from western Guatemala (G27s, stop 

G57), from a discrete low-T mylonite zone in gneiss close to the Polochic fault zone, may hint 

at a late Eocene slip history. Ductile to brittle slip along the Polochic is dated as late Neogene–

Recent in western Guatemala (TFT and AFT ages) and at ~8 Ma (Ar/Ar chronology) along the, 

likely kinematically related, Tonala shear zone in southeastern Mexico. 

Tertiary volcanic rocks record a phase of pronounced N–S shortening along the western Po-

lochic fault zone. Its active deformation is by a kinematically-related combination of strike-slip 

and normal faulting. We interpret the Subinal-Formation red beds as intra-continental molasse 
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related to late-stage, erosional unroofing of the Chuacús complex. Its deformation was devel-

oped during N–S shortening by folding and fold-axis parallel extension, accompanied by sini-

stral shear. The latest stage indicates N trending graben formation. 

Our study indicates that the Las Ovejas complex of the northern Chortís block is less a li-

thologically defined unit than distinguished from the other basement units by its Tertiary meta-

morphism, magmatism, and deformation. It forms a westward narrowing belt of overall sinistral 

transtension along ~NW-dipping foliations. Deformation penetration apparently increases to-

ward north, the MSZ, and seems to be more localized and to die out southward and westward. 

The belt of Tertiary shear thus appears to trend oblique to the Motagua fault. Deformation inte-

racts with amphibolite-facies metamorphism, widespread migmatization, and local magmatism, 

demonstrated most clearly by small syn- to post-tectonic pegmatites. The close special and tem-

poral interaction between high-strain deformation and Tertiary metamorphism, migmatization, 

and magmatism is confined to the northern Chortís block. It appears that arc magmat-

ism/metamorphism provided the heat input localized deformation. Deformation started pre-

migmatitic and occurred in a kinematic continuity from ductile to brittle. Batholiths are post-

tectonic. Tertiary sinistral-transtensional wrenching appears, like the Cretaceous deformation of 

the Chuacús complex, partitioned between oblique stretching along a shallower dipping folia-

tion and strike-slip along steeper dipping shear zones/bands. Deformation began prior to 40 Ma 

and we suggest that there were two major phases, ≥40–35 Ma and 25–18 Ma. This reactivation 

interpretation still must be tested. The Ulúa graben started in temporal and kinematic continuity 

with wrenching along the Las Ovejas complex at ~28 Ma. The topographically well developed 

active grabens, however, are a neotectonic feature. Also the Jocotán-Chamelecón fault zone was 

part of this deformation system, albeit mostly ductile–brittle. The Tertiary event veils pre-

Cenozoic tectonometamorphic–magmatic events, with distinct structural orientation and kine-

matics. The latest preserved is Jurassic and has a NW structural trend. The South El Tambor 

Group was emplaced by S-vergent thrusting and associated folding. It is involved with the Ter-

tiary sinistral wrench deformation.  

The Sanarate complex with its distinct lithology, metamorphism, and age of metamorphism 

is affected by the Tertiary deformation but has a characteristic W dipping foliation and top-to-E 

flow in its dominant amphibolite lithology. This deformation is Jurassic or younger. Late Ceno-

zoic deformation, preserved in Late Cretaceous and Tertiary–Quaternary rocks on the Chortís 

block, is by distributed sinistral strike-slip. The latest event we recognized in the Chortís block 

and the Subinal Formation is E–W extension by normal faulting. The entire MSZ area shows 

gravitationally induced faulting due to the large topographic relief. 
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8. Discussion 
Here we return to the principal questions this paper aims to address: (i) which crustal sec-

tions of the MSZ accommodated the large-scale sinistral offset along the northern Caribbean 

plate boundary, when did it occur, and in which kinematic framework, and (ii) what Paleozoic–

Tertiary geologic correlations exist between the Maya block, the Chortís block, the tectono-

stratigraphic complexes (“terranes”) of southern Mexico, and the arc/subduction complexes of 

the northern Caribbean. First we focus on geologic correlations proceeding from Paleozoic to 

Recent, then we refine Caribbean tectonic models for the Cretaceous and Cenozoic. 

8.1. Appalachian–Caledonian orogeny in the Maya block 
The central and northern Chuacús complex contains a paragneiss-dominated sequence in 

which meta-basalts prevail among the magmatic rocks, and quartzite and calcsilicate/marble are 

minor constituents. The sequence may be divided into the hanging Rabinal complex and the 

lower Chuacús complex s.s. (Fig. 2C and D). Their boundary is a Cretaceous shear zone but this 

may represent reactivation of an older structure. Both complexes contain Middle Proterozoic 

crust (U/Pb zircon), the Rabinal complex is dominated by 485–400 Ma (age groups at 465 Ma 

and 413 Ma) mega-crystic K-feldspar augen gneiss and apparently lacks meta-basalts. The low-

er Chuacús complex shows high-P (perhaps ultrahigh-P) metamorphism that is, at best, con-

strained in age to between 477 Ma and 402 Ma, and conservatively to between 638 and 302 Ma 

(Figs. 2D, 16A; see above). Due to multiple magmatic–metamorphic overprints, post-high-P re-

trogression is mostly undated. The early stage of migmatization, interpreted as decompression 

melting, is at ~302 Ma (Ortega-Gutiérrez et al., 2004). The Rabinal complex apparently lacks 

high-P metamorphism but this has to be confirmed by quantitative petrology. Lower Carboni-

ferous (≤350 Ma) Santa Rosa Group sediments cover the complexes unconformably (Fig. 2C). 

We correlate this sequence with the Acatlán complex of the Mixteca terrane of southern Mex-

ico. 

The Acatlán complex comprises a nappe stack containing Middle Proterozoic to Paleozoic 

units imbricated during the Paleozoic. To date, seven nappes containing distinctive stratigraphy 

have been discriminated (Fig. 2I; Talavera-Mendoza et al., 2005). The entire stack shares a 

~325 Ma regional metamorphism (Vega-Granillo et al., 2007). The Xayacatlán suite comprises 

eclogite-facies, mafic and pelitic rocks (Ortega-Gutiérrez et al., 1999) and is intruded by Ordo-

vician leucogranites (478 ± 5 to 461 ± 9 Ma; Talavera-Mendoza et al., 2005), postdating high-P 

metamorphism. Peak PT conditions were at 490–610°C and 1.2–1.3 GPa, reached during Early 

Ordovician (~490–477 Ma, U/Pb zircon; Vega-Granillo et al., 2007). The suite re-equilibrated 

in greenschist facies during the Mississippian (~332–318 Ma, Vega-Granillo et al., 2007; Yañez 

et al., 1991). The hanging Esperanza suite is dominated by Early Silurian (442 ± 5 to 440 ± 14 
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Figure 16. Tectonic–paleogeographic evolution models for the northern Caribbean plate boundary and Paleozoic–

Cenozoic correlations between southern Mexico and the Chortís block. (A) Overview of our new and published 

geochronology from the Maya block, the Chortís block, and southern Mexico. Data are referenced in the captions of 

Fig. 1 and the text. (B) Permotriassic ages of southern Mexico and northern Central America. Ages in italics refer to 

detrital zircons. (C) Paleogeographic model for the Permian modified from Weber et al. (2006) and Vega-Granillo et 

al. (2007) emphasizing arc magmatism along the margins of Laurentia and Gondwana and a common position of the 

Acatlán complex and the Maya block in the inner orogenic zone of the Appalachian orogen. 
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Figure 16. (continued) (D) Jurassic ages along the northern Caribbean plate boundary. Subdivision of the Chortís 

block follows Roger et al. (2007c). (E) Middle to Late Jurassic tectonics of the Caribbean emphasizing rifting of the 

Chortís block from southern Mexico and its connection with the Arteaga complex of the Zihuatanejo terrane of 

southwestern Mexico. (F) Early Cretaceous ages of southern Mexico and northern Central America. (G) Late Early 

Cretaceous tectonics of the Caribbean underlining emplacement of the South El Tambor Group rocks onto the Chortís 

block and the existence of continuous arcs off southwestern and southern Mexico: Chortís–Xolapa–Taxco–Viejo; 

South El Tambor Group–Teloloapan; Arteaga (Zihuatanejo)–Sanarate (Chortís). 
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Figure 16. (continued) (H) Block diagrams illustrating a N–S swath across the Motagua suture zone at ~70 Ma. The 

southern Maya block is imbricated by sinistral transpression. Roll-back and break-off of the North El Tambor Group 

(Caribbean) slab may have caused magmatism in the southern Maya block. Truncation of the continental margin by 

sinistral transpression; hanging wall arc magmatism terminated contemporaneously to slightly after (reflecting trans-

fer to the Bahamas continental margin) their collision with the southern Maya and southern Chortís blocks (see text 

for further discussion). Hanging-wall arc diagram modified from the Cordillera Central, Hispaniola, situation (Escud-

er-Viruete et al., 2006a). (I) Geochronology of the footwall and hanging wall of the Motagua suture zone: left, ages of 

imbrication and associated metamorphism in the southern Maya block (this paper); center, ages in the North El Tam-

bor Group (see references in the text) and the subduction–accretion complexes in Cuba (Garcia-Casco et al., 2002, 

2007; Schneider et al., 2004; Krebs et al., 2007); right, ages from the Greater Antilles arc, Cuba, and Cordillera Cen-

tral arc, Hispaniola (Grafe et al., 2001; Hall et al., 2004; Stanek et al., 2005; Rojas-Agramonte et al. 2006; Kesler et 

al., 2005; Escuder Viruete et al., 2006b). (J) Subduction–accretion and arc complexes of Cuba and Hispaniola and 

major age groups emphasizing the evolution of the hanging wall of the Motagua suture zone. (K) Late Cretaceous tec-

tonics of the northern Caribbean highlighting the two Late Cretaceous suture zones on the Chortís block. 
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Figure 16. (continued) (L) Late Cretaceous and early Tertiary ages along the northern Caribbean plate boundary 

bringing the Chortís block to its pre-~40 Ma position off southern Mexico. Geochronologic data compiled from 

Herrmann et al. (1994), Morán-Zenteno et al. (1999), Ducea et al. (2004), Cerna et al. (2007) and references therein. 

Deformation zones (numbers 1–9) and their ages are discussed in the text. Convergence direction at ~45 Ma is from 

Pindell et al. (1988). (M) Middle Miocene ages along the northern Caribbean plate boundary. Geochronology is from 

this paper, Morán-Zenteno et al. (1999), and Jordan et al. (2007) and references therein. Deformation zones (numbers 

1–5) and their ages are discussed in the text. 
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Ma; Ortega-Gutiérrez et al., 1999; Talavera-Mendoza et al., 2005) mega-crystic, K-feldspar au-

gen gneiss and contains meta-sediments and meta-basalts transformed to eclogite. The entire 

suite records peak PT at 730–830 °C and 1.5–1.7 GPa reached at ~430–420 Ma. Partial over-

printing occurred at 640–690°C and 1.0–1.4 GPa prior to ~375 Ma. The high-P nappes were 

stacked before the Early Carboniferous (Figs. 2G; 16A-Acatlan; Vega-Granillo et al., 2007). 

A possible correlation equates the lower Chuacús and Rabinal complexes of the southern 

Maya block with the Esperanza suite of the Mixteca terrane, based on comparable lithology, 

time, and values of high-P metamorphism (Fig. 2C, D and I; 16A). In this scenario the Rabinal 

gneisses must contain high-P relicts. Due to the abundance of mafic rocks in the lower Chuacús 

complex, its correlation with the Xayacatlán suite is preferred. In this scenario the Rabinal 

gneisses would represent post-high-P intrusions (Fig. 2I).  

Although our data from the Chortís block are sparse, U/Pb analysis identified ~480, ~400, 

and ~329 Ma zircons in the basement rocks, suggesting that this block also experienced Ordovi-

cian–Devonian–Carboniferous magmatism/metamorphism. We propose that the southern Maya 

block was part of the Alleghanian–Appalachian orogen and due to its high-P metamorphism and 

extensive Ordovician–Silurian magmatism was located together with the Acatlán complex with-

in the orogenic interior along the southern margin of North America. It is likely that the Chortís 

block also belonged to this orogen (Fig. 16C). 

8.2. Permotriassic arc on Maya and Chortís blocks  
Gneiss of the Chuacús complex of western Guatemala was migmatized at ~216 Ma. In cen-

tral Guatemala, orthogneiss intruding high-P paragneiss and garnet amphibolite records two zir-

con-crystallization events at 238 and 219 Ma. Regional magmatism/metamorphism is demon-

strated by similar hornblende and white mica cooling ages (238–225 Ma; Fig. 16A and B). 

Phyllite interlayered with conglomerate of the Sacapulcas member of the Santa Rosa Group 

contains detrital zircons at ~282, ~260, and ~245 Ma. Volcanic pebbles dominate the conglome-

rate. Triassic deformation in the Chuacús complex shows high-T flow with N(E)–S(W) shorten-

ing and both sub-vertical and along-strike, NW–SE extension. In the Chortís block, migmatitic 

orthogneiss crystallized at ~273 Ma and underwent high-T metamorphism at ~245 Ma. Inherited 

~241 Ma zircon in Jurassic orthogneiss and biotite cooling ages support regional Triassic mag-

matism/metamorphism (Fig. 16A and B).  

Permotriassic granitoids are documented along the length of Mexico and probably extend 

into northwestern South America (e.g., Centeno–García, 2005). Their apparent linear arrange-

ment likely traces an active continental margin that originated after final amalgamation of Pan-

gea during the Ouachita–Marathon orogeny at ~290 Ma (Fig. 16C; Torres et al., 1999). Isotopic 
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ages of these granitoids span 287–210 Ma with reliable U/Pb zircon ages at 287–270 Ma (Figs. 

1C, 16A-Ttoletec/Magdalena/Oaxaxa, 16B; Yañez et al., 1991; Solari et al., 2001; Elías-Herrera 

and Ortega-Gutiérrez, 2002; Ducea et al., 2004a). In contrast to these mostly undeformed grani-

toids, the Chiapas-massif batholith rocks (Fig. 16B) are deformed and metamorphosed (Weber 

et al., 2006a). Rock types include orthogneisses that are intruded by calc-alkaline rocks varying 

from granite to gabbro, meta-sedimentary rocks (metapelite/psammite, calcsilicate; Sepultura 

unit) and mafic rocks (hornblende gneiss; Custepec unit). Zircons from orthogneiss yielded a 

concordia age at 271.9 ± 2.7 Ma, and three samples from migmatitic paragneiss and leucosome 

yielded 254.0 ± 2.3 to 251.8 ± 3.8 Ma ages (Fig. 16A-Chiapas). The latter ages date the most 

prominent event in the Chiapas massif—partial anatexis in metapelite/psammite and, locally, or-

thogneiss. High-grade metamorphism is contemporaneous with ~N–S shortening (Weber et al., 

2006a).  

Our new ages indicate that during the Permotriassic the southern Maya and the northern 

Chortís blocks were part of a continuous magmatic arc from northeastern Mexico to northern 

South America (e.g., Dickinson and Lawton, 2001), which initiated after the formation of Pan-

gea along the western continental margin of Gondwana (Fig. 16C). Sample 5H-9a zircons of 

migmatitic orthogneiss in the north-central Chortís block have within error the same intrusion 

and high-grade metamorphic ages as the Chiapas-massif rocks (Fig. 16A). This identical geo-

logic history suggests a direct correlation between the Chiapas massif and the northern Chortís 

block along the Permotriassic arc prior to the opening of the Gulf of Mexico (Fig. 16B and C). 

The ages in the Chuacús complex are ~30 Ma younger than those in the Chiapas massif and also 

younger than most Permotriassic ages in southern Mexico. We speculate that the Chuacús com-

plex occupied, together with the Maya Mts. of Belize, an easterly position along the main Chia-

pas–Chortís arc (Fig. 16C). The younger ages may reflect an episode of flat-slab subduction that 

shortened the main arc (Weber et al., 2006a) and caused a younger episode of magmat-

ism/metamorphism in its hinterland. Shortening directions are similar in the Chuacús complex 

and the Chiapas massif. Associated with the shortening there is likely a dextral-transpressional 

component, widespread in southern Mexico (e.g., Malone et al., 2002), which is consistent with 

tangential stretching in the Triassic Chuacús complex.  

