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Abstract 

 

At Tucker Hill, in Central Otago, New Zealand, a series of pseudotachylyte veins are 

hosted in quartzofeldspathic schist. Chilled margins, microlites, flow banding, and the 

crystallisation of mineral phases absent from the host rock provide unequivocal 

evidence for melting during pseudotachylyte formation. 

 

Whole rock analyses of pseudotachylyte reveal ~3x enrichment of K2O, Ba and Rb, and 

similar depletion of Na2O, CaO, Sr and Eu, as compared to host schist. Chemical 

profiles across one pseudotachylyte vein using laser-ablation. inductively-coupled-

plasma, mass spectrometry indicate that variations in Rb, Ba, Sr and Cs concentrations 

of up to 50% occur between vein margin and centre. 

 

Formation age of pseudotachylyte is 95.9 ± 1.8 Ma as measured by total fusion 

40Ar/39Ar analyses. Stepwise heating of pseudotachylyte matrix yield an excellently 

defined 40Ar/39Ar plateau age of 96.0 ±0.3 Ma. We propose that formation of these 

pseudotachylyte veins was related to Cretaceous extensional uplift and exhumation of 

the Otago Schist. 

 



  

1 Introduction 

 

The presence of pseudotachylyte (former friction melt) in a fault zone is commonly 

attributed to frictional melting of rock during seismic slip (Sibson, 1975). As such, 

pseudotachylytes are valuable indicators that an exhumed fault zone was seismically active. 

Pseudotachylytes have been described from inactive, ancient fault zones (e.g. Outer Hebrides 

Fault Zone; Sibson, 1975; Maddock, 1983; Kelley et al., 1994) and present day seismically 

active fault zones (e.g. the Alpine Fault; Sibson et al., 1981; Bossiere, 1991; Warr et al., 

2003). Determining the formation age of pseudotachylyte can reveal when a fault was 

seismically active, and provide information on the regional significance of a 

pseudotachylyte-bearing fault zone (Kelley et al., 1994; Magloughlin et al., 2001; Sherlock 

& Hetzel, 2001; Mueller et al., 2002; Warr et al., 2003). 

In Central Otago, New Zealand, a series of pseudotachylyte veins are found in schist 

outcrop on Tucker Hill, near the township of Alexandra. The pseudotachylyte veins are 

hosted in the garnet-biotite-albite zone of the greenschist facies of the Otago Schist, 

which forms the basement rocks of much of the Otago region (Mortimer, 1993a,b). In 

this study, we document the petrography and geochemistry of pseudotachylyte veins, 

and present evidence for the origin of these pseudotachylyte veins as a friction melt. In 

addition, we report laser ablation 40Ar/39Ar total fusion, single step infra red laser heating 

ages, and stepwise heated 40Ar/39Ar analyses of fragments of pseudotachylyte matrix.  

2 Geological Setting 



   

The structural setting of the pseudotachylyte veins at Tucker Hill has been previously 

described in Barker (2005). Briefly, more than 100 pseudotachylyte veins are distributed 

throughout several cataclastic fault zones. The largest cataclastic fault zone, containing 

shattered and incoherent schist is more than 400 m long, around 5-10 m thick, and dips 

gently east with an unknown sense of displacement. In addition, several other 

pseudotachylyte-bearing fault zones were mapped which strike NNW and dip east. The 

majority of veins lie subparallel to schist foliation (Fig. 1a), and dip gently (between 10o 

and 30o) towards the northeast. The length of fault veins is highly variable, with most 

veins between 1 and 10 m long, and less than 2 cm thick. Slip sense indicators, in the 

context of the veins present orientations, suggest that most veins have a top-to-the-north, 

normal sense of shear. 

The beginning of regional metamorphism for the Otago Schist has been inferred at ca. 

199 Ma (Adams et al., 1985). Mortimer & Cooper (2004) suggest that the timing of 

highest-grade metamorphic mineral growth in the Otago Schist was during the Jurassic. 