Above, we correlated the lower Chuacús and Rabinal complexes of Guatemala with the 

Acatlán complex of the Mixteca terrane of southern Mexico (Fig. 2C, D and I). Although 

strongly overprinted by magmatism/metamorphism, the Sepultura and Custepec units of the 

Chiapas massif show similarities with the meta-sedimentary and meta-basaltic units of southern 

Mexico and Guatemala. Ties are also provided by the cover sequences; for example, ~420 Ma 

detrital zircons are found in the Chiapas-massif Santa Rosa Group (Weber et al., 2006b) and the 

Sacapulcas rocks of Guatemala (Fig. 2B and C). Pan-African zircons occur in the Santa Rosa 
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Group and as inherited zircons in the Chortís-block rocks and suggest proximity of both the 

Maya and Chortís blocks to Gondwana (Fig. 16C). Conglomerate clasts that are predominantly 

sourced from intermediate volcanic rocks, and ~245, ~260, and ~280 Ma detrital zircons make 

the Chiapas–Chortís-arc massif the likely source of the Sacapulcas rocks. 

8.3. Jurassic rifting and arc magmatism 
Granite intruded into the Chuacús complex of western Guatemala at ~171 Ma (164–177 Ma 

zircons; Fig. 16A). Most of the Maya block was probably emergent during the Triassic–Jurassic 

with the likely Middle Jurassic–Early Cretaceous Todos Santos Formation reflecting rifting dur-

ing Jurassic separation of North and South America (Fig. 2B; e.g., Donnelly et al., 1990). Gra-

nites also intruded the northern Chortis block during the Middle Jurassic (~159 and 166 Ma, zir-

cons at 140–191 Ma; 167 Ma; ~168 Ma; Fig. 16D). The Middle Jurassic, clastic, partly green-

schist-facies Agua Fria Formation (Fig. 2J) thickens from the central to the eastern Chortís 

block and is interpreted to be related to transtension and rifting during the Jurassic opening be-

tween North and South America; e.g., the Guayape fault zone may have originated as a Jurassic 

normal fault (Fig. 16D; e.g., James, 2006; Gordon 1993). The rocks of the Agua Fria Formation 

were deformed during the Late Jurassic (Viland et al., 1996). 

Early–Middle Jurassic magmatism–metamorphism affected the Chazumba and Cosoltepec 

units of the Acatlán complex and produced the Magdalena migmatites of southern Mexico 

(Figs. 2I, 16A-Totoletec, Magdalena, Oaxaca; e.g., Talavera-Mendoza et al., 2005; our new 

~162 Ma cooling age); inferred metamorphic conditions were low-P/high-T (~730°C at ~0.55 

GPa; Keppie et al., 2004). Anatectic granitic dykes of the San Miguel unit (175–172 Ma; e.g. 

Yañez et al., 1991) cut the former units. These events have been interpreted as the result of a 

plume breaking up Pangea, opening of the Gulf of Mexico, and Triassic–Middle Jurassic mag-

matic arc activity (e.g., Keppie et al., 2004). ~ Approximately 165 Ma, NNW trending, dextral 

transtension shear, kinematically compatible with opening of the Gulf of Mexico, occurred 

along the Oaxaca fault (Alaniz-Alvarez et al., 1996), and NW-trending, Jurassic earliest Creta-

ceous dextral transpression took place within the northern Oaxaca complex (Solari et al., 2004). 

The Xolapa complex (Fig. 2L) also shows 165–158 Ma magmatic–metamorphic ages (Fig. 16A-

Xolapa; Herrmann et al., 1994; Ducea et al., 2004a). The Zihuatanejo and Huetamo mature arc 

sections of the Guerrero terrane rest unconformably on the Arteaga–Las Ollas basement, which 

comprises ocean-floor–continental-slope–subduction complexes that were deposited in the Late 

Triassic–Early Jurassic, intruded by 187 ± 7 Ma granite, and deformed in the Middle Jurassic 

(Fig. 2M). Major late Middle–Late Proterozoic–Phanerozoic detrital zircon populations from 

these complexes are ~247, ~375, ~475, 575, ~975 Ma. The overlying Cretaceous arc has major 

zircon populations at ~160, ~258, ~578, ~983 Ma (Fig. 2M; Talavera-Mendoza et al., 2007). 
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Our tectonic model (Fig. 16E) integrating the Jurassic evolution of the Maya and Chortís 

blocks with the magmatic–tectonic evolution of southern Mexico is modified from Mann 

(2007). Onset of rifting in the Gulf of Mexico and between North and South America reduced 

Triassic (see above) to Jurassic volcanic eruption rate in southern Mexico and the Maya and the 

Chortís blocks. Late intrusion into active dextral (Mexico) fault zones may explain the concen-

tration of magmatism at 175–166 Ma (Fig. 16D). Rifting of the Chortís block from southern 

Mexico likely initiated along the arc and developed either as back-arc extension above the pro-

to-Pacific subduction zone, a failed arm of the proto-Caribbean rift, or a combination. Addition-

ally, the Arteaga–Las Ollas basement units rifted from southern Mexico, as they likely shared 

the Late Triassic–Jurassic history of southern Mexico (Fig. 2M; e.g., Talavera-Mendoza et al., 

2007). Our model requires rifting the Chortís block from southern Mexico and creation of ocea-

nic crust, because MORB oceanic crust and mélange of the South El Tambor Group is present 

between the Chortís block and southern Mexico. This must predate 132 Ma, the age of eclogite 

formation in the South El Tambor Group and is likely pre-Late Jurassic, the probable age of the 

oldest radiolarians in the South El Tambor cherts (Chiari et al., 2004). Rifting affected also the 

interior of the Chortís block (Agua Fria Formation; Fig. 16D). These rift structures trend ~NE 

(present coordinates), sub-parallel to the northwestern and southeastern margins of the Chortís 

block and the Guayape fault. This rifting is distinctly different from the WNW trending mid–

Cretaceous intra-arc rifting (Roger et al., 2007a; see below). The Late Jurassic regional meta-

morphism (165–150 Ma; Fig. 16A) and deformation (Viland et al., 1996) may be rift and strike-

slip related. 

Several likely connections exist between the Chortís block, the Xolapa complex, and the 

Guerrero composite terrane. The Sanarate complex (Fig. 2E), the westernmost basement outcrop 

of the Chortís block south of the MSZ, was included with the South El Tambor Group because 

of its metamorphism (lower metamorphic grade than that of the Las Ovejas unit) and rock as-

semblage (dominated by mafic and clastic rocks) (e.g., Tsujimori et al., 2004, 2006); however, 

the Jurassic age for the metamorphism precludes such a correlation. Here we suggest a correla-

tion of this complex with the Arteaga–Las Ollas units (Figs. 2M and 16E) based on lithology, 

likely proximity to the Jurassic continental margin of Mexico, and distinct Jurassic metamor-

phism (Fig. 2E and M). The Sanarate complex likely also includes parts of the Cretaceous Zihu-

atanejo and Huetamo volcanic and clastic units (Fig. 2M). Both the Arteaga–Las Ollas units and 

the overlying Cretaceous arc contain zircons that may have originated from the Chortís block. 

The ~247, ~257, and 475 Ma clusters, particularly in the ≥85 Ma arc rocks are especially diffi-

cult to derive from North America because of intervening spreading ridges and subduction 

zones (Figs. 2M and 16E, see below). The pre-migmatitic basement of the Xolapa complex, 

containing evidence for a Grenville crustal component (Herrmann et al., 1994) and Permian 
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magmatism (see above) in an alternation of meta-greywacke and meta-basic rocks, probably 

correlate to the Permian and Jurassic section of the Mixteca terrane (Fig. 2M, Olinalá unit). Fi-

nally, connecting the Jurassic magmatic–metamorphic rocks of southern Mexico and the north-

ern Chortís block implies a ~1000 km post-Jurassic offset. 

8.4. Early Cretaceous subduction, top-to-S emplacement of the South El Tambor Group, 
and proto-Pacific arc formation  
Spreading between the Chortís block and southern Mexico must have reverted to subduc-

tion before 132 Ma (see above). The ~120 Ma phengite ages of the South El Tambor Group blu-

eschists are interpreted as marking fluid infiltration during retrogression from eclogite facies 

conditions (see above) and likely date exhumation during emplacement of the South El Tambor 

Group mélange onto the Chortís block (Fig. 8B). The El Tambor rocks are emplaced top-to-S 

(present coordinates). Aptian–Albian calc-alkaline, arc volcanic rocks of the Manto Formation 

and volcanoclastic rocks of the Tayaco Formation, sandwiched between shallow water carbo-

nates, were deposited in a zone of intra-arc extension in the central Chortís block, the Agua 

Blanca rift (Roger et al., 2007a; Fig. 16F). The strike of the rift is WNW (present coordinates), 

oblique to the northern margin of the Chortís block and the Jurassic extensional structures (see 

above). Cretaceous (peaks at ~128, ~118, ~81 Ma; Figs. 16A and 5H) magmatic rocks are wide-

spread on the Chortís block (Fig. 16F) and likely mark continuous arc formation above the pro-

to-Pacific subduction zone (Fig. 16G). The Xolapa complex, the largest plutonic and metamor-

phic mid-crustal basement unit in southern Mexico preserves abundant migmatites that were 

produced during a single metamorphic event with peak prograde conditions at 830–900°C and 

0.63–0.95 GPa. This occurred within a continental magmatic arc and overprinted a pre-

migmatitic metamorphic assemblage (Corona-Chávez et al., 2006). Deformation, likely (N)NE–

(S)SW shortening (Corona-Chávez et al., 2006), associated with low-P metamorphism and 

migmatization predates 129 ± 0.5 Ma in the Tierra Colorada area of the western Xolapa com-

plex (Solari et al., 2007). The migmatites have been directly dated at 131.8 ± 2.2 Ma (Herrmann 

et al., 1994) and 130–140 Ma (Ducea et al., 2004a). The structural top of the migmatized se-

quences is the 126–133 Ma Chapolapa Formation (Campa and Iriondo, 2004; Hernández-

Treviño et al., 2004) that mostly comprises meta-andesite/rhyolite. The hanging wall Albian–

Cenomanian Morelos Formation shelf limestone is in tectonic contact (Figs. 2L, 16A-Xolapa; 

e.g., Riller et al., 1992; Solari et al., 2007).  

Roger et al. (2007a) suggested several features and piercing lines that convincingly tie the 

Chortís block to southern Mexico; here we elaborate on the tectonic model explaining the corre-

lation (Fig. 16G). We suggest that the 141–126 Ma migmatization–magmatism of the Xolapa 

complex represents arc magmatism related to subduction of the South El Tambor Group lithos-

phere. Characteristically, no Cretaceous ages younger than ~126 Ma have been found in Xolapa 
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complex, so the end of arc magmatism in the South El Tambor subduction zone is likely con-

temporaneous with emplacement of the South El Tambor Group onto the Chortís block (≤120 

Ma, see above). Laterally, Xolapa-complex magmatism is correlated with that in the Taxco–

Viejo unit of the Mixteca terrane, also an arc on continental crust (e.g., Centeno-García et al., 

1993) and dated at 130.0 ± 2.6 and 131.0 ± 0.85 Ma (Campa and Iridono, 2004). This correla-

tion is supported by the, within error, identical ages of the Chapolapa Formation meta-

andesite/rhyolite (Xolapa complex) and the volcanic flows of the Taxco–Viejo unit (Fig. 2L and 

M). Magmatism in the Teloloapan intra-oceanic arc ended at ~120 Ma. Magmatism in the ocea-

nic arc and back-arc region of the Arcelia units, outboard (southwesterly) of the Teloloapan unit 

continued into the Cenomanian (Fig. 2M). The youngest detrital zircon fractions in the clastic 

rocks above the volcanic succession in the Teloloapan and Taxco–Viejo units, comprising 

magmatic zircons from local sources, are ~124 and ~132 Ma, respectively (Talavera-Mendoza 

et al., 2007), thus contemporaneous with the Xolapa-complex zircons. Again, these ages indi-

cate that magmatism terminated at that time and suggest a close spatial relationship of the Tax-

co–Viejo–Xolapa–Teloloapan arcs (Figs. 2M and 16G). The NE dipping subduction zone of the 

South El Tambor Group may have ended at a transform fault at the eastern end of the Maya 

block (Fig. 16G).  

The Teloloapan, Taxco–Viejo, and Olinalá units and the Xolapa complex are covered by 

Albian–lower Cenomanian Morelos shelf limestones (Fig. 2L and M). These limestones may 

correspond to the massive La Virgen limestone atop the South El Tambor Group (Fig. 2K). 

Carbonate passive margin strata (Coban–Campur Formations; Fig. 2B) were deposited on the 

Maya block. The post-suturing deposits on the Chortís block are probably the red beds and fo-

reland-basin deposits of the Valle de Angeles and Gualaco Formations. The latter is typically in-

tercalated with Upper Cretaceous volcanic rocks indicating establishment of the Sierra Madre 

Occidental arc in Late Cretaceous, also on the Chortís block (see below). Characteristically, pro-

to-Pacific subduction continued beneath the Chortís block and the Zihuatanejo unit far into the 

Late Cretaceous (Fig. 2J and M). In our interpretation the Agua Blanca rift and the Manto vol-

canic rock intercalations are related to proto-Pacific subduction and intra-arc extension. We 

attribute the inversion of the Agua Blanca intra-arc rift to the accretion of the Zihuatanejo–

Huetamo units–Sanarate complex to southern Mexico and the western Chortís block. Top-to-E 

shear in the greenschist facies, meta-basaltic/clastic Sanarate complex of the western Chortís 

block reflects this accretion of the Guerrero terrane/Sanarate complex.  

Why were so many individual arcs and subduction–accretion complexes developed along 

the southwestern margin of Mexico (the Guerrero composite terrane) and the Chortís block (the 

Sanarate complex) during the late Early and Late Cretaceous (e.g., Talavera-Mendoza et al., 

2007)? If rifting between the Chortís block–Arteaga unit and southern Mexico was mostly re-
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lated to spreading between the two Americas and formation of the Gulf of Mexico (Fig. 16E), 

spreading was likely N–S with ~N trending transform faults. Transformation of this rift to con-

vergence along the ~NNW-trending proto-Pacific subduction zone may have allowed activation 

of some transform faults as subduction zones. 

8.5. Late Cretaceous North El Tambor Group subduction and Maya block–Caribbean 
arc collision 
Our structural, petrologic, and geochronologic data demonstrate sinistral transpressive col-

lision along the southern margin of the Maya block during Late Cretaceous. Collision trans-

ferred the southern Maya block into a nappe stack with the North El Tambor Group ophiolitic 

mélange at top. Characteristically, deformation involved N–S shortening and E–W lengthening. 

Sinistral transpression was partitioned on all scales between oblique stretching along the folia-

tion and sinistral strike-slip along steeply-dipping shear zones (Fig. 16H). To a first-order, de-

formation is identical in the North El Tambor Group, Chuacús complex, and the northern forel-

and fold–thrust belt. 450–550°C and 0.7–0.8 GPa regional Cretaceous reheating within the 

Chuacús complex, associated with local magmatism, is syn-kinematic. Penetration of deforma-

tion and overburden (PT conditions) increase from west to east along the collision zone. The 

relatively high-P/low-T metamorphism and nearly coeval blueschist- (North El Tambor Group) 

and amphibolite-facies metamorphism (Chuacús complex) suggest a cold geotherm and steep 

continental subduction (Fig. 16H). Southern Maya block imbrication is dated at 75–65 Ma (Fig. 

16I) and cooling to upper crustal levels (~100°C) was attained by early Tertiary (AFT results at 

high elevation, see above). The Jurassic–Early Cretaceous North El Tambor Group oceanic and 

immature arc rocks incorporated ~131 Ma eclogite into an accretionary wedge that reached 

crustal levels by Late Cretaceous (~76 Ma).   

What collided with the southern Maya block in the latest Cretaceous? We follow and broa-

den the model of Mann (2007) and Rogers et al. (2007b) and suggest that the Maya block–North 

El Tambor Group suture extends toward the west into the footwall of the Siuna terrane of the 

southern Chortís block and the Nicaragua Rise and to the east into the subduction–accretion and 

arc complexes of Jamaica, Hispaniola (Dominican Republic), and Cuba (Figs. 16J and K). In 

comparison with the North El Tambor Group (Fig. 2A), the Siuna mélange (Fig. 2F) contains 

similar lithology (ultramafic rocks, radiolarites, meta-andesite, volcanic arenites) of proven Late 

Jurassic age, high-P phengites at ~139 Ma, blueschist and eclogite, and Aptian–Albian turbiditic 

sequence. These rocks are overlain by the Atima Formation and intruded by diorite (~60 Ma) 

and andesite dikes (~76 Ma; Fig. 2F; Flores et al., 2007; Venable, 1994). The poorly dated 

(post-80 Ma) Colon fold belt of the eastern Chortís block and the Nicaragua Rise likely reflects 

imbrication along the footwall of the Siuna terrane (Roger et al., 2007b). The Siuna terrane like-

ly extends westward into the ocean igneous complexes of the Santa Elena and Nicoya peninsu-
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las of Costa Rica; these complexes contain ~165–83 Ma pillow lavas, sills and flows, radiola-

rian chert, basalt breccias, and gabbro and plagiogranite. They are unconformably capped by 

≤75 Ma reef limestones (Figs. 2G and 16I; e.g., Hoernle and Hauff, 2005). The Cuban subduc-

tion–accretion complex contains ~148–65 Ma high-P rocks (major peaks at ~116 Ma, ~70 Ma; 

Figs. 16I and J; Krebs et al., 2007, Schneider et al., 2004). The Greater Antilles arc of Cuba was 

active at 133–66 Ma (Fig. 16I and J; major peaks at ~72 Ma, ~80 Ma, Stanek et al., 2005; Rojas 

et al., 2005; Grafe et al., 2001; Hall et al, 2004), and the Cordillera Central arc (Dominican Re-

public) spanned ~117–74 Ma (Figs. 16H,I and J; major peaks at ~75 Ma, ~84 Ma, and ~116 Ma, 

Kesler et al., 2005; Escuder Viruete et al., 2006b). Thus these subduction–accretion complexes 

and arcs cover time ranges comparable to that of the North El Tambor Group, with subduction 

and arc formation terminated ~10 Myr after collision along the southern Maya block. This indi-

cates the time span required to transfer these subduction–accretion and arc complexes to the Ba-

hamas-platform collision zone when the southern Maya block acted as a sinistral transform fault 

zone. Accordingly, termination of pronounced magmatism in the Santa Elena–Nicoya subduc-

tion-accretion complexes approximately 10 Myr earlier (Fig. 16I) reflects their earlier collision 

with the southwestern Chortís block. Based on the termination of magmatism at 74 Ma within 

the Cordillera Central arc and its well developed sinistral transpressive deformation (Escuder 

Viruete et al., 2006a,b), we speculate this arc was the immediate hanging wall of the collision 

zone along the southern Maya block. 

What was the origin of the ≤75 Ma pegmatitic magmatism in the southern Maya block, 

post-dating North El Tambor Group emplacement and folding–thrusting in the Chuacús com-

plex? Causes might include Pacific-arc magmatism, local anatexis due to crustal thickening, or 

break-off of the Siuna terrane–North El Tambor Group–Caribbean arc slab. We favor the latter 

(Fig. 16H), as entry of the Nicoya–Siuna–North El Tambor–Caribbean slab into the proto-

Caribbean sea must have induced its rapid anticlockwise rotation, rapid along-strike length re-

duction, and thus slab fracturing and roll-back. In contrast, contemporaneous Pacific arc sub-

duction occurred far to the west on the Chortís block (Fig. 16K) and the thermal overprint due to 

crustal stacking was likely insufficient and too early in the Chuacús complex to cause anatexis 

(see above). 

Cerna et al. (2007) hypothesized a mostly E vergent, partly sinistral transpressive, N trend-

ing fold-thrust belt along the western Mixteca terrane, the Guerrero–Morelos platform that ori-

ginated during the Coniacian (≤90 Ma; Cenomanian, ≤100 Ma, after Talavera-Mendoza et al., 

2005) and was active into the Tertiary. They related this E–W shortening to the collision of the 

Caribbean plate with the Chortís block. Roger et al. (2007b) and our data show, however, that 

this collision is ~N–S and ≤76 Ma on the southern Chortís and Maya blocks (see above). Proba-

bly, the Laramide fold–thrust belt orocline on the Guerrero–Morelos platform, along the Sierra 
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de Juárez (Cerca et al., 2007), and within the southern Maya block (this study) is a composite 

structure, related to accretion of the most outboard Guerrero-terrane units, Pacific subduction, 

and collision of the Siuna terrane–North El Tambor Group–Caribbean plate. We suggest that 

shortening in the Guerrero–Morelos platform and its continuation into the Chortís block (Agua 

Blanca rift inversion) is mainly related to the ≤80 Ma Arteaga–western Chortís (Sanarate com-

plex) suture and Pacific subduction and the Sierra de Juárez–southern Maya block shortening 

due to the ≤76 Ma Caribbean plate collision (Fig. 16K). Structural superpositions must have oc-

curred mostly in the Mixteca–Oaxaca basement terrane area. 

8.6. Late Eocene–Recent eastward displacement of the Chortís block 
Most tectonic models place the Chortís block opposite southern Mexico during Late Creta-

ceous–early Tertiary (e.g., Mann, 2007; see above). Roger et al. (2007a,b) summarized  features 

and piercing lines that support this connection. Here we summarize additional evidence and 

trace the eastward displacement of the Chortís block to its present position. Approximately 80–

45 Ma magmatic rocks of the Sierra Madre Occidental crop out along the coast of southwestern 

Mexico and inland up to ~99°W (Fig. 16L; Schaaf et al., 2005; Morán-Zenteno et al., 1999). 

This magmatic arc continued into the central Chortís block. Lining up the NW trend of these 

rocks in Mexico (the arc continues northwest of the area shown in Fig. 16L) and on the Chortís 

block yields ~1100 km sinistral displacement and ≤40° anticlockwise rotation of the Chortís 

block (Figs. 1C, 16L). Based on one data point from the central Chortís block, the paleomagnet-

ically determined anticlockwise post-60 Ma rotation is ~32° (Gose, 1985). During the Oligo-

cene, eastward migration of Chortis induced a northeastward migration of the trench (Herrmann 

et al., 1994) and the associated Sierra Madre del Sur arc shifted inland and eastward into sou-

theastern Mexico. The arc trends ESE (Morán-Zenteno et al., 1999), which is particularly evi-

dent on the Chortís block (Fig. 16L).  

When did the Chortís block break away from southern Mexico? In the Chortís block, high-

grade and high-strain deformation began at ≥40 Ma and we suggested above that there were ma-

jor deformation phases at ~40–35 Ma and possibly at 25–18 Ma. Sinistral transtension in the La 

Venta–Tierra Colorada shear zone along the northwestern margin of the Xolapa complex is low-

grade at ~300°C (low-T quartz ductility; Riller et al., 1992; Solari et al., 2007) and started at 

≤45 Ma (Solari et al., 2007). Local high-strain flow occurred at ~35 Ma (see above). Post-

tectonic intrusions are 34 ± 2 Ma (Tierra Colorado granite, Herrmann et al., 1994); however, 

brittle, sinistral transtension continued during cooling of this granite (Riller et al., 1992). The 

distinctly different exposure level of the continuous Early Cretaceous Taxco–Viejo (west; up to 

greenschist facies) and Xolapa arc (east; amphibolite facies and migmatization) is ascribed to 

major exhumation of the latter. Large-scale sinistral transtension along the northwestern Xola-

125 



The North American−Caribbean plate boundary 

pa-complex margin certainly contributed to this difference. Robinson et al. (1990) obtained a 

~40 Ma age for syn-kinematic tonalite north of Acapulco. Sinistral shear occurred along the 

northern margin of the eastern Xolapa complex between 29 and 24 Ma (Chacolapa shear zone, 

point 4 in Fig. 16L; Tolson, 2005). Other sinistral transtensive deformation zones in southern 

Mexico outside the Xolapa complex are dated to between ~37 and ~27 Ma (points 1 and 3 in 

Fig. 16L). Corona-Chávez et al. (2006) estimated that about 70% of the eastern Xolapa complex 

was affected by discontinuous mylonitic–cataclastic, post-migmatitic deformation. We conclude 

that the migration of the Chortís block initiated ≥40 Ma and was fully active at 40–35 Ma. This 

is compatible with the chronology of spreading in the Cayman trough pull-apart basin (see 

above).  

Using (U-Th)/He thermochronology, Ducea et al. (2004b) estimated average exhumation 

rates for the Xolapa complex. A western segment at Acapulco yielded ages between 26 and 8.4 

Ma and a rate of 0.22 mm/a; an eastern profile at Puerto Escondido gave 17.7–10.4 Ma ages and 

0.18 mm/a. This slow Neogene exhumation contrasts with petrologic data that suggest exhuma-

tion from ≥25 km (migmatites; Corona-Chávez et al., 2006) and 20–13 km (granitoids; Morán-

Zenteno et al., 1996) since 34–27 Ma, the age of the granitoids; therefore, most exhumation 

must have taken place before the Miocene. Pooling the (U-Th)/He and AFT data of Ducea et al. 

(2004b) and excluding outliers (e.g., ages older than crystallization and those with very large er-

rors) indicate that most samples of the western profile cooled through 70–100°C or were ex-

humed from ~4 km at ~25 Ma. Except for three outliers most samples of the eastern profile have 

identical ages over 2 km elevation and thus suggest rapid cooling at ~15 Ma (Fig. 6D). Using 

the three plutons for which U/Pb zircon ages are available (Herrmann et al., 1994), we obtained 

exhumation rates of ~1.5 mm/a between 31 and 25 Ma (12.9 km depth at 31 Ma and ~4 km at 

~25 Ma) and ~1.9 mm/a between 32 and 25 Ma (17.9 km depth at 32 Ma and ~4 km at ~25 Ma) 

for the western section, and 1.2 mm/a  (20.4 km depth at 29 Ma and ~4 km at ~15 Ma) for the 

eastern profile. For the western section, Herrmann et al. (1994) obtained two ~47 Ma migmati-

zation ages; this yields ~0.8 mm/a between 47 and 31 Ma (~26 km depth at 47 Ma and 12.9 km 

at 31 Ma). Along the northern rim of the Chortís block our data indicate an exhumation rate of 

~1 mm/a between 36 and 9 Ma (~28 km depth at 36 Ma and ~3 km at 9 Ma). These data indi-

cate that the early stages of Chortís-block migration were associated with rapid exhumation due 

to sinistral transtension and erosion.  

The early stage of distributed sinistral displacement and erosion that affected a broad zone 

in southern Mexico and the northern Chortís block also must have affected the southern Maya 

block, as its eastern extension, the Nicaragua Rise, was located off the western edge of the 

Maya block (Fig. 16K). We interpret our AFT data from the southern Chiapas massif and the 
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Chuacús complex, both clustering at ~30 Ma (Fig. 6A and C), to record this distributed transten-

sion–transpression–sinistral migration and erosion phase. 

Why did the Chortís block break away at ≥40 Ma? Following Ratschbacher et al. (1991) 

and Riller et al. (2002), we propose that the contemporaneous change in several plate tectonic 

boundary conditions triggered break away. During Eocene, shear stresses across the arc were 

high due to rapid convergence of relatively young lithosphere under an angle of ~45° to a pre-

existing lithospheric weakness, the South El Tambor suture. Most importantly, sinistral break 

away started in an area that had been an arc at least since Late Cretaceous (see above) and thus 

was thermally weakened. This is a common process in oblique subduction settings. Consequent-

ly, the largest volume (Morán-Zenteno et al., 1999) and the concentration in time (~33 Ma 

Chortís block, ~34 Ma Xolapa complex; Fig. 16A) of magmatism and metamorphism seems to 

have been controlled by the NW–SE shear zones associated with transtensional–transpressional 

tectonics at the boundary between southern Mexico and the Chortís block (Herrmann et al., 

1994; Fig. 16L). 

Early and middle Miocene (~20–10 Ma) volcanic rocks are distributed around the Isthmus 

of Tehuantepec (Fig. 16M). In this region it is evident that volcanism in the inland regions was 

active after cessation of Oligocene plutonism in the Xolapa complex (Morán-Zenteno et al., 

1999). The earliest manifestations of magmatic activity along the eastern and central Trans-

Mexican volcanic belt are as old as middle Miocene (~17 Ma; Ferrari et al., 1994) and thus this 

belt may form a direct continuation of the volcanism around the Isthmus of Tehuantepec. To the 

east coeval magmatism occurred along the western part of the Polochic fault zone in western-

most Guatemala (Fig. 16M), indicating ≥100 km offset along the Polochic fault since then. This 

is similar to the ~130 km offset proposed along this fault between 10 and 3 Ma (Burkart, 1983; 

Burkart et al., 1987). Still further east, the ~16.9–13.4 Ma ignimbrite province strikes NW–SE 

across the Chortís block (Fig. 16M, e.g., Jordan et al., 2007). Aligning the southeastern Mexican 

and Chortís-block volcanic provinces yields ~400 km displacement since ~15 Ma and ~300 km 

offset along the Motagua fault (Fig. 16M). Several elements trace the displacement during this 

time (Fig. 16M): tectonic and stratigraphic features northwest of the Isthmus of Tehuantepec in-

dicate sinistral transtension with ~N-trending pull-apart basins coeval with volcanism (Morán-

Zenteno et al., 1999); the easternmost part of the Xolapa complex experienced rapid cooling at 

~15 Ma (Fig. 6D); the Chacolapa shear zone was reactivated at ~15 Ma; the Tonala and Poloch-

ic shear zones were active at 9–8 Ma and 12–5 Ma, respectively; and most of the AFT ages in 

the Chortís block closed at ~12 Ma (all data from this study). 
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8.7. Variations in the Late Cenozoic stress field 
N–S rifts that disrupt the ignimbrite province in western Honduras and southeastern Gua-

temala commenced after ~10.5 Ma (Gordon and Muehlberger, 1994). They are related to pla-

teau uplift following slab break-off underneath Central America (Rogers et al., 2002). Our 11.2–

7.9 Ma AFT data from the western flank of the Ulúa graben support the late Miocene onset of 

rifting, although extension structures formed as early as ~28 Ma, contemporaneous with and ki-

nematically related to sinistral wrenching along the northern margin of the Chortís block. Nu-

merical modeling suggests that presently the western edge of the Chortís block is pinned against 

North America, making the triple junction between the Cocos, North American, and Caribbean 

plates a zone of diffuse deformation (Álvarez-Gómez et al., 2008). Our late Cenozoic deforma-

tion” structural event (Figs. 10, 13, and 15), reflecting sinistral slip along ~E-striking strike-slip 

faults locally interacting with ~N-striking normal faults, is distributed across the entire plate 

boundary from the northern foreland to south of the Jocotán–Chamelecón fault zone. The transi-

tion from older dominant strike-slip to younger, prevailing normal faulting, proposed by Gordon 

and Muehlberger (1994), also is evident from our data. However, normal faulting exemplified 

by the grabens in southern Guatemala and western Honduras (Fig. 15), extends northward 

across the Motagua fault zone into the Tertiary Subinal Formation (Fig. 13), the North El Tam-

bor Group rocks on the central Chuacús complex (Fig. 13), and the Chuacús complex and Ter-

tiary–Quaternary volcanic rocks of western Guatemala (Fig. 10). This indicates that today the 

Polochic fault constitutes the major plate boundary fault. This is compatible with termination of 

the active strike-slip and reverse fault province of eastern Chiapas north of the Polochic fault 

zone (Andreani et al., 2008). Furthermore, our data support additional salient features of the late 

Cenozoic stress distribution: shortening directions trend ~NW–SE in western and west-central 

Guatemala and in particular in western Guatemala south of the Polochic fault (“Late Cenozoic 

deformation”; Figs. 10, 13 and 15) and outline the dextral, WNW trending Jalpatagua fault zone 

along the active volcanic arc (Gordon and Muehlberger, 1994; Álvarez-Gómez et al., 2008). 

9. Conclusions 
New geochronologic, petrologic, and structural data constrain the pressure–temperature–

deformation–time (P-T-d-t) history of the northern Caribbean plate boundary in southern Mex-

ico, central Guatemala, and northwestern Honduras. In particular, we investigated which crustal 

sections of the Motagua suture zone accommodated the large-scale sinistral offset along the 

plate boundary, and the chronologic and kinematic framework of this process. Correlations be-

tween the Maya and Chortís blocks, tectonostratigraphic complexes of southern Mexico, and 

arc/subduction complexes of the northeastern Caribbean constrain models for the early Paleo-

zoic to Recent evolution of the northern Caribbean plate boundary. Our findings constrain major 

tectonic, magmatic and metamorphic episodes in these areas: 
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(1) During early Paleozoic, southern Mexico (Acatlán complex of the Mixteca terrane), the 

southern Maya block (Chuacús complex), and likely also the Chortís block were part of the Al-

leghanian–Appalachian orogen along the southern margin of North America. The Chuacús 

complex felsic gneiss–amphibolite association and relict high-P metamorphism probably 

matches those of the Xayacatlán suite in the Acatlán complex; the Ordovician, mega-crystic K-

feldspar Rabinal gneiss may be equivalent to post-high-P intrusions in this suite.  