Little et al. (1999) inferred that peak metamorphism in the Otago Schist occurred in the 

middle Jurassic (170-180 Ma), and that the Otago Schist was held at mid to lower crustal 

depths until 135 Ma. Thereafter, uplift occurred rapidly at 0.6–1 mm yr-1 (Little et al., 

1999). Uplift and exhumation of the schist was accompanied by regional extension, and the 

development of low-angle ductile shear zones at 135-105 Ma (Deckert et al., 2002; Forster & 

Lister, 2003). Continuing extension in the mid Cretaceous led to the development of 

brittle normal faults with a NW/SE and NE/SW oriented orthogonal pattern (Craw & 

Norris, 1991). Overlying volcanic sediments suggest that deep levels of the Otago Schist had 

been exposed by the mid to late Cretaceous (Adams & Raine, 1988). Neither the Rise and 

Shine Shear Zone, nor the Cromwell Gorge Shear Zone displace the Waipounamu Erosion 



   

Surface (LeMasurier & Landis, 1996), suggesting that shear zone displacement was 

complete by 105-85 Ma. 

These pseudotachylyte veins do not appear to have any metamorphic overprint, and 

crosscut all metamorphic fabrics. The oldest apatite fission track ages from a nearby area 

(Tippett & Kamp; 1993) suggest that these rocks were near surface by c. 96–86 Ma. Thus, a 

geologically reasonable age for pseudotachylyte formation is considered to lie between 135 

and 85 Ma. 

Several thick pseudotachylyte veins were collected in the field, and three which 

showed unequivocal evidence for melting (e.g. chill margins) were selected for 

geochemical analysis (those rejected showed evidence for cataclasis, or were too small 

to provide enough material for geochemical analyses). These 3 veins (samples 

OU74171, OU 74172, OU 74178) were crushed and analysed for bulk rock by X-ray 

fluorescence (XRF) and laser ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS). Additionally, Ar-Ar geochronology was performed both on an intact-

rock section (laser ablation) and selected fragments (stepwise heating) of OU74171. 

Nine host schist samples were also chosen from the Tucker Hill field area for 

comparison. Fresh samples were chosen, that is rocks with no macro or microscopic 

evidence for alteration.  

2 Analytical methods 

XRF 

Wall rock was trimmed from the edges of pseudotachylyte veins using a diamond saw 

and grindstone, and the veins were then crushed in a tungsten carbide swing mill. 

Resulting powders were then turned into fused (major elements) or pressed powder 



   

(trace element) discs for analysis. Trace element analyses were carried out on pressed 

powder discs, using the procedures of Norrish and Chappell (1967). Trace element XRF 

analyses were checked for accuracy using a subset of international standards 

(Govindavaju, 1994). Analyses were conducted on a Phillips PW-2400 Automated 

Sequential XRF Spectrometer in the Department of Geology, University of Otago.  

LA-ICP-MS 

One pseudotachylyte sample (OU 74171) and its adjacent host rock (OU 74179) 

were chosen for LA-ICP-MS analysis. These samples were crushed in an agate swing 

mill, and were then fused into glass. Analyses were carried out on an Agilent 7500 

quadrupole ICP-MS at the Research School of Earth Sciences, The Australian National 

University. A pulsed Lambola Physik LPX 1201 ArF excimer laser operated at a 

constant energy, and a 5 Hz pulse rate was used to ablate material from the surface of 

the whole rock glass discs. A laser spot width of 70 μm was used during spot analyses 

of schist and pseudotachylyte fused whole rock samples. 

Data reduction followed established protocols for time-resolved analysis 

(Longerich et al., 1996), utilizing SiO2 as an internal standard. Concentrations of SiO2 

determined by XRF analyses for schist and pseudotachylyte were used for LA-ICP-MS data 

reduction. The NIST 612 standard (values of Pearce et al, 1997), was analyzed before 

and after every 6 analyses for standardization.  

 

 Electron microscopy 

One transmission electron microscope (TEM) specimen was prepared using standard 

petrographic thin section techniques, leading to extraction of a 3 mm disc of rock and 



   

Argon-ion milling. Thin regions were dominantly found in the chlorite-rich matrix areas 

of the specimen. Transmission electron microscope observations were made at 300 kV 

using a Philips CM300 TEM (1999) based at the Research School of Earth Sciences, 

The Australian National University. Scanning electron microscope (SEM) observations 

on polished specimens were made on a Cambridge S360 SEM (1987) in the Electron 

Microscope Unit, The Australian National University.  