(2) After the final amalgamation of Pangea, an arc developed along its western margin, 

causing magmatism and regional amphibolite-facies metamorphism in southern Mexico (~290–

250 Ma), the Chuacús complex of the southern Maya block (270–215 Ma), and the Chortís 

block (283–242 Ma). Identical intrusion and metamorphic ages (273 and 254 Ma) in the Chia-

pas massif of the southwestern Maya block and the northern Chortís block suggest a similar po-

sition within the arc. Younger ages in the southern Maya block (Chuacús complex) are attri-

buted to its position in the hinterland of the main arc and a speculative episode of flat-slab sub-

duction.  

(3) The Jurassic opening of the Gulf of Mexico separated the Maya block from North 

America. Granite intruded the Chuacús complex (Maya block) of western Guatemala at 164–

177 Ma. Most of the Maya block was probably emergent during Triassic–Jurassic with the like-

ly Middle Jurassic–Early Cretaceous Todos Santos Formation reflecting rifting during separa-

tion of North and South America. Dextral shear along ~NNW trending shear zones within 

southern Mexico is kinematically related to opening the Gulf of Mexico and may account for 

the concentration of magmatism at ~175–166 Ma in southern Mexico. Granites also intruded the 

northern Chortís block during Middle Jurassic time (~168–159 Ma). The Middle Jurassic Agua 

Fria Formation records upper crustal transtension and rifting. Rifting of the Chortís block from 

southern Mexico likely initiated within the thermally weakened proto-Pacific arc, possibly as a 

failed arm of the proto-Caribbean rift. This rifting separated the northern Chortís block from the 

Xolapa complex of southern Mexico and also parts of the Guerrero terrane from parts of south-

western Mexico that have Jurassic-aged basement. The Sanarate complex of the northwestern 

Chortís block correlates with the Arteaga–Las Ollas units of the Guerrero terrane, sharing a do-

minantly mafic lithology and Jurassic metamorphism. Rifting produced the Late Jurassic–Early 

Cretaceous oceanic crust of the South El Tambor Group and terminated before 132 Ma, the age 

of eclogite-facies metamorphism in that Group.  

(4) Rifting between Chortís block and southern Mexico reverted to subduction in the Early 

Cretaceous. Arc magmatism and high-T/low-P metamorphism (141–126 Ma) along the Xolapa 

complex of southern Mexico is likely related to subduction of South El Tambor Group lithos-

phere, which was emplaced southward onto the Chortís block at or after ~120 Ma. Laterally, 
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Xolapa-complex magmatism is correlated with that in the Taxco–Viejo unit of the Mixteca ter-

rane. While collision of the Chortís block with southern Mexico terminated arc magmatism in 

the Xolapa complex, proto-Pacific subduction continued on the Chortís block and the Zihuata-

nejo unit of the Guerrero terrane to its northwest. This unit and the Sanarate complex of the 

Chortis block amalgamated to southern Mexico during Late Cretaceous. 

(5) Spectacular sinistral transpressive collision occurred along the southern margin of the 

Maya block during Late Cretaceous (≤76 Ma). Collision transferred the southern Maya block in-

to a nappe stack with the North El Tambor Group at top. Sinistral transpression was partitioned 

on all scales in between oblique stretching along the foliation and sinistral strike-slip along 

steeply-dipping shear zones. To first order, deformation is identical in the North El Tambor 

Group, Chuacús complex, and the Laramide, northern foreland fold–thrust belt. The relatively 

high-P/low-T metamorphism and nearly coeval blueschist- (North El Tambor Group) and lower 

amphibolite-facies metamorphism (Chuacús complex) suggest a cold geotherm and steep conti-

nental subduction. The Maya block–North El Tambor Group suture extends westward into the 

footwall of the Santa Elena–Nicoya complexes, the Siuna terrane of the southern Chortís block, 

and the Nicaragua Rise and to the east into the subduction–accretion and arc complexes of Cuba 

and Hispaniola. Postulated break-off of the North El Tambor Group slab may account for ≤75 

Ma magmatism in the southern Maya block. 

(6) High shear stress across the Caribbean–North American plate boundary during the Eo-

cene triggered breakaway of the Chortís block from southern Mexico at ≥40 Ma, coeval with in-

itiation of the Cayman trough pull-apart basin. Sinistral break away started in an area, the Xola-

pa complex and the northern Chortís block, that had been an arc at least since Late Cretaceous 

and thus was thermally weakened. The Las Ovejas complex of the northern Chortís block forms 

a westward narrowing belt of distributed sinistral transtension and represents the southern part 

of the high-strain displacement zone along which the Chortís block migrated eastward. Defor-

mation interacted with amphibolite-facies metamorphism, widespread migmatization, and local 

magmatism, illustrated most clearly by small syn- to post-tectonic pegmatites. The close spatial 

and temporal interaction between high-strain deformation and Tertiary metamorphism, migma-

tization, and magmatism is confined to the northern Chortís block. It appears that arc magmat-

ism provided the heat input to localize deformation. Consequently, the largest volume and the 

concentration in time (40–20 Ma) of magmatism and metamorphism seems to have been con-

trolled by shear zones associated with transtensional–transpressional tectonics at the boundary 

between southern Mexico and the Chortís block. The Ulúa graben, and possibly other N trend-

ing grabens of southern Guatemala and northern Honduras, started in temporal and kinematic 

compatibility with wrenching along the Las Ovejas complex. The topographically well ex-

pressed active grabens, however, are neotectonic features. Also the Jocotán-Chamelecón fault 
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zone was part of this deformation system. Breakaway and early eastward translation of the 

Chortís block induced exhumation rates of 0.8–1.9 mm/a in the Xolapa complex and the north-

ern Chortis block. Initial eastward translation is also recorded by rapid cooling within the south-

ern/southwestern Maya block at ~30 Ma. Approximately 175, ~130, and ~40 Ma magmatic belts 

both in southern Mexico and on the Chortís block consistently argue for ~1100 km offset since 

≥40 Ma along the northern Caribbean plate boundary. Post-40 Ma structures and a ~15 Ma 

magmatic belt indicate that ~700 km of that offset occurred prior to 40 Ma. The Tonala shear 

zone, bounding the Chiapas massif to the southwest, and Polochic shear zones were major de-

formation zones at 9–8 Ma and 12–5 Ma, respectively. 

(7) N–S rifts in western Honduras and southeastern Guatemala are related to plateau uplift 

following slab break-off underneath Central America. 11.2–7.9 Ma apatite-fission track ages 

from the western flank of the Ulúa graben support the late Miocene onset of rifting. Presently, 

the triple junction between the Cocos, North American, and Caribbean plates is a zone of dif-

fuse deformation. Normal faulting, exemplified by the grabens in southern Guatemala and west-

ern Honduras, extends northward across the Motagua fault zone into the Chuacús complex, in-

dicating that today the Polochic fault constitutes the major plate boundary fault. Distributed, 

dextral, WNW trending fault zones are active along the active volcanic arc.  
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Appendix 
TABLE 1. SAMPLE DESCRIPTIONS AND STOP LOCATIONS 

Sample Stop Rock N latitude W longitude  Elevation (m) 

Western Chuacús complex
G1s   G1    quartzitic paragneiss      15°11.2’  91°32.7’  1990  
G18s  G1    phyllonitic migmatitic gneiss    15°11.2’  91°32.7’  1990 
G19s  G1    hornblende-epidote schist     15°11.2’  91°32.7’  1990 
G20s  G45    quartz-rich migmatitic augengneiss   15°17.4’  91°29.0’  
G21s  G3=G46   epidote schist        15°18’1  91°29.6’1

G27s  G56, G57  biotite-granite gneiss      15°19.9’  91°37.2’  
GM8s  GM33=G8  greenschist-grade granite mylonite   15°12.2’  91°11.8’  

GM37   phyllonite        15°17.2’1 91°05.8’1

GM38   granodiorite        15°19.061’ 91°10.374’ – 
GM13s  GM42   (?ortho)gneiss       15°23.977’ 91°58.790’ 11001

Central Chuacús complex
G10s  G29    calcsilicate layer in marble     14°57.2’  90°13.2’  
G11s  G30    migmatitic two-mica orthogneiss    14°58.0’  90°14.3’  1070 
G12s   G31, G19  retrograde mylonitic orthogneiss    15°00.3’  90°14.7’  1300 
G14s  G32    augengneiss        15°01.8’  90°13.1’  
5PB-8  5PB-8   micro-diorite        15°15.06’ 89°11.51’ 
5PB-9b  5PB-9   phyllitic para- and orthogneiss intercalation 15°14.02’ 89°15.51’ 
   5PB-10   marble mylonite       15°13.08’ 89°14.58’ 
5PB-13a  5PB-13   garnet-bearing mica schist     15°00.41’ 89°58.22’ 
5PB-13b  5PB-13   garnet amphibolite       15°00.41’ 89°58.22’ 
5PB-14  5PB-14   hornblende-mica-chlorite schist    15°00.37’ 89°57.56’ 480 
5CO-1  5CO-1   two-mica orthogneiss      15°06.05’ 90°24.03’ – 

5CO-3   orthogneiss        15°06.09’ 90°27.05’ – 
5CO-4b  5CO-4   two mica, garnet ?paragneiss    15°02.43’ 90°29.41’ 1229 
5CO-5a  5CO-5   garnet amphibolite (eclogite) with two mica 14°57.05’ 90°29.11’ 970 

schist intercalations         
5CO-5b  5CO-5   deformed meta-pegmatite     14°57.05’ 90°29.11’ 970 
5CO-6b  5CO-6   garnet orthogneiss       14°55’1  90°31’1  9501

824   824    two-mica gneiss       15°00.9246’ 90°22.8978’ 2038 
825   825    garnet-muscovite gneiss     14°58.8036’ 90°20.0832’ 823 
827   827    quartz-rich micaschist      15°00.0930’ 90°20.2200’ 1319 
846   846    garnet amphibolite (eclogite)    15°00.0612’ 90°32.4480’ 1681 
   854    (ultra)mylonitic gneiss, pegmatite   15°03.954’ 89°36.118’ 284 
   856    augengneiss, biotite granite, aplite   15°00.715’ 89°43.997’ – 
   876    intercalation of low-grade meta-sedimentary  14°55.115’ 90°05.952’ 360 

rocks with schists and serpentinite    
885A  885    pegmatite        14°53.989’ 90°33.211’ 883 
   880-886   variegated Chuacús gneisses along    14°58°992’ 90°28.882’ to 

the El Chol and Aqua Caliente rivers   14°54°813° 90°31.423’ 
887C  887    quartzo-feldspatic paragneiss    14°56.090’  90°30.101’ 864 

Metasomatized southern Chuacús complex
G6s   G26    metasomatized basement (phyllonite)   14°55.4’  90°04.4’  
G7s   G27    metasomatized, retrogressed biotite gneiss, 14°55.0’  90°08.1’  
       pseudotachylite vein in pull-apart tension gash 
   5C-35   chlorite phyllite (metasomatic basement)  14°57.13’ 89°49.45’ – 
5C-36a  5C-36   metasomatized biotite gneiss (phyllonite),  14°55.47’ 89°59.27’ 372  
860B  860, 5PB-15   metasomatized garnet micaschist (phyllonite) 14°57.344’ 89°57.774’ 378  

876    intercalation of low-grade meta-sedimentary  14°55.115’ 90°05.952’ 360 
rocks with schists and serpentinite    

Sanarate complex
G3s   G23    retrograde basement imbricated with phyllite, 14°45’2  90°20’2

epidote schist  
G5s   G24    amphibolite        14°47.3’1 90°17’1

5G-1a  5G-1   chlorite-epidote-hornblende schist   14°47.46’ 90°15.17’ 
853    amphibolite        14°45.254’ 90°08.307’ 855 
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870, 871   amphibolite        14°45.3’  90°08.5’  880  

North and South El Tambor complexes
   G28    serpentinite        14°56.3’1 90°11.2’1 –  
   G34=GM14  mélange of serpentinite, ophicalcite, volcanics 14°54.38’ 90°09.39’ – 
   G35    serpentinite        14°54.3’1 90°09.4’1 –
   G38    serpentinite        14°54.2’2 90°11’2 –
   5PB-7   serpentinite        15°23.04’ 89°01.16’ – 
   GM11 to GM13 serpentinite        1.5 km outcrop stretch 
                 14°54.801’ 90°07.911’ – 
   852    mélange of clastics and greenschist   14°44.487’ 90°04.892’ 766 
   855    mélange of phyllite, serpentinite, blueschist 14°49.635’ 89°48.008’ 686 
   864    meta-siltstone, serpentinite, granite dike  14°51.492’ 89°48.725’ 349 
   869    meta-clastics; granite dikes     14°43.620’ 90°03.842’ 990 

Foreland fold-and-thrust belt; Paleozoic to Tertiary cover; south and north of Motagua fault zone
G2    pyroclastics and welded tuff     15°15’2  91°29’2

   G4    meta-conglomerate; Chicol Formation  15°21.6’1 91°35.6’1 – 
G5    intercalation of volcanics and clastics   15°22.6’1 91°37.3’1 –
G39=GM23  massive limestone       15°18.5’1 90°29.1’1 – 
G40=GM25  serpentinite–Coban limestone contact   15°18.55’ 90°29.11’ – 
G41=GM26  serpentinite–Coban limestone contact   15°16.4’1 90°28.58’1 – 
G42    serpentinite–Coban limestone contact   15°16.449’ 90°28.585’ – 
G43    Cretaceous limestone      15°18.5’1 90°28’1  –  

G48    boundary limestone to serpentinite   15°22’1  91°27’1  – 
G49    serpentinite        15°22’1  91°27.5’1 – 
G50    pyroclastics        15°21.3’1 91°29.35’1 – 
G51    pyroclastics        15°21.45’1 91°26.5’1 – 
G54    Cretaceous limestone      15°24.7’1 91°49’1  – 

   G55    Permian Chochal limestone     15°29.6’1 91°45.5’1 – 
   G58    cataclastic, dark limestone, dolomite   15°24.3’1 91°39.8’1 – 
   G59    Cretaceous thick-bedded limestone   15°38’1  91°58.6’1 – 
   G60    Late Cretaceous limestone     15°36.1’  91°51.5’  – 
   G61,62   slate-limestone intercalation     close to G60    – 
   GM1   rhyolite         14°43,6’1 90°32.3’1 – 
   GM2   volcanics         14°46.951’ 90°17.509’ – 
   GM3   Subinal red beds       14°51.807’ 90°04.706’ – 
   GM4,5   ?Cretaceous limestone      14°49.065’ 90°09.301’ – 
   GM7   ?Cretaceous limestone      14°50.387’ 90°07.966’ – 
   GM9   Subinal red beds       14°53.003’ 90°03.632’ – 
   GM10   pyroclastics        14°54.891’ 90°05.297’ – 
GM1s  GM15   quartz phyllite       15°06’1  90°18’1    
   GM22   Permian Chochal limestone     15°16’2  90°17’2 –
GM9s  GM35   phyllite of ?Permian Tactic Fm.    15°17.7’1  91°04.7’1 12501

   GM36   meta-conglomerate (Sacapulas Fm.)   15°19’1  91°03.2’1 –
   GM44   volcanics         15°23.4’1 91°38.1’1 –

GM45   volcanics         15°14.3’1 91°38.3’1

   GM46   volcanics         15°24.35’ 91°38.3’  – 
   GM47   volcanics         15°25.148’ 91°38.799’ – 

GM49   volcanics         15°24’2  91°42.8’2 –
GM50   Permian Chochal limestone     15°25’2  91°47’2  – 

   GM51   Permian Chochal limestone     west of GM50   – 
   GM52    Permian Chochal limestone     15°25’2  91°51’2  – 
   5H-14   red beds and volcanic      14°55.52’ 88°58.18’ – 
   865    meta-conglomerate (Sacapulas Fm.)   15°11.117° 90°25.527’ 852 
   866    meta-conglomerate (Sacapulas Fm.)   15°08.919° 90°24.352’ 895 
   868    ultramafic rocks and Coban limestone  15°16.601’ 90°29.246’ 935 
   872    Subinal red beds       14°51.619’ 90°07.796’ 434 
   873    Subinal red beds       14°51.633’ 90°07.079’ 452 

Western Las Ovejas complex, Guatemala
5C-2c  5C-2   amphibolite        14°51.46’ 89°48.79’ 
   5C-3   phyllitic paragneiss      14°50.38’ 89°48.35’ – 
5C-5  5C-5   phyllite, ?San Diego phyllites     14°43.13’ 89°35.16’ 
   5C-15   mylonitic paragneiss      14°43.14’ 89°35.55’ – 
5C-23a  5C-23   granite         14°57.35’ 89°32.30’ 194 
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5C-23c  5C-23   biotite gneiss (migmatite)     14°57.35’ 89°32.30’ 194 
5C-23d  5C-23   hornblende-biotite gneiss     14°57.35’ 89°32.30’ 194 
5C-26c  5C-26   garnet amphibolite       14°56.17’ 89°37.53’ 194 
5C-26d  5C-26   migmatitic biotite gneiss, amphibolite  14°56.17’ 89°37.53’ 194 
5C-27a  5C-27   garnet-bearing migmatite, leucosome   14°57.18’ 89°40.32’ 286   
5C-28b  5C-28   biotite gneiss with deformed pegmatite dike 14°54.32’ 89°43.44’ ~300 
5C-33  5C-33   biotite gneiss        14°57.29’ 89°32.38’ 
5C-37a  5C-37   migmatitic biotite gneiss     14°51.32’ 89°44.25’ 488 
5C-37b  5C-37   phyllitic biotite-granite gneiss (migmatite   14°51.32’ 89°44.25’ 488 

in Chiquimula granite)        
5C-37d  5C-37   garnet micaschist       14°51.32’ 89°44.25’ 488 
5C-37e  5C-37   leucogranite injected into shear zone   14°51.32’ 89°44.25’ 488 
   5PB1-4   gneiss, marble, leucogranite, amphibolite  15°02.12’ 89°18.11’ to 
                 15°05.34’ 89°21.15’ 
5PB-5a  5PB-5   amphibolite in migmatite     15°05.17’ 89°17.05’ 440 
5PB-5c  5PB-5   orthogneiss (large xenolith in granite)   15°05.17’ 89°17.05’ 440 
5PB-6b  5PB-6   granite close to augengneiss     15°08.36’ 89°11.11’ 226 

Eastern Las Ovejas complex, Honduras
   5H-1   micaschist, migmatitic biotite gneiss   15°45.25’ 87°52.20’ –  
5H-2a  5H-2   leucogranite with localized shear zones  15°43.56’ 87°53.54’ 
5H-3a  5H-3   tonalitic granite with local shear zones  15°41.09’ 87°56.18’ 16 
5H-4b  5H-4   biotite–amphibolite pegmatite in leucogranite 15°39.08’ 87°56.57’ 
5H-4c  5H-4   greenschist facies shear zone in amphibolite 15°39.08’ 87°56.57’ 
5H-4d  5H-4   undeformed amphibolite     15°39.08’ 87°56.57’ 
   5H-7   phyllite over orthogneiss     15°25.48’ 88°01.22’ – 
   5H-8   migmatitic orthogneiss      15°19.50’ 88°18.07’ – 
5H-9a  5H-9   migmatitic orthogneiss      15°20.38’ 88°21.54’ 199 
5H-11a  5H-11   greenschist-grade orthogneiss    15°12.83’ 88°36.58’ – 
   5H-12   paragneiss, marble       15°12.09’ 88°37.37’ – 
92RN412 92RN412  granitic gneiss       15°40.4’1 87°56.7’1 – 
93LP522  93LP522   granite         15°28.3’  88°02.4’  – 
94SA602 94SA602  amphibolite        15°39.1’  87°56.9’  – 

Metamorphic basement of the central Chortis block, Honduras
SF1D  SF1D   weakly deformed granite     14°33.85’1 86°07.09’1   – 
92QO404 92QO404  tonalitic granite-gneiss      14°47.35’1 87°01.73’1 – 
86TA100 86TA100  (?ortho) augen schist      14°40.22’2 86°56.0’2 940 

Granitoids of the arc complex
   5H-5, 6   granite         15°35.39’ 87°57.05’ to 
                 15°33.50’ 87°58.04’ 
5C-6  5C-6   granite (Chiquimula batholith)    14°46.58’  89°34.55 719 
5C-11  5C-11   granodiorite (Chiquimula batholith)   14°47.03’ 89°35.40’ 779  
5C-13  5C-13   granodiorite (Chiquimula batholith)   14°47.21’ 89°34.21’ 
5C-21  5C-21   subvolcanic granite (Chiquimula batholith) 14°52.95’ 89°30.95’ 
5C-32  5C-32   granite         14°59.57’ 89°17.22’ ~870 
5H-5  5H-5   granite         15°35.39’ 87°57.05’ 88 
5H-13  5H-13   subvolcanic granite      14°55.15’ 88°45.44’ 789 
GM14s  GM43   Miocene granite       15°24.429’ 91°59.951’ ~1100 
GM15s  GM43   augengneiss mylonite; float     15°24.4’  91°59.9’  ~1100 

Southern Mexico
ML-18      migmatite        18°00’1  97°50’1  – 
ML-37      mylonitic gneiss       15°52’1  96°29’1  – 
MU-12      Cruz Grande migmatitic gneiss    16°48.00’ 99°07.88’ 76 
MU-13      La Palma = Las Piñas gneiss mylonite  17°04.9’  99°29.7’  359 
ML-39      Pochutla mylonitic gneiss     15°51.8’  96°29.78’ 275 
PA3-4      mylonitic gneiss       15°40’1  93°10’1  501

CB35      mylonitic gneiss       15°42.29’ 93°10.40’ 801

CB31      diorite         15°43.87’ 93°14.32’ 571

CA34      tonalite         16°06.05’ 93°40.45  2301

PI28-1      mylonitic gneiss       15°42’1  93°12’1  651

CB-8      meta-psammite       16°16.891’ 93°36.877’ 770 
CB-12      orthogneiss        16°20.35’ 93.32.66’ 690 
CB-16      orthogneiss        16°05.51’ 93°11.01’ 590 
CB-17      orthogneiss        16°04.38’ 93°12.35’ 590 
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CB-28      orthogneiss        16°07.15’ 93°41.56’ 220 
CMP-5      orthogneiss        16°06.60’ 93°26.33’ 670 
CMP-13      orthogneiss        16°02.47’ 93°13.62’ 630 
TP-1016      granodiorite        16°13.95’ 93°35.20’ 1016 
TP-1320      granodiorite        16°12.56’ 93°35’  1320 
TP-1800      granite         16°12’  93°36.1’  1800 
TP-1990      granite         16°11.8’  93°36.06’ 1990 
TP-2347      tonalite         16°11.6’  93°36.6’  2347 
TP-2513      granodiorite        16°11.7’  93°36.68’ 2513 

1 imprecise coordinates determined with GPS in the 1990s; 2 imprecise coordinates determined from maps 
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 age-concordance
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on Pb corrected by assum

ing 206Pb/ 238U
- 208Pb/ 232Th age-concordance
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TABLE 5. RB/SR ANALYTICAL DATA

Sample (stop) 87Rb/86Sr ± (%) 87Sr/86Sr ± (%) Age ±

Chuacús complex
5CO-4b wr 3.646 1 0.7948 0.05 Wm 63.5 5.2
5CO-4b Pl 4.338 1 0.79482 0.01
5CO-4b Wm1, 2min, W1 159.775 1 0.93532 0.05
G11s(G30), Bt 10min 413.033 1 1.10289 0.05 Bt 67.4 0.7
G11s(G30), Pl 0.952 1 0.70819 0.02
5PB-9b, wr 38.255 1 0.80174 0.03 Wm 76.5 0.59
5PB-9b, Wm3, 2 min, W1 527.228 1 1.33388 0.07
5PB-9b, Wm6, 2 min, W2 393.719 1 1.18754 0.07
5PB-13b, Pl 0.069 1 0.70913 0.01 Wm 63.6 2.4
5PB-13b, Wm 2min 2.899 1 0.7117 0.01
5PB-13b, Wm4, 10min, W1 3.032 1 0.71171 0.03
5CO-5b, Wr 0.056 1 0.70861 0.01 Wm 76.1 1.5
5CO-5b, Ms1, 2min, W1 4.952 1 0.7139 0.01
5CO-5b, Ms2+4, 2min, W2 4.088 1 0.713 0.02
5CO-6b, wr 0.545 1 0.70938 0.02 Wm 56.6 8
5CO-6b, Kfs 0.242 1 0.70898 0.02
5CO-6b, Wm2, 2min, W1 30.81 1 0.73454 0.07
5CO-6b, Wm4, 2min, W2 33.569 1 0.73504 0.07
885A, wr 1.029763 1 0.709764 0.0005 Wm 65.2 1.4
885A, Wm, 1.0A 1.750590 1 0.710431 0.0005
885A, Wm, 1.2A 1.867765 1 0.71054 0.0005
885A, Wm, 0.8A 1.949947 1 0.710672 0.0005
Metasomatized southern Chuacús complex
5C-36a, wr 0.14 1 0.70576 0.01 Bt 35 14
5C-36a, Pl 0.09 1 0.7056 0.01
5C-36a Bt 10min 7.562 1 0.70936 0.01
860B, wr 2.847707 1 0.706266 0.0005 Wm 63 17
860B, Wm, 065A 3.101435 1 0.706552 0.0005
860B, Wm, 085A 0.329555 1 0.704046 0.0005
Las Ovejas complex
5C-28b, wr 3.944 1 0.71209 0.01 Wm 20.7 3.1
5C-28b. Pl 1.422 1 0.71087 0.01
5C-28b, Wm 10min 65.791 1 0.7293 0.01
5C-28b, Wm2, 10min, W2 73.754 1 0.73293 0.01
5C-28b, Kfs 8.906 1 0.7145 0.01 Kfs 34.2 1
5C-37e, wr 2.257 1 0.71298 0.05 Wm 33.7 1.6
5C-37e, Pl 2.243 1 0.71335 0.01
5C-37e, Kfs 2.348 1 0.71338 0.01
5C-37e Wm, 2min 73.269 1 0.74719 0.07
5H-2c, wr 4.439 1 0.71896 0.01 Wm 23.7 0.3
5H-2c, Pl 3.501 1 0.71848 0.01
5H-2c, Kfs 5.082 1 0.71914 0.01
5H-2c, Wm, 1.5min 64.26 1 0.73751 0.02
5H-2c, Wm, 2min 67.998 1 0.73853 0.02
5H-2a, Bio 10min 215.869 1 0.75908 0.03 Bt 16.2 2.1
5H-2a, GG 8.204 1 0.71153 0.01 Wm 21.8 0.4
5H-2a, Plg 4.857 1 0.71027 0.03
5H-2a, Wm, 10min 222.159 1 0.78344 0.05
5H-9a, wr 1.775 1 0.71548 0.01 Wm 162 11
5H-9a, Pl 0.294 1 0.71207 0.05
5H-9a, Wm, 2min 6.817 1 0.72728 0.01
5H-9a, Wm1, 2min, W1 7.934 1 0.72906 0.04
5H-9a, Wm2, 2min, W2 9.125 1 0.73272 0.02
5H-9a, Bt, 2min 36.279 1 0.7827 0.01
5H-9a, Bt4, 2min, W1 50.248 1 0.80718 0.02 Bt 135 8
   Abbreviations see Table 2. Ages are mineral isochrons. Sample specifications
include various grinding times, grain-size, and magnetic fractions.
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5C-6 191 12.39 0.14 1.99
5C-23a 168 13.16 0.15 1.92
5C-32 252 13.40 0.10 1.53
5CO-4b 250 13.37 0.09 1.34
5CO-6b 251 13.78 0.08 1.33
5PB-5c 250 13.81 0.08 1.20
5PB-6b 250 13.34 0.09 1.38
G11s 250 12.33 0.12 1.93
G12s 21 11.31 0.76 3.48
GM9s 79 11.88 0.25 2.20
GM13s 41 10.94 0.51 3.28
GM15s 65 12.67 0.28 2.30
824 69 12.48 0.24 1.98
825 292 12.85 0.08 1.42
846 252 13.28 0.09 1.37
N: number of tracks; MTL: mean track length; Std.: standard deviation. 

TABLE 7. CONFINED TRACK-LENGTH PARAMETER IN APATITE
Std.Sample N MTL (µm) Error
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sample stop rock type mineral
content description PT method P [GPa] T [°C] Age [Ma]

G19s G1 hbl-ep schist hbl Ti in hbl 462-555 Ar-phg 67±1
ep short prismatic blasts pl-hbl 460-640 Rb-pgh 55±10
phg pl-hbl graph. Spear 450

pl inner part saussuritizied pl-hbl graph. 
Plyusnina 0.7 - 0.8 500

phg minimum 
pressure 0.7

G21s G46 epidote schist bt no equilibrium!
ep porphyroblasts phg pressure 0.8
phg
kfs no recrystallization
pl
ttn as accessory phase

5CO-5a 5CO-5 eclogite bt very infrequently GRIPS 0.9-1.1 Ar-hbl ~720 to 153
hbl large crystals grt-cpx Ar-phg 225±5
cpx internal cpx 514-611
grt external cpx 490-590
pl grt-hbl 1.3-1.6 562-650
phg show high pressure cpx-hbl graph. 630-640
ilm as accessory phase cpx-bt graph. 630-640

phg pressure 1.0-1.1
jadeite barometry 1.1-1.2
phg pressure 1.4-1.5

5CO-4b 5CO-4 garnet gneiss bt partly altered to chlorite grt-cpx 525 Ar-phg 67.5±2.0

grt large crystals with 
inclusions grt-phg 1.4 550 Ar-bt 64.5±1.0

phg show high pressure grt-bio 0.7 500 U/Pb 638-477
epi very infrequently
pl partly saussuriticied
kfs
ttn as accessory phase

5PB-13a 5PB-13 garnet-bearing bt partly altered to chlorite large grt 460
mica schist grt as inclusions in pl tiny grt 561

phg grt-phg
pl inclusions of grt large grt 475

tiny grt 580
phg minimum 
pressure 0.6-0.8

5PB-13b 5PB-13 garnet
amphibolite grt small crystals grt-hbl 530-550 Rb-phg 63.6±2.4

hbl grt-chl 0.8 400 Ar-hbl 137-20, 65±6
chl hbl-pl 530-630
phg Ti in hbl 590
epi plg-hbl graph. Spear 500

pl large crystals, inclusion-
free

pl-hbl graph. 
Plyusnina 0.7-0.8 480

G14s G32 garnet
amphibolite bt grt-phg 455

grt blasts in matrix, inlusions 
in pl grt-hbl 470-495

hbl Triboulet
phg internal hbl 0.85 700
pl inclusions external hbl 0.62 610

ep short prismatic blasts phg minimum 
pressure 0.6-0.8

chl anormal brown 
interferrence colors pl-hbl graph. Spear 490

ttn as accessory phase pl-hbl graph. 
Plyusnina 0.83 450-460

5PB-14 5PB-14 hbl-ms-chl hbl very infrequently pl-hbl 540-550 Ar-phg 65-50, 65.2±0.8
epi infrequently pl-hbl graph. Spear 510

phg pl-hbl graph. 
Plyusnina 0.8 500

pl hugh crystals Ti in hbl 624

chl pseudomorphs after grt phg minimum 
pressure 0.6

TABLE 8. PETROLOGY

Western Chuacús complex

Central Chuacús complex
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5PB-5a 5PB-5 garnet
amphibolite bt partly altered to chlorite grt-hbl 0.7-0.8 627-655 Ar-hbl 30±2

grt poikiloblast, pressure 
shadows pl-hbl graph. Spear 530 Ar-bt 28.2±0.4

hbl partly mantled by bt pl-hbl graph. 
Plyusnina 530 U/Pb-zrn 36.2±2.1

pl partly saussuriticied, 
inclusions of bt, hbl, qtz grt-bt 630

5G-1 5G-1a chlorite-epidote pl
phg minimum 
pressure 0.6-0.65 500

hornblende
schist ep Triboulet

hbl core 0.55 380
phg rim 0.65 550
chl Ti in hbl

core 448
rim 499
pl-hbl
core 413
rim 560

5C-13 5C-13 granodiorite bt partly altered to chlorite Al in hbl 0.1-0.175

hbl heavily corroded, with 
biotite Ti in hbl 741

kfs with perthitic unmixing pl-hbl 754-862
pl partly altered to sericite

5PB-8 5PB-8 microdiorite hbl prismatic crystals Al in hbl 0.14
cpx mantled by hbl Ti in hbl 730
pl partly altered to sericite pl-hbl 747-862

cpx-hbl graph. 750

Intrusives

Las Ovejas complex

Sanarate complex



Chapter 5 

Syn-orogenic extension: late Miocene exhumation of the 
Shaxdara gneiss dome, Southern Pamirs 

Abstract 
The Shaxdara gneiss dome in South Pamirs, southern Tajikistan, is re-interpreted as 

Paleozoic–Mesozoic marine sediment sequence, metamorphosed in a Cretaceous Andean-type 

magmatic arc. Low-grade metamorphic equivalents crop out in the southeastern Pamirs and in 

the Wakhan corridor in easternmost Afghanistan. Continued post-collisional convergence 

between India and Asia caused transpression along the western Pamirs resulting in crustal 

thickening and en echelon formation of several gneiss domes. Thickening was compensated by 

synorogenic upper crustal extension confined to the thermally weakened gneiss domes. Apatite 

fission track data from the Shaxdara dome suggest a rolling-hinge model (Wernicke and Axen, 

1988) of tectonic denudation, active from at least ~10 Ma to ~5 Ma. The dome-bounding normal 

fault is the South Pamir Fault, which is tentatively traced eastwards, implying that the low-grade 

rocks of southeastern Pamirs constitute fault-bound tilted blocks above a major low-angle 

detachment. The Shaxdara gneiss dome is thus the largest extensional gneiss dome in the entire 

India–Asia collision zone. (U-Th)/He data indicate a later episode of rapid cooling caused by 

incision of the Pamir River, likely starting in the late Pliocene or Pleistocene. 
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Late Miocene exhumation of the Shaxdara gneiss dome 

1. Introduction 
Great advances in the understanding of collisional orogens have resulted from research in 

the Tibet–Himalaya system, but its westward continuation, the Pamir Mountains remains little 

studied (Fig. 1). For example, correlation of tectonic units and sutures between Tibet and the 

Pamirs is still disputed (Yin and Harrison, 2000; Schwab et al., 2004).  