A whole rock powder X-ray diffraction (XRD) analysis was carried out on one 

pseudotachylyte vein. X-ray diffraction was carried out with a SIEMENS D5005 Bragg-

Brentano diffractometer based in the Department of Geology, Australian National 

University.  

Ar-Ar geochronology 

For laser ablation Ar-Ar geochronology, a thin section of pseudotachylyte was 

examined, and an area of matrix chosen and marked for analysis (e.g. an area free of 

lithic clasts). The sample was wrapped in aluminium foil and loaded into an aluminium 

package with biotite age standard HD-B1 (24.21 ± 0.32 Ma) to monitor the neutron flux 

gradient of the reactor (McMaster University Nuclear Reactor, Hamilton, Canada).  

Argon analyses were undertaken at the Western Australian Argon Isotope Facility, 

Curtin University of Technology. Argon data were collected by single step, total fusion 

infra-red laser heating of the thick polished pseudotachylyte sample. A 110 W Spectron 

Laser Systems (CW-Nd-YAG laser (  = 1064 nm) was used to fuse individual c. 50 μm 

spots of the fault rock sample. Laser analyses were attempted from fine-grained, clast-

free areas of pseudotachylyte matrix. Gases released by fusion were released into a high 

sensitivity mass spectrometer (MAP 215-50). Data were corrected for mass 



   

spectrometer discrimination and nuclear interference reactions. The J value for the 

irradiation was 0.003565 ± 0.000018. 40Ar/39Ar ages were calculated using the decay 

constant of Steiger & Jaeger (1977). 

For “intact rock” stepwise heating 40Ar/39Ar analysis, selected fragments of 

pseudotachylyte matrix were irradiated in the McMaster Nuclear Reactor (Canada). 

Unencapsulated samples were wrapped in aluminium foil and loaded into fused silica 

tubing for neutron irradiation. Encapsulated samples were analyzed using the method 

described in Dong et al. (1995). The encapsulated samples were placed into fused silica 

breakseal tubes which were subsequently evacuated to ca. 5 x 10-8 Torr. The 

connections to the breakseals were then collapsed while under vacuum. After neutron 

irradiation, the capsules were placed into a glass manifold connected to the VG1200S mass 

spectrometer at the University of Michigan. Upon breaking the fused silica vials, the recoil 

gas fraction can be analyzed on the mass spectrometer. All samples were step-heated using the 

defocused beam from a 5W argon-ion continuous laser, and the ages quoted are relative to an 

age of 27.99 Ma for standard biotite FCT-3, which in turn is relative to an age of 520.4 

Ma for a standard hornblende MMhb-1 (Hall & Farrell, 1995). 

Sample Descriptions 

3.1 Host Schist Petrography 

Schist can be separated into two dominant lithologic components, quartz segregation 

bands and melanocratic bands. Segregation bands are composed of large, moderately to 

highly strained quartz grains, with minor albitic plagioclase, and rare muscovite, epidote 

and chlorite. Melanocratic bands have a larger proportion of plagioclase than quartz 



   

segregation bands, with muscovite, chlorite and epidote also present. More rarely, 

titanite (both metamorphic and relict detrital grains), detrital zircon, apatite, and 

tourmaline are observed in melanocratic bands. Long, dusty streaks of fine-grained 

graphite occur in all schist thin sections. 

3.2 Pseudotachylyte Petrography 

Macroscopically, lithic clasts of quartz (and minor schist) up to 5 mm are present within 

pseudotachylyte veins.  Dark margins are noticeable at the edges of many thick 

pseudotachylyte veins, and one thick vein shows evidence for repeated melt episodes, 

with multiple sets of dark margins, and mutual crosscutting relations preserved (Fig. 1). 

Three components dominate the pseudotachylyte.  These are: 

(1) Lithic clasts: Remnant mineral and rock fragments from schist (Fig. 1c). 

(2) Grains that crystallised from the pseudotachylyte melt, which can be resolved by 

optical microscopy (> 2 μm; Fig. 1c). 

(3) Fine-grained matrix (  2 μm). 