 

Figure 1. Simplified geologic map of the Pamirs, Hindu Kush, and Karakorum showing magmatic belts and sutures; 

after Schwab et al. (2004). 

Objective of this study is the large (>100×300km) Shaxdara gneiss complex of the 

southwestern Pamirs, previously regarded as Archaean-Proterozoic basement accreted to Asia 

during Paleozoic or Mesozoic (Vlasov et al., 1991). We propose a Paleozoic-Mesozoic origin 

for the paragneisses metamorphosed by a Cretaceous active continental margin and overprinted 

by late Oligocene–?early Miocene crustal thickening. Structural observations and 

thermochronology reveal rapid Miocene exhumation to upper crustal depth under N-S 

extension, contemporaneous with the ongoing India–Asia convergence. Syn-orogenic extension 

to such extent entailing gneiss dome formation is unparalleled in the Himalaya–Tibet orogen. 

Exposure of deep crustal levels in the Pamirs provides insights into mid-crustal processes 

largely concealed in Tibet and thus offers new possibilities for the understanding of collisional 

orogenies. 

Combined apatite fission track and (U-Th)/He data indicate post-Miocene river incision 

following a period of tectonic quiescence after cessation of doming in the South Pamirs. 

Disturbed river patterns suggest reorganisation of drainage systems during the Plio- or 
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Pleistocene. Future research supplementing the low-temperature thermochronology data set and 

implementing geomorphological criteria will unravel the neotectonic evolution and reveal 

possible links to deep seismicity located beneath the South Pamirs and Hindu Kush (e.g., 

Burtman and Molnar, 1993).   

2. Geology of the Shaxdara gneiss dome 
The Shaxdara gneiss dome is the largest outcrop of high-grade metamorphic rocks in the 

Pamirs; it encompasses most of southern Tajikistan and extends westward into Afghanistan 

(Fig. 2). The central part of the dome (southwest Tajikistan) consists of high-grade migmatitic 

gneisses and (garnet)-biotite-schists, locally kyanite- and sillimanite-bearing, and subordinate 

calc-silicates and marbles; lithologies are similar in the (western) Afghan part (Vlasov et al., 

1991). Along the Afghan–Tajik border the dome is deeply incised by the Pjansch River, creating 

up to 2500m topographic relief. 

The eastern continuation of the dome is partly covered by Quaternary sediments. Migmatitc 

gneisses outcrop as far south as the central Wakhan range (Afghan Pamirs in the Wakhan 

corridor of easternmost Afghanistan), where they are thrust southwards onto Late Paleozoic 

Wakhan slates (Zanchi et al., 2004). Gneisses pass upwards into late-Paleozoic Wakhan slates 

(e.g. Buchroithner, 1980), which occupy most of the Wakhan corridor, and Permo-Triassic 

clastic metasediments and minor carbonates. In the Wakhan range the succession is overprinted 

by the mid-Cretaceous Issik batholith (Rb/Sr biotite and muscovite ~102 Ma, Buchroithner and 

Scharbert, 1979). 

The South Alichur range of south-central Tajikistan is made up of ortho- and paragneisses; 

to the north high-grade rocks pass into Triassic and Jurassic marine sediments and reef 

carbonates, which also outcrop widely in the southeastern Pamirs (Leven, 1995). Locally, 

Paleozoic (meta-) sediments have been mapped overlying the gneisses both in the central and 

eastern part of the dome. The northern margin of the dome is not well defined in the eastern 

part. 

Cretaceous plutonic rocks are prevalent in the Southern Pamirs (Vlasov et al., 1991). 

Together with intrusives from Wakhan (Issik granodiorite) and northern Pakistan (Karakorum 

Axial Batholith) they form a continuous magmatic belt of ~200 km width ranging from the 

Shyok suture (closure of a mid-Cretaceous back-arc basin and accretion of the Kohistan-Ladakh 

island arc to Asia ~80 Ma; Rolland et al., 2000) to the Mesozoic Rushan-Pshart suture between 

Central and Southern Pamirs (Schwab et al., 2004; Fig. 1, 2); a few Cretaceous plutons also 

outcrop along the Rushan-Pshart suture and in the Central Pamirs. Geochemical and age data 

from the Karakorum batholith (Crawford and Searle, 1992 and references therein; Fraser et al., 
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Figure 2. Detail of the geological map of Tajikistan (Vlasov et al., 1991) outlining major features mentioned in the 

text. Brown, purple and blue colors in the northeast show sedimentary sequences of the southeastern Pamirs. Yellow: 

sample number and location of apatite fission-track and (U-Th)/He-data; white: apatite fission-track ages from 

Schwab (2004); green: 40Ar/39Ar data from Hubbard et al. (1999); hbl: hornblende; phl: phlogopite; bt: biotite. 
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2001; Hildebrand et al., 2001) suggest mid-Cretaceous, calc-alkaline, subduction-related 

magmatism; minor Jurassic–Early Cretaceous magmatism is attributed to an active margin and 

suturing along the Tirich Mir fault (Hildebrand et al., 2001). Schwab et al. (2004) reported 

geochemical signatures from Mid and Late Cretaceous plutonic rocks from the Central and 

northernmost Southern Pamirs indicative for a mature arc to post-collisional setting. These authors 

attribute the widespread Cretaceous magmatism to flat-slab subduction of young oceanic 

lithosphere of the Shyok back-arc basin, and an Andean-type active margin that can be traced to 

the Lhasa block of southern Tibet (Gangdese arc). After accretion of the Kohistan-Ladakh arc 

continuous crustal thickening and shortening caused protracted sillimanite-grade metamorphism 

and magmatic activity with a major magmatic pulse in the Early Miocene (~24 Ma; Fraser et al., 

2001). 

3. Structural geology 
The overall structure of the Shaxdara gneiss is subhorizontal layering of migmatitic 

paragneisses (Fig. 3a). Migmatization produced melts that formed granitoids of variable size 

(Fig. 3b). Both migmatization and intrusion of large intrusive bodies occurred syn-kinematic to 

N-S extension (Fig. 3c). Melt in necks of boudinaged mafic layers, in strain shadows of large 

clasts, and melt inclusions within garnet-porphyroblasts suggest coeval metamorphism, 

anatexis, and deformation (Fig. 3d). Syn-migmatitic ductile shear zones (Fig. 4, e.g., 6820B, 

6827B, 6905A-B) indicate top-S to top-SW flow (Fig. 3e). The trend of stretching lineations 

associated with high-grade metamorphism (expressed by aligned amphibole, sillimanite, 

feldspar) varies between SW (e.g., 6820B, 6826A-B), S (6823B, 6827C) and SE (6829A). 

Where two lineations can be distinguished, the second one is generally closer to N-S (6822C, 

6823C, 6826A, Fig. 3f). Mylonites occur throughout the dome; S–C-fabrics, σ- and δ-clasts, 

asymmetric boudinage (Fig. 3g), and mostly south-dipping ductile shear zones indicate top-S 

shear. Folding is isoclinal (6822C, 6904) to open (most other stations), fold axes are parallel to 

the (first) stretching lineation and trend generally NW-SE. Exceptions are the NE-trending fold 

axes of migmatites that developed coevally with the shear zones at stations 6904. In stations 

6826A and 6826B, two generations of folds with unclear age relationship were documented; the 

more prominent set has fold axes parallel to the general NW trend of fold axes and stretching 

lineations. 

Low temperature brittle–ductile shear zones and faults indicate N-S extension (Fig. 3h, 4); 

with the exception of stations 6829A and 6901A, late shear/fault planes dip S. Altogether, our 

structural observations suggest a continuous process of top-to-S deformation under N-S to NW-

SE extension from high-temperature migmatization and granitoid emplacement to upper crustal 

brittle conditions. 
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Figure 3. Representative deformation-geometry and kinematic structures. (a) West-central dome, view to the 

northwest. Note the regionally subhorizontal layering of paragneisses. (b) Syn-migmatitic intrusion of granitic body. 

(c) Same granite as Fig. 3b, foliated and cut by ductile shear zones; geologic compass for scale. (d) Syn-migmatitic 

garnet growth under top-S mylonitic deformation. (e) Mylonitic migmatite, top-S shear. (f) Amphibole- and feldspar-

ductile older stretching lineation (1) overprinted by younger quartz ductile stretching lineation (2); station 6823C. (g) 

Synthetic asymmetric boundinage (top-to-S) close to station 6823A. (h) Brittle faulting; Shaxdara valley, view to the 

east. 
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Figure 4. Summary of structural data (lower hemisphere, equal area stereoplots). Fault-slip data: faults are drawn as 

great circles and striae are drawn as arrows pointing in the direction of displacement of the hanging wall. Confidence 

levels of slip-sense determination are expressed in the arrowhead style: solid, certain; open, reliable; half, unreliable; 

without head, poor. Arrows around the plots give calculated local orientation of subhorizontal principal tension. 

Principal stress orientations σ1≥σ2≥σ3 calculated with the software package of Sperner et al. (1993). s0, bedding; s1, 

foliation; str, stretching lineation; SZ, shear zone; sb, shear band; tg, tension gash; tf, tension fracture; b, fold axis. 
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Figure 4. (continued) 

Faulting is minor and occurs more often in the eastern and northern part of the dome 

(stations 6822D; 6901A; 6903A; 6904A-H). A major normal fault is observed in the southwest 

crosscutting shallow S dipping, top-S mylonites and juxtaposing them against Late Triassic 

metapelites (station 6822V). Late stage tilting of foliation to the NNE in the east and northeast 

(6831B, 6901A, 6903A) may originate from normal faulting. 

We interpret the observed structures as a major normal fault zone accommodating 

exhumation of the Shaxdara gneiss dome. This fault zone is evidenced by our structural data 

(6822V) and the pronounced change in metamorphic grade between the dome gneisses and the 

Late Triassic metapelites of the southwestern dome at this station. The South Pamir Fault 

follows the southern Pjansch valley (Afghan-Tajik border, Fig. 2) but likely also affects rocks 

along the northern Wakhan corridor. 

4. Thermochronology  

4.1. Analytical Procedures 
In the course of fieldwork, 20 samples of various lithologies were collected from the Shax-

dara gneiss dome and 3 granitoid samples from north of the dome (Table 1). The samples were 

crushed, ground, and sieved; apatites in the 80-250 µm grain-size fraction were concentrated 

using standard magnetic and heavy-liquid techniques. From each apatite separate, 1-2 aliquots 
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were prepared for fission-track age determination by the external detector method (Hurford and 

Green, 1982). The fossil tracks were etched for 15 sec in 23% HNO3 at 25°C and the induced 

tracks in the co-irradiated muscovite external detectors 50 min in 48%HF at 25°C. The apatite 

mounts were irradiated in two batches at the FRM-II research reactor of the Technische 

Universität München (Garching); the nominal thermal neutron fluences were: φFG16= 1.0 1015 

cm-2 and φ FG17= 2.5 1015 cm-2; epithermal and fast fission of thorium and uranium isotopes is 

negligible at the irradiation position. The exact sample fluences and fluence gradient were 

calculated from the 1173 and 1332 keV γ-activities of co-irradiated metal activation monitors 

(IRMM-528R Al-1.0%Co; 3 Co-foils were included in each irradiation). The Co-concentration 

of the monitors is certified by the European Union Institute for Reference Materials and 

Measurements. The γ-activities were measured at the Institut für Angewandte Physik of the 

Technische Universität Bergakademie Freiberg (Prof. Dr. S. Unterricker). Consistent thermal 

neutron fluences were obtained with measurements calibrated against a Co standard and with 

(γ,γ)- and (β,γ)-coincidence measurements.  

Tracks were counted in transmitted light at a magnification of 500 with a Zeiss Axioplan-2 

microscope equipped with an Autoscan motorized stage, stage controller, and Trakscan fission-

track software. To avoid cumbersome reference points and mirror image conversion during the 

track counts, the etched external detectors were repositioned track-side down on the apatite 

mounts (Jonckheere et al., 2003). Four samples were not countable due to the high densities of 

dislocations and/or inclusions. Six age standards (Durango apatite: 31.4±0.5 Ma; Hurford, 

1991a,b) were included in each irradiation; the track counts for these standards and others 

included in earlier irradiations were used for calculating Z- and ζ- factors (Hurford and Green 

1983). The Z- and ζ-ages of all the dated samples are in good agreement (Table 2). The closure 

temperature (Tc; Dodson 1973; 1979) is taken to be ~120°C (Ketcham et al., 1999) in view of 

the high cooling rate (25°C/Ma) suggested by the age-elevation profiles (see below) and an 

assumed average apatite composition. 

Of the samples with sufficient apatite, a separate identical mount was prepared for confined 

track-length measurements, with the aim of modeling their cooling histories. These mounts were 

covered with 60 μm Al degraders and irradiated at 15° from normal incidence with 2.5 106 cm-2 

11.1 MeV/amu Xe-ions from the linear accelerator of the Gesellschaft für 

Schwerionenforschung (GSI, Darmstadt; Dr. C. Trautmann). The samples were etched for 20s 

in 5.5M at 21°C (Carlson et al., 1999) to be compatible with the annealing model of Ketcham et 

al. (1999; 2007). The ion irradiation has the effect of increasing the number of measureable 

confined tracks multiple times (Jonckheere et al., 2007; Min et al., 2007). Nevertheless, an 
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insufficient number of track lengths could be measured for modeling owing to the young ages 

and low uranium content of the samples. 

Euhedral and, wherever possible, unbroken grains were selected for (U-Th)/He dating. The 

grains were examined for fluid and mineral inclusions in polarized transmitted light with a high-

power Olympus SZX-16 stereo-zoom microscope. Inclusion-free grains were packed in Pt-tubes 

and their He, U, Th, and Sm measured at the Geoscience Centre, Universität Göttingen (Dr. I. 

Dunkl). For He, the Pt-tubes were heated in an Inconel furnace to 920°C for 60 minutes; 

degassing was checked by sequential reheating and He re-measurement; no analyzed crystal 

exhibited >1% residual gas after the first extraction. For Th and U, the samples were spiked 

with calibrated 230Th and 233U solutions following degassing and dissolved in 2% HNO3–0.05% 

HF acid mixture in Teflon vials. The spiked solutions were analyzed by isotope dilution on a 

Perkin Elmer Elan DRC II ICP-MS with an APEX micro-flow nebulizer. Sm, Pt and Ca were 

determined by external calibration. The oxide formation rate and the PtAr–U interference were 

at all times monitored; their effect on the concentration of actinides was found to be negligible. 

Alpha ejection was corrected for using the method of Farley (2000) and the (U-Th)/He age was 

calculated using the Taylor expansion of the age equation (Des Patterson, CSIRO, Sydney). The 

Sm content was not considered for the age calculation, since its alpha decay constitutes a minor 

contribution to the He content. (U-Th)/He ages were determined for three single-grain aliquots 

from a selection of 15 samples (Table 3). The results show much scatter; often two ages are 

identical within error and a third one is much older. Further measurements are needed to 

determine reproducible ages. Ages older than the corresponding apatite fission-track age were 

discarded; those used are marked bold in Table 3. 

4.2. Results 
Samples for thermochronology are subdivided into a main group that comprises two 

elevation profiles, and eight regionally distributed samples; the latter are from the southern, 

central, and northern part of the dome. The northeastern dome margin and the Yazgulom gneiss 

complex of the Central Pamirs are discussed separately. 

Central dome 
All samples from the main group indicate late Miocene cooling through the fission-track 

closure temperature; 6824E1 from the western elevation profile and one aliquot of 6826D1 are 

identified as outliers. Apatite fission-track ages (AFT) from the western age-elevation profile 

together with sample 6823C1 south of the profile (Fig. 2) indicate rapid cooling during 

exhumation at a rate of ~1-2 mm/yr (Fig. 5a); the eastern profile is consistent with this, but less 

well constrained (Fig. 5b). 

169 



Late Miocene exhumation of the Shaxdara gneiss dome 

 

Figure 5. Fission-track and (U-Th)/He-ages (2σ-errors) vs. elevation; (a) western elevation profile, samples from the 

southwest (Pjansch), from the northwest (Gunt), and from the Yazgulom gneiss; (b) eastern elevation profile, samples 

from the Shaxdara valley (north and central dome), and from the northeast. Dotted grey lines indicate slopes of 

exhumation rates 0.5, 1.0, and 1.5 mm/yr. The elevation profiles are consistent with rapid exhumation ~1-2 mm/yr. 

Our structural analysis suggests that cooling to ambient temperatures is attained by N-S to 

NW-SE extension along mostly south-dipping faults and shear zones. Figure 6a shows 

correlation between AFT age and distance to the southern section of the Pjansch river, which is 

interpreted to trace the southern dome-bounding fault. The age difference of ~5 myr between the 

northwestern and the southern dome points to structurally controlled exhumation of the footwall 

of the South Pamir Fault starting at or prior to 10 Ma. 

 

Figure 6. (a) AFT age vs. distance to southern Pjansch river. Note the clear trend towards older fission-track ages 

with increasing distance from the South Pamir Fault; samples from northeast constitute an exception. (b) Temperature 

history for low-elevation samples. Colored swaths indicate average cooling rates; black lines indicate cooling rates 

between 10 and 40°C/myr. Note that the samples with best constrained AHe ages (6823C1; 6824F1) suggest 

increased Pleistocene cooling (blue and green lines; AFT age for 6824F1 extrapolated from elevation profile). 
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Figure 6b outlines average cooling paths from combined AFT and (U-Th)/He (AHe) ages 

for five samples from low elevations (<3500 m.asl.) together with well constrained AHe ages 

for sample 6824F1 (3850 m.asl.). Cooling rates to ambient temperatures are in the order of ~15-

20°C/myr and seem to increase below ~70°C; note that AFT and AHe are very well constrained 

for samples 6823C1 and 6824F1 (Fig. 6b, blue and green outlined cooling paths). Fewer and 

less well constrained data exist for high-elevation samples (Fig. 5); AHe ages are generally 

indistinguishable from AFT. Samples from high elevations and thus likely unaffected by the 

Pjansch-river gorge formation cooled below ~70°C during the late Miocene tectonic 

exhumation event. 

Northeastern dome 
Three samples from probably Cretaceous intrusions are located at the northeastern margin 

of the Shaxdara gneiss dome. Ages from low elevation sample 6903C1 are in agreement with 

data from the western dome (Fig. 4, 5b). However, two AFT ages (6901D1, 6901E1) are ~5 myr 

older than the oldest AFT ages along the northern dome margin, and ~8 myr older than expected 

based on their distance to the South Pamir Fault. 

Yazgulom complex 
One sample from a gneiss complex north of the dome (6818E1, AFT 10 Ma) is similar to 

AFT ages from samples along the Rushan-Pshart suture farther east (Schwab, 2004; see below). 

The complex constitutes an antiformal dome and is bounded by normal fault zones along its 

northern and southern margins. Preliminary U/Pb zircon dating gives ~45 and 21-18 Ma 

crystallization ages (B.R. Hacker, pers. comm.) for granitoids. These ages are similar to those 

found in the Sarez and Muzkol domes of the central and eastern Central Pamir (Fig. 1, 2). It 

appears that the southern Pamir and the central Pamir domes do not share a common history but 

that the central Pamir domes formed earlier. 

5. Discussion 

5.1. Cretaceous arc and early-middle Miocene exhumation 
Migmatitic gneisses from the Shaxdara dome have previously been mapped as Archean and 

Proterozoic (Vlasov et al., 1991); major intrusions in the northern and eastern dome have been 

assigned Cretaceous ages.  Unpublished zircon U/Pb LA-ICPMS ages from samples along the 

Gunt valley in the northern dome are mostly Mid-Cretaceous (B.R. Hacker, pers. comm.), the 

youngest ages are 21-29 Ma. Only two samples revealed Early Paleozoic (487 and 482 Ma) age 

components; both are interpreted as Mid-Cretaceous intrusions with inherited Paleozoic zircons. 

We interpret the Shaxdara gneisses to be high-grade (upper amphibolite facies; Hubbard et al., 

1999) metamorphic equivalents of the Paleozoic clastic and Early Mesozoic carbonate 
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sequences that outcrop in the southeastern Pamir and the Wakhan range (Fig. 2). Wide-spread 

mid-Cretaceous magmatism is in line with the interpretation of flat-slab north-directed 

subduction of the Shyok back-arc basin (Schwab et al., 2004). 

Field observations corroborated by latest Oligocene zircon U/Pb ages from a pegmatite (29-

21 Ma) and a migmatitic orthogneiss (24 Ma; B.R. Hacker, pers. comm.) suggest that 

migmatization is contemporaneous with granitoid emplacement. Upper amphibolite facies 

conditions likely persisted through the Paleogene. Structural observations suggest continuous 

deformation from migmatitic to low-grade conditions under top-to-S extensional shear (see 

above). 40Ar/39Ar plateau-ages for hornblende (22.2±1.3 and 20.5±1.2 Ma), phlogopite (17.4±0.2 

and 16.8±0.3 Ma) and biotite (18.3±0.3, 10.2±0.3 and 8.7±0.3 Ma; Hubbard et al., 1999) from 

the western Pjansch (Fig. 2) impose temporal constraints on tectonic exhumation to lower 

greenschist-facies conditions. 

Early to middle Miocene hornblende and biotite 40Ar/39Ar ages (23.3-14.9 Ma; Schwab 

2004) have also been reported from intrusive rocks of the Muzkol gneiss dome of the Central 

Pamirs (Fig. 1), suggesting common early Miocene onset of exhumation of all Pamir gneiss 

domes despite locations north and south of the Rushan-Pshart suture, respectively. AFT ages 

from the Muzkol dome are 15.7 and 15.4 Ma, one AFT age of the Sarez dome is 19.9 Ma 

(Schwab 2004). Thus rapid exhumation in the Central Pamir domes is confined to the early to 

middle Miocene; compared to the Shaxdara dome it was faster (older biotite 40Ar/39Ar ages), and 

ceased in the late Miocene, whereas in the Shaxdara dome high exhumation rates persisted until 

~5 Ma. 

5.2. Late Miocene tectonic denudation 
Our apatite fission-track ages reveal rapid late Miocene cooling to below 120°C at 

exhumation rates of ~1-2 mm/yr, starting along the northern Shaxdara dome at least at 10 Ma 

and progressively exhuming the footwall of a major south-dipping shear zone; its southern 

margin is outlined by the southern Pjansch River. A rolling-hinge model of exhumation along a 

detachment fault (South Pamir Fault; Wernicke and Axen, 1988) is envisaged to account for late 

Miocene cooling (Fig. 7a). 

Tectonic denudation ceased during the Pliocene. Quaternary incision of the Pjansch River, 

as suggested by the steep topography, may account for enhanced cooling, reflected by young 

AHe ages in the western elevation profile (Fig. 5a). Although not well documented yet by 

detailed AHe age-elevation profiles, the Pliocene Helium partial retention zone is inferred to be 

located at intermediate to high elevations (~4000 m.asl.) in the southwestern dome, as 

constrained by sample 6824F1 (Fig. 7b). River incision consequently exhumed samples now 
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located at lower elevations and amounts to ≤ 4 km since the ?late Pliocene-Pleistocene 

(assuming a recent location of the AHePRZ 2 km below the valley bottom). AHe ages from the 

Shaxdara valley (6831C3, 6827A2; Fig. 5b) are slightly older; if this difference in age is 

confirmed by further AHe ages along both rivers one might speculate that the Shaxdara valley is 

older than the N-S section of the Pjansch gorge, giving rise to local downwarping of isotherms 

and partial Helium retention in samples along the Shaxdara river. Depositional ages of river 

terraces and additional AHe cooling ages are necessary to quantify post-Miocene exhumation, 

verify river incision as its cause and test to what extent the individual valleys were affected. 

Early–middle Miocene cooling rates estimated from 40Ar/39Ar ages (Hubbard et al., 1999) 

are ~30°C/myr; this is in the same order of magnitude as derived from our AFT age elevation 

profiles for late Miocene cooling assuming an elevated geothermal gradient of 30°C/km. The 

data are consistent with uniform tectonic denudation from the earliest to the latest Miocene (~20 

to 5 Ma). If cooling of the high-grade gneisses is accommodated by a rolling-hinge mechanism, 
40Ar/39Ar ages are expected to show the same correlation with distance to the dome-bounding 

fault as observed from AFT ages. Alternatively, a different style of denudation, likely 

encompassing mostly erosion, might have controlled early exhumation from amphibolite- to 

greenschist-facies conditions, followed by middle to late Miocene development of a rolling-

hinge dome and cooling to ambient temperatures. Additional 40Ar/39Ar data are needed to assess 

whether cooling rates varied between early and late Miocene, and resolve possible N-S 

differences in timing or rate of exhumation from high-grade conditions. 

 

 

Figure 7. (a) Rolling-hinge model after Wernicke and Axen (1988; sketch from Wernicke et al., 1995) illustrating a 

N-S profile across the Shaxdara dome. Consecutive exhumation of footwall locations A-D is reflected in correlation 

of cooling ages with distance to dome-bounding fault at the active hinge. Note the low-angle detachment fault 

separating the exhumed footwall from north tilted blocks of low-grade metamorphic rocks. (b) Exhumed fossil AHe 

partial retention zone at ~4000 m.asl. constrained by AHe ages from the eastern elevation profile; high-elevation 

samples cooled during Miocene tectonic denudation, low-elevation samples due to river incision ~2 Ma. 
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Two ~15 Ma AFT ages from the northeastern dome seem to disagree with this general 

model. The data is still insufficient to assess the implications of the old ages. The two samples 

might belong to a fault block overlying the low-angle detachment fault (Fig. 7a), rather than the 

footwall gneisses. The AHe ages imply a cooling rate ~8°C/myr significantly lower than 

observed in the footwall rocks; this is consistent with slow exhumation by drag of hangingwall 

slices along the dome-bounding fault (Fig. 7a). 

As mentioned above tectonic exhumation in the Muzkol and Sarez domes ceased ~10 myr 

earlier, during the middle Miocene. AFT ages from directly south of the eastern Rushan-Pshart 

suture (10.1 and 10.7 Ma; Schwab 2004; Fig. 2) are similar to AFT ages from the northern 

Shaxdara dome south (6905B1) and north (6904E1) of the Rushan-Pshart suture; they are within 

error the same as 6818E2 from the Yazgulom complex ~80 km north of the suture. We conclude 

that late Miocene tectonic denudation initiated along the Rushan-Pshart suture in the 

southeastern and southwestern Pamirs. Exhumation was asymmetric: in the southwest it 

continued for ~5 myr exposing basement over a N-S distance of 100 km width. To the east 

exhumation is confined to a narrow belt along the suture.  

We tentatively propose that the low-angle detachment fault (Fig. 7a) dips eastward beneath 

low-grade sedimentary rocks of the southeastern Pamirs; this shear zone has previously been 

interpreted as low-angle fault beneath a nappe rooting in the Rushan-Pshart suture zone 

(Burtman and Molnar, 1993; Schwab et al., 2004). The model predicts that the low-grade cover 

consists of fault-bound blocks tilted up to 90° to the north. While normal faulting has been 

observed in the field (Ratschbacher, pers. comm.), tilting is difficult to assess due to intense 

folding of the Paleozoic-Mesozoic strata. A general northward tilting is, however, proposed 

based on the 1:200,000 geological maps (geol. map USSR). East of ~72°30'E it is unclear 

whether the South Pamir Fault continues along the Pamir valley north of the Afghan Pamirs or 

the Wakhan valley south of it; a low-angle detachment can be traced from east of the Afghan 

Pamirs to the northwest, where it connects with the Rushan-Pshart suture at ~72°30'E (Fig. 2). 

The detachment may continue eastward along the Rushan-Pshart suture as suggested by the ~10 

Ma AFT ages at ~73°30'E, but has not yet been traced farther east.  

The Muztagh-Ata and Kongur Shan of the Chinese Pamirs (Fig. 1) have been proposed to 

represent the eastward continuation of the Central Pamir domes (Robinson et al., 2007). There 

are, however, a number of significant differences in the development of the domes. In contrast 

to the South and Central Pamir domes crustal thickening, prograde metamorphism and partial 

melting persist until the late Miocene in the Muztagh-Ata (Robinson et al., 2004; Robinson et 

al., 2007). This has been ascribed to a ramp anticline growing over active intra-continental 

subduction of the Tarim along the Main Pamir Thrust (Fig. 1; Brunel et al., 1994). Onset of 
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rapid exhumation in the late Miocene is accommodated by the west-dipping Kongur Shan 

normal fault and continued at approximately constant rates until the present (Brunel et al., 1994; 

Robinson et al., 2004). For the southern Muztagh-Ata dome Robinson et al. (2007) report top-

to-S kinematic indicators, which they relate to mid-crustal conditions; the authors infer middle 

Miocene exhumation accommodated by the south-dipping Shen-ti fault attested by 40Ar/39Ar 

muscovite and biotite cooling ages of ~10-8 Ma. Like the Kongur Shan exhumation to the 

surface was subsequently accommodated by E-W extension initiated during the latest Miocene. 

The different cooling histories challenge correlation of the Muztagh-Ata–Kongur Shan with 

the Pamiran gneiss domes. Early-middle Miocene exhumation in the South and Central Pamir 

opposes crustal thickening in the Muztagh-Ata–Kongur Shan. Post-Miocene exhumation in the 

Muztagh-Ata–Kongur Shan is accommodated by E-W extension, but attributed to river incision, 

possibly climate-controlled, in the Shaxdara dome; no late or post-Miocene cooling has been 

documented in the Central Pamir domes. Only the mid-Miocene, top-to-S deformation and 

attendant cooling reported for the southern Muztagh-Ata shows some similarity with 

deformation in the Shaxdara dome. It is conceivable that the South Pamir detachment fault 

continues beyond 73°30'E and links with the Shen-ti fault; in this case late Miocene exhumation 

in the South Pamirs is kinematically related with deformation in the Muztagh-Ata at depth, the 

latter probably being overprinted by coeval ~NE-SW directed crustal thickening. This is, 

however, a hypothesis at best, which needs to be tested, e.g. by tracing the South Pamir 

detachment further east. 

 

 

Figure 8. Active faults in the Pamir region from remote sensing data and from Burtman and Molnar (1993). 

1: Shaxdara gneiss dome; 2: Yazgulom; 3: Muzkol; 4: Sarez dome; 5: Muztagh-Ata; 6: Pik Communism antiform. 

Green arrows indicate motion of India (western syntax) relative to Asia since Oligocene (from Le Pichon et al., 

1992). 
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5.3. Driving mechanism for Miocene extension 
Miocene N-S extension in the Pamirs causing formation of the South and Central Pamir 

gneiss domes has a major impact on the present day geometry of the Pamir Mountains. 