Most lithic clasts within the pseudotachylytes are quartz grains or aggregates, and are 

variable in size (2 μm to greater than 1 mm). Quartz lithic clasts are scattered relatively 

uniformly throughout thin fault veins. In thick veins, quartz lithic clasts are most 

abundant within the dark margins. Small quartz clasts (< 100 μm) are usually well 

rounded and intact. Larger quartz clasts are commonly more angular and contain 

fractures, some of which are filled with former melt (Fig. 2a). Some quartz clasts 

display diffuse rims in both optical light microscopy and SEM (Fig. 2b). Small quartz 

clasts (<10 μm) are more commonly affected by such rims than larger quartz grains. 

Quartz lithic clasts show rare embayments, where melt has intruded them. Plagioclase is 



   

a minor lithic clast in the pseudotachylytes compared to quartz, and its modal 

proportion is estimated to be < 1% of total pseudotachylyte volume (Fig. 2c). 

Small (typically 1-5 μm wide, 10-50 μm long), tabular crystals of potassium 

feldspar (characteristic XRD peaks at 3.22, 3.26 and 3.27 Å) occur in pseudotachylyte 

veins  0.5 cm in width. Potassium feldspar microlites are absent in the chill margins of 

veins, and become more abundant towards the centres of veins (Fig. 1c, confirmed by 

electron diffraction in TEM). Measurements made using EDS via the TEM suggest that 

the chemistry of potassium feldspar crystals changes little throughout the 

pseudotachylyte. Many quartz and plagioclase lithic clasts are radially overgrown by 

potassium feldspar microlites, and potassium feldspar infills small fractures in 

plagioclase lithic clasts. Overgrowths and infills appear to be coeval with microlite 

growth. 

Chlorite forms the majority of matrix material between potassium feldspar 

microlites (Figs. 1c, 2b, 3). Selected area electron diffraction of chlorite reveals 

characteristic lattice spacing of 14 Å. Ultra-fine grained chlorite occurs as sharp, tabular 

chlorite crystals, which are typically 50 to 100 nm wide, and 1 to 2 μm long (Fig. 3, 

confirmed by electron diffraction in TEM). It is suggested that the chlorite crystallised 

from a former glassy matrix. 

Spherical structures, here referred to as spheroids, are found in all thick pseudotachylyte 

veins examined during this study.  These spheroids range from 10 μm to 300 μm in 

diameter. Spheroids are not found in the dark margins of veins, and are larger and more 

numerous towards the centre of veins. Spheroids are filled with a consistent mineral 

assemblage, comprising quartz, titanite ± potassium feldspar ± chlorite (Fig. 4a). 

Graphite is present in many of the spheroids, and occurs as a thin opaque (~1 μm) rim.  



   

Chlorite occurs as low relief, light green plates, and is often found projecting from the 

rim towards the centre of the spheroid. Titanite grains in spheroids grow to a relatively 

large size (up to 50 μm), and often have a radial, zoned appearance (Figs. 4b and 4c). 

The spheroids have similarities to amygdules in pseudotachylytes described by 

Maddock et al. (1987). 

4 Results 

4.1 Geochemistry 

Results obtained for whole rock major oxide XRF analyses of host schist and 

pseudotachylyte are presented in Table 1.  Fe2O3, MgO, CaO, Na2O and K2O show 

greater concentration variability between schist samples than SiO2, TiO2 and Al2O3. 

Greater variation for these elements is likely due to minor variations in mineral content 

(e.g. muscovite, chlorite, plagioclase) between schist samples. Sample OU 74185 has a 

higher SiO2 content (66%), with a higher content of quartz segregation bands diluting 

concentrations of other elements. Major and trace element compositions of Tucker Hill 

schist agree well with those of schists previously analysed from Alexandra by Mortimer 

and Roser (1992). 

Whole rock XRF results reveal that the pseudotachylyte and schist samples have 

approximately the same SiO2, Al2O3 Fe2O3 and MgO concentrations (Fig. 5a). CaO and 

Na2O contents are significantly lower in pseudotachylyte samples than they are in the 

schist samples, while K2O is higher in pseudotachylyte. The trace elements Sc, V, Cr, 

Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Pb, Th and U were analysed by 

XRF (Table 2; plotted as ratios in Fig. 5b). The most notable differences between 

pseudotachylyte and schist are the increases in Ba and Rb concentrations, and the 



   

decrease in Sr, Ga, As and Y in pseudotachylyte as compared to the host schist. The 

trace elements Sc, V, Cr, Co, Ni, Cu, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, 

Gd, Tb, Dy, Er, Yb, Lu, Ta, Pb, Th and U were determined by LA-ICP-MS on whole 

rock glasses.  The results for these analyses are presented in Tables 3a and 3b, with 

pseudotachylyte/schist ratios summarised in Figure 6a. The results obtained by LA-ICP-

MS agree well with those obtained by XRF. Notably, europium is lower by a factor of 3 

in pseudotachylyte. A plot showing rare earth element (REE) concentrations normalised 

to chondrite (values of McDonough and Sun, 1995) demonstrates that schist and 

pseudotachylyte have almost identical REE patterns, excepting Eu which shows a 

marked negative anomaly in pseudotachylyte (Fig. 6b). 

4.2 Ar-Ar geochronology 

Argon release spectra for both samples (encapsulated and unencapsulated) show comparable 

degassing curves (Fig. 7). Minor disturbances during the release of 39Ar occur at low 

temperatures, followed by the formation of a well-developed plateau. The small 

(0.0008 g) encapsulated fragment gave a total gas age of 95.95 Ma, and had a small 

amount of recoiled 39Ar (1.1 %). Variable and younger ages at low gas release temperatures 

are associated with higher Cl/K and Ca/K. The remaining  85% of degassed 39Ar 

forms a rough plateau at ca. 96 Ma. At higher temperatures (final 10% of 39Ar gas 

released) fluctuating Cl/K and Ca/K are observed, but are not associated with strong 

variations in calculated ages. 

A larger sample (not encapsulated) produced an excellent 40Ar/39Ar plateau age of 95.85 ±0.70 

Ma, which is defined by ca. 75% of degassed 39Ar. A similar total gas age of 95.44 ±0.17 

Ma is determined. In detail, the stepwise release of the 39Ar gas fraction shows minor 



   

disturbance for the first 12 steps of heating, with slightly younger ages recorded for the first 

30% of gas release. The first 3 steps produced significantly younger ages of <85 Ma, and are 

associated with elevated Cl/K and Ca/K, with younger ages having higher ratios. All 

other points of the spectrum show no relationship between age and Cl/K or Ca/K. The 

average values for Cl/K and Ca/K are notably low for this sample (0.074 and 0.00045, 

respectively).  

For total-fusion Ar-Ar dating using laser ablation, twenty separate analyses were 

attempted on one thin section. Of these, all but three analyses were abandoned due to 

hydrocarbon interferences. The three completed analyses yield an unweighted mean age of 

95.8 ±1.8 Ma (Table 4).  

 

5. Discussion 

5.1 Pseudotachylyte Melt Origin and Emplacement 

Melting during pseudotachylyte formation is indicated by the presence of newly 

crystallised phases, which are not found in the host schist (e.g. potassium feldspar), 

igneous textures (e.g. fine grained microlites) and the presence of embayed lithic clasts. 

The most abundant newly crystallised phase found in the Tucker Hill pseudotachylyte is 

potassium feldspar. Potassium feldspar has not been reported from the Otago Schist, 

either as a metamorphic mineral, or contained within mineralised veins (Youngson and 

Craw, 1993). Thus, the presence of potassium feldspar in pseudotachylyte is strong 

evidence for the formation and crystallisation of a melt. 

In hand specimens, the outer margin of most thick (> 0.5 cm) veins has a thin (0.5 to 1 

mm) black zone. When viewed in thin section, this margin is darker than the inner area 



   

of the vein, contains no microlites, and very rare spheroids. We suggest that these dark 

layers are chill margins, which formed when melt produced during pseudotachylyte 

formation was rapidly cooled against the vein wall.  The chill margins indicate that the 

cooling times of the veins were sufficiently long to generate a temperature gradient 

across the vein, with material nearer the middle of veins cooling slowly enough so that 

potassium feldspar microlites could nucleate and grow.  Several previous workers (e.g. 