Extension is coeval with ongoing N-S directed convergence between India and Asia at a rate of 

4.8 cm/yr (Le Pichon et al., 1992; Fig. 8). Convergence is compensated by development of a 

fold-thrust belt in the Tajik basin (Hamburger et al., 1992; Bourgeois et al., 1997), shortening 

along the frontal ranges (Hamburger et al., 1992; Sobel et al., 1997; Coutand et al., 2002), and 

imbrication of Tarim-basin strata along the Main Pamir Thrust (Brunel et al., 1994; Fig. 8) 

starting in the late Oligocene to Miocene. Transpressional strike-slip deformation along the 

Darvaz (sinistral) and Karakorum fault zones (dextral; Fig. 8) takes up an as yet unidentified 

amount of India-Asia convergence (e.g., Dunlap et al., 1998; Lacassin et al., 2004) since the 

Oligocene. 

Crustal thickening within the Pamirs, possibly with concomitant reactivation of Paleozoic-

Mesozoic sutures, is documented by late Oligocene zircon U/Pb ages of migmatites and 

pegmatites (see above). The en echelon arrangement of gneiss domes in the western Pamirs 

(Shaxdara, Yazgulom, Pik Communism; Fig. 8) suggests a common origin as antiforms 

resulting from sinistral transpression along the western margin of the Pamirs. Transpression 

resulted from indentation of the the western syntax of India into Asia and an overall 

anticlockwise rotation of India during its northward path (e.g., Le Pichon et al., 1992). 

Transpression is also evident from the Darvaz and Herat strike-slip faults and trend of fold-

thrust belts in the Tajik basin (Fig. 8). 

In the Shaxdara dome field structural evidence for transpression and N-S shortening is 

obscured by extensional top-to-S flow. This flow might be related to early Miocene onset of 

extension; alternatively, early Miocene hornblende cooling ages (Hubbard et al., 1999) may 

reflect the postulated early development of contractional antiforms; in this case extension started 

somewhat later. Extension was active at ~10 Ma at the latest, as documented by the interpreted 

development of the Shaxdara rolling-hinge dome in the footwall of the South Pamir Fault. The 

preferred interpretation of doming and extension is, however, overall transpressional thickening 

of the entire crust by frontal intra-continental subduction and long-wavelength–low amplitude 

buckling within the western Pamirs and concurrent to consecutive upper crustal extension 

compensating for excess thickening. Upper crustal extension may have been facilitated by 

thermal weakening due to Tertiary intrusions (see above) that are mostly confined to the domes. 

Low-wavelength buckling has been proposed for the distributed shortening and long-

wavelength topographic changes in adjacent Tibet (Burg et al., 1994). 
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A relation between onset of syn-orogenic extension in the western Pamirs and a change in 

convergence direction from 000° to 347° at 20.5 Ma (Le Pichon et al., 1992) is speculative. 

Slowdown of India-Asia convergence from 4.8 to 4.5 cm/yr at 7 Ma (Le Pichon et al., 1992) 

likely put an end to extensional doming in the western Pamirs. At the same time convergence 

direction rotated clockwise by 20° (Le Pichon et al., 1992). This reorientation of the regional 

stress field coincides and may account for the onset of NE-SW extension across the Kongur 

Shan normal fault and exhumation of the Kongur Shan–Muztagh-Ata gneiss domes in the 

Chinese Pamirs (Brunel et al., 1994; Robinson et al., 2004; 2007). 

6. Conclusions 
The Shaxdara gneiss dome of southwestern Tajikistan is interpreted as a Paleozoic to Early 

Mesozoic marine sediment sequence, which experienced high-grade metamorphism and 

migmatization in the Cretaceous, when flat-slab subduction of the Shyok back-arc basin caused 

crustal thickening along the southern Asian continental margin and the development of a ~200 

km broad magmatic arc. Low-grade equivalents of the Shaxdara gneiss source rocks are found 

in the southeastern Pamirs and in the Wakhan corridor of easternmost Afghanistan. 

Continued convergence subsequent to the India–Asia-collision caused transpression along 

the western Pamirs resulting in crustal thickening within the Pamirs and formation of en echelon 

antiforms (Shaxdara, Yazgulom and Pik Communism gneiss complexes; Fig. 8). We suggest an 

either Oligocene or early Miocene age for antiform development. In the Shaxdara gneiss there is 

likely a continuous transition from hot, thickened magmatic arc crust to Cenozoic, post-

collisional convergence and crustal shortening. 

In the Shaxdara dome folding is concurrent with and passed into extension with the 

development of a major S-dipping normal fault along the southern dome margin (South Pamir 

Fault). Isostatic rebound beneath a rolling hinge (Fig. 7a; Wernicke and Axen, 1988) exhumed 

the gneiss dome under N-S extension. The onset of extension is at least ~10 Ma old but may be 

as old as early Miocene. We tentatively re-interpret the thrust sheet comprising most of 

southeastern Pamirs as tilted blocks overlying the low-angle detachment fault. 

Synorogenic extension has been documented earlier in the Himalaya (South Tibetan 

Detachment fault; e.g., Burchfiel et al., 1992) and proposed to account for the Kongur Shan 

normal fault (Brunel et al., 1994). Identificantion of an extensional gneiss dome of comparable 

size is however unparalleled in the Himalaya-Tibet system. 

Apatite (U-Th)/He data indicate post-Miocene incision of the deep gorge of the Pjansch 

river. River patters point to major reorganization of the drainage system likely related to this 

?Pliocene or Pleistocene cooling event. Future research aims to unravel the neotectonic 

177 



Late Miocene exhumation of the Shaxdara gneiss dome 

evolution of the Southwest Pamirs and reveal possible links to deep seismicity located beneath 

the South Pamirs and Hindu Kush.   
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Table 1. Sample descriptions and locations (WGS84)

Sample Lithology N latitude (°) W longitude (°) Elevation (m)

6818E2 leucogranite 38.11288 71.33740 1660
6819D2 granodiorite 37.83827 71.58802 2025
6823A3 leucogranitic gneiss 36.74068 71.90720 2696

6823C1 layered mafic rock 36.85353 71.53960 2464
6824B4 l i i i i i 37 08388 71 53543 46036824B4 mylonitic, migmatitic

metapelite
37.08388 71.53543 4603

6824D1 gneiss 37.07823 71.53568 4299
6824E1 gneiss 37.07657 71.53780 4096
6824F1 gneiss 37.07303 71.53915 3847
6824H1 orthogneiss 37.05322 71.54065 3118g
6825B1 gneiss 37.02900 71.48365 2507
6826B1 kfs granite 37.40495 71.49640 2137
6826D1 coarsegrained

granite
37.33303 71.71740 2585

6827A2 granite 37.39782 71.64978 2383
6828A1 finegraine biotite

granite
37.18155 71.79857 3373

granite

6929B1 biotite hornblende
gneiss

37.14388 71.74752 4372

6829C1 gneiss 37.16062 71.75977 4014
6831C3 turmaline bearing

aplite
37.24173 72.18938 3104

6901D1 biotite granite 37.47277 72.60627 4288
6901E1 biotite granite 37.55715 72.65838 3716
6903C1 kfs granite 37.73187 72.40135 2241
6904E1 granite 37.71355 71.78952 4194
6905B2 orthogneiss 37.61375 71.75363 2592
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Table 2. Apatite fission track data

sample (1015 cm 2) Grains Ns NI d (10
6 cm 2)

(aliquot)

6818E2 1.864 71 812 3943 0.359 10.4 (0.5) 10.1 (0.5)

6819D2 (a) 1.881 0.358

(b) 1.877 0.358

6823A3 1.859 44 281 3068 0.359 4.6 (0.3) 4.5 (0.3)

6823C1 0.913 31 141 604 0.184 6.1 (0.6) 6.1 (0.6)

6824B4 (a) 0.915 39 536 2361 0.184 5.9 (0.3) 5.9 (0.3)

(b) 1.855 54 441 2936 0.360 7.6 (0.4) 7.4 (0.4)

6824D1 0.917 32 359 1315 0.184 7.1 (0.5) 7.1 (0.5)

6824E1 0.920 68 341 484 0.184 18.3 (1.4) 18.3 (1.4)

6824F1 0.922 0.184

6824H1 (a) 0.925 39 304 1199 0.184 6.6 (0.5) 6.6 (0.5)

(b) 0.927 41 181 814 0.184 5.8 (0.5) 5.8 (0.5)

6825B1 0.929 27 65 365 0.184 4.6 (0.6) 4.6 (0.6)

6826B1 1.851 71 280 1691 0.360 8.4 (0.6) 8.2 (0.6)

6826D1 (a) 1.846 34 260 1670 0.361 7.9 (0.5) 7.7 (0.5)

(b) 1.842 58 534 1929 0.361 14.0 (0.7) 13.7 (0.8)

6827A2 (a) 0.932 105 3173 11639 0.184 7.1 (0.2) 7.1 (0.2)

(b) 1.837 70 1352 8045 0.361 8.5 (0.3) 8.3 (0.3)

( ) ( )

(pooled)

age (Ma)

(pooled)

Z age (Ma)

6828A1 1.833 9 28 196 0.362 7.3 (1.5) 7.1 (1.4)

6929B1 0.804 57 578 1763 0.184 8.5 (0.5) 8.5 (0.5)

6829C1 0.794 53 705 2831 0.184 6.5 (0.3) 6.5 (0.3)

6831C3 0.784 67 1401 6089 0.184 6.0 (0.2) 6.0 (0.2)

6901D1 0.774 26 1521 2650 0.184 14.9 (0.6) 14.9 (0.6)

6901E1 (a) 0.764 0.184
(b) 0.754 125 782 1335 0.184 15.2 (0.8) 15.2 (0.8)

6903C1 (a) 0.744 72 451 2475 0.184 4.7 (0.3) 4.7 (0.3)
(b) 0.734 101 712 2553 0.184 7.2 (0.4) 7.2 (0.4)

6904E1 1.829 4 27 164 0.362 8.4 (1.7) 8.2 (1.7)

6905B2 (a) 0.724 106 1796 4765 0.184 9.8 (0.4) 9.8 (0.4)
(b) 0.714 34 766 2095 0.184 9.5 (0.5) 9.5 (0.5)
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Table 3. (U Th)/He analytical data

He conc.1 U conc.1 Th conc.1 Sm conc.1 Apatite Ft Corr. Age1

Sample [10 11 mol/g] [ppm] [ppm] [ppb] [µg] [Ma]
6823C1 20.7 (1.2) 49.2 (1.3) 41.4 (1.0) 64 (1) 3.21 0.77 0.8 (0.0)

23.2 (1.2) 44.8 (1.4) 33.5 (0.9) 59 (2) 2.79 0.76 1.1 (0.0)
42.2 (1.4) 51.3 (1.2) 35.4 (0.9) 96 (3) 3.65 0.77 1.7 (0.0)

6824B4 114.4 (3.5) 48.9 (1.9) 23.0 (0.6) 196 (6) 1.73 0.73 5.3 (0.1)
129.2 (2.9) 45.6 (1.5) 29.4 (0.8) 176 (4) 2.73 0.76 6.0 (0.1)2

6824D1 136.4 (3.0) 34.9 (1.2) 26.3 (0.7) 129 (3) 2.66 0.74 8.2 (0.1)2

275.1 (5.7) 28.4 (2.2) 58.0 (1.5) 103 (3) 1.35 0.68 17.7 (0.2)
38.9 (1.3) 17.5 (0.7) 9.9 (0.3) 57 (2) 5.35 0.79 4.6 (0.1)

6824E1 292.9 (4.1) 3.7 (0.8) 2.5 (0.3) 99 (1) 5.13 0.80 155.8 (1.8)
52.9 (2.3) 6.5 (1.9) 30.1 (0.8) 83 (2) 2.07 0.74 9.7 (0.3)
12.4 (0.9) 3.4 (1.6) 1.4 (3.6) 68 (2) 2.86 0.76 8.0 (0.4)

6824F1 285.8 (4.2) 2.5 (1.8) 10.7 (0.3) 55 (2) 3.02 0.75 138.9 (1.6)
4.8 (0.4) 4.4 (1.0) 8.1 (0.2) 107 (4) 3.66 0.77 1.8 (0.1)
3.1 (0.4) 4.8 (1.8) 10.7 (0.3) 114 (3) 2.12 0.72

6824H1 224.5 (4.5) 57.6 (1.5) 26.7 (0.7) 510 (6) 3.32 0.71 9.1 (0.1)
62.3 (1.7) 20.6 (0.9) 15.1 (0.4) 649 (12) 3.83 0.79 6.0 (0.1)2

121.4 (4.5) 23.3 (3.9) 14.0 (1.3) 518 (11) 0.98 0.70 12.1 (0.3)
6825B1 27.7 (1.3) 32.7 (1.1) 14.3 (0.4) 54 (2) 2.98 0.75 1.9 (0.1)

43.4 (2.0) 12.4 (1.7) 32.7 (0.9) 43 (1) 2.23 0.77 5.2 (0.2)2

17.3 (0.9) 12.0 (1.2) 25.0 (0.7) 46 (1) 3.07 0.74 2.4 (0.1)
6827A2 64.8 (1.9) 50.5 (1.3) 11.8 (0.3) 223 (5) 2.94 0.75 2.6 (0.1)

231.9 (1.8) 91.3 (1.7) 5.4 (0.1) 235 (5) 13.98 0.84 5.5 (0.0)
62.5 (1.9) 48.5 (1.2) 11.8 (0.3) 211 (7) 3.12 0.76 3.0 (0.1)

6829B1 30.9 (1.8) 16.3 (1.5) 2.5 (2.1) 51 (1) 2.66 0.71 4.8 (0.2)
55.7 (2.1) 13.1 (1.6) 2.5 (2.8) 55 (1) 2.22 0.76 9.9 (0.3)2

98.8 (3.3) 12.4 (2.1) 18.6 (0.5) 14 (1) 1.56 0.71 15.3 (0.4)
6829C1 227.7 (3.4) 73.1 (1.5) 26.3 (0.7) 94 (2) 4.23 1.00 5.3 (0.1)

60.3 (2.0) 24.8 (1.1) 11.0 (0.3) 82 (2) 2.84 0.73 5.5 (0.1)
38.5 (1.8) 15.2 (1.3) 12.4 (0.3) 96 (2) 2.28 0.71 5.5 (0.2)

6831C3 92.2 (2.4) 46.5 (1.4) 11.4 (0.3) 136 (3) 2.93 0.68 5.1 (0.1)
112.9 (4.0) 77.5 (2.8) 63.1 (1.6) 139 (3) 1.45 0.71 3.2 (0.1)

6901D1 35.7 (2.3) 144.7 (3.3) 31.5 (0.9) 357 (5) 1.78 0.80 0.5 (0.0)
800.6 (9.6) 106.1 (2.7) 21.5 (0.6) 275 (6) 1.60 0.70 18.9 (0.2)
722.6 (13.2) 101.7 (5.2) 15.8 (2.7) 262 (7) 0.71 0.63 20.1 (0.2)

6901E1 274.7 (2.7) 42.2 (1.5) 134.3 (3.3) 431 (10) 2.21 0.73 9.8 (0.1)
200.9 (5.6) 33.8 (3.2) 125.1 (3.1) 308 (8) 1.20 0.69 8.5 (0.2)
116.4 (3.3) 20.3 (1.8) 50.2 (1.3) 276 (6) 1.80 0.71 9.4 (0.2)

6903C1 7.2 (1.2) 3.7 (69.7) 33.1 (2.8) 317 (7) 0.43 1.00 1.2 (0.2)3

76.2 (2.6) 38.5 (1.7) 265.3 (6.4) 784 (18) 1.81 0.70 2.0 (0.0)
31.4 (1.2) 8.9 (0.8) 13.4 (0.4) 329 (8) 3.75 0.76 6.3 (0.2)2

6904E1 565.8 (15.7) 101.8 (9.7) 604.9 (14.8) 805 (21) 0.38 0.50 8.5 (0.1)2

343.6 (5.8) 53.5 (2.1) 244.7 (5.9) 704 (15) 1.51 0.70 8.2 (0.1)2

296.4 (6.1) 56.5 (2.1) 277.7 (6.7) 731 (14) 1.49 0.65 79.9 (1.1)

1 errors are 1s
2 (U Th)/He ages older than fission track age but within error
3 note the large error on U
bold letters indicate ages interpreted as reliable
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