(Sibson, 1975; Maddock, 1983) have attributed chill margins to be a strong indicator for 

the former presence of melt. Thin pseudotachylyte veins (< 0.5 cm) show no evidence 

for chill margins, or the presence of potassium feldspar microlites. This suggests that 

these thinner veins cool more quickly, with no opportunity for chill margin 

development. 

In several pseudotachylyte fault veins, lithic clasts show evidence for flow alignment, 

with the long axes of quartz lithic clasts aligned subparallel to the walls of the 

pseudotachylyte veins. This preferential alignment of lithic clasts suggests that there 

was flow along veins during pseudotachylyte formation. In addition, macroscopic flow 

banding has been noted in some pseudotachylyte veins (Fig. 8). Flow banding and 

aligned lithic clasts suggest that friction melt viscosities were low enough (and cooling 

times long enough) to allow melt to flow along veins. Injection veins (e.g. non-shear 

surfaces) also require highly mobile melts, which can be rapidly injected from the 

generating (shear) surface into the injection vein (Sibson, 1975).  

5.2 Pseudotachylyte geochemistry 

Pseudotachylyte compositions will be dependent on the mineralogy (and mineral 

chemistry) of the host rock, the pressure-temperature-volatile conditions attained during 

the melting process and possible mineral-melt separation processes. The 



   

pseudotachylyte samples selected for analysis were separated by metres laterally and 

vertically. Thus, there is little chance that they came from a single fault surface. 

However, the similarity of pseudotachylyte compositions suggests that similar melting 

conditions applied to each pseudotachylyte-generating event.  

The major and trace elements most enriched in the pseudotachylyte, namely 

K2O, Rb and Ba have similar petrochemical behaviours which are distinct from those 

most depleted in the pseudotachylyte (CaO, Na2O and Sr). Petrographic observations 

suggest that the mineral in the schist most likely to contain significant concentrations of 

K2O, Ba and Rb is muscovite (NB – no biotite is present in the host schist), implying 

that muscovite has been preferentially incorporated into pseudotachylyte during friction 

melting (cf. Kelley et al, 1994). The mineral most likely to contain significant 

concentrations of Na2O, CaO, Sr and Eu is plagioclase. O'Hara (1992) also found 

pseudotachylyte veins with markedly increased K2O, and attributed this increase to 

preferential melting of alkali feldspar. The results outlined above support both 

experimental work (Spray, 1987; Spray, 1988; Spray, 1990; Spray, 1995) and 

geochemical analyses of pseudotachylyte from impact craters (Killick, 1994; Thompson 

and Spray, 1996) and fault-hosted pseudotachylyte (Maddock, 1992; Magloughlin, 

1992; O'Hara, 1992; Camacho et al., 1995; O'Hara and Sharp, 2001). These previous 

studies suggested that the formation of pseudotachylyte is accomplished by the 

preferential melting of hydrous phases (e.g. micas, amphibole), and the preferential 

retention, as lithic clasts, of plagioclase and quartz. The whole rock geochemical results 

from this study demonstrate that there was preferential inclusion of a K-Rb-Ba bearing 

phase(s) and preferential exclusion of a Ca-Na-Sr-Eu bearing phase(s) during 

pseudotachylyte formation. The depletion of Sr and Eu strongly suggest that the phase 



   

depleted from the pseudotachylyte is plagioclase, and not another Ca-bearing phase (i.e. 

epidote, which may have a negative europium anomaly; Harlavan and Erel, 2002).  

An alternative explanation for the pseudotachylyte composition is seritization of schist 

host rock prior to pseudotachylyte formation. Seritization would cause enrichment of 

K2O, and depletion of Na2O and CaO. Studies of mid-ocean ridge hydrothermal systems 

have established that mobilisation of REE occurs during such reactions, and a 

pronounced positive Eu anomaly was observed in these hydrothermal solutions 

(Douville et al., 2002). Therefore, it is possible that hydrothermal alteration could have 

caused the geochemical differences observed between pseudotachylyte and unaltered 

host schist. However, a significant amount of potassium metasomatism would have to 

occur to cause the ~4 times increase in potassium concentrations observed (compared to 

average schist). Whereas there is clear field evidence for hydrothermal alteration (quartz 

and calcite veins) crosscutting pseudotachylyte in some parts of the field area, it is 

unclear whether any hydrothermal alteration of schist occurred prior to pseudotachylyte 

formation.  

5.3 Ar-Ar geochronology 

The two Ar-Ar geochronological methods yield statistically indistinguishable ages for the 

formation of this pseudotachylyte vein. The argon release spectra obtained from the stepwise 

heating method are excellent, and have more homogeneous plateaus than the results presented in 

Magloughlin et al. (2001) and Mueller et al. (2002). This may be because the principal 

potassium-bearing phase in this sample is potassium feldspar, and the sample contains no 

biotite. Additionally, the sample appears to have few lithic clasts other than quartz and 

plagioclase. Step-heating potassium feldspar is of particular value, because it remains stable 



   

during heating under vacuum to the onset of melting. This sample clearly has neither lost 

nor gained significant argon following the closure of the system, which is reflected in the 

plateau age. There is also little recoil of argon. A key feature of this sample is its potassium 

rich, Ca and Cl poor nature. This implies a low abundance of fluid inclusions, which can 

contain extraneous argon. All of the above features make this pseudotachylyte vein an 

excellent candidate for Ar-Ar geochronology. 

The advantages of combining both stepwise heating of matrix fragments, and laser 

ablation Ar-Ar techniques have been previously documented by both Magloughlin et al. 

(2001) and Mueller et al. (2002). These two techniques allow melt-related ages to be 

derived from potentially complex age spectra. Here, we have demonstrated that a potassic 

rich sample, containing little inherited host rock material (other than quartz and 

plagioclase) can produce smooth stepwise heating spectra with plateau and total gas ages 

that are indistinguishable from laser ablation spot Ar-Ar analyses. 

The ages determined for pseudotachylyte formation are geologically compatible with regional 

studies of the uplift and erosion of the Otago Schist belt. Previous studies have documented 

the location and timing of ductile shear zone formation (Deckert et al., 2002; Forster & 

Lister, 2003), brittle fault formation (Craw & Norris, 1991), uplift (Tippett & Kamp, 

1993) and sedimentation in the Otago Schist. Prior to this study, the only direct evidence 

for faulting of late Cretaceous age in the Otago region was in three areas where late 

Cretaceous sedimentary rocks are preserved; the Kyeburn Formation, Henley Breccia 

and Horse Range Formation (Bishop and Laird, 1976; Bishop and Tulloch 1996, 

Forsyth, 2001). The Kyeburn and Horse Range Formations have been interpreted as 

synorogenic sedimentary deposits, which contain tuffs that yield ages of 112 Ma 

(Tulloch et al., in press). 



   

We suggest that these pseudotachylyte veins were formed by seismic activity in the upper 

Cretaceous (Cenomanian), and may be related to the latest stages of the uplift and 

exhumation of the Otago Schist. This new age data provides unambiguous evidence for 

a Cretaceous fault in the Otago Schist ,with Ar-Ar geochronology specifically placing 

the age of pseudotachylyte formation at 96 Ma. This study raises the possibility that 

exhumation-related faults in the Otago Schist may be more widespread than previously 

suspected.  
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 Tables 

 

Table 1: Major element (wt%) concentrations for schist and pseudotachylyte from XRF analyses. 

Sample SiO2 TiO2 Al2O3 Fe2O3
t MnO MgO CaO Na2O K2O P2O5 LOI % Total 

Schist 1 (OU74180) 59.34 0.90 17.47 7.39 0.11 3.11 2.87 2.69 2.79 0.22 3.14 100.03 
Schist 2 (OU74181) 60.55 0.79 18.06 5.86 0.08 2.08 3.43 3.96 2.35 0.21 2.63 100.00 
Schist 3 (OU74182) 58.90 0.80 17.85 6.96 0.08 2.08 3.25 3.08 2.76 0.25 3.33 99.34 
Schist 4 (OU74183) 60.55 0.83 17.06 6.48 0.09 2.33 4.01 3.97 1.92 0.21 2.41 99.86 
Schist 5 (OU74184) 59.88 0.90 17.02 7.03 0.10 2.80 4.01 3.79 1.63 0.21 2.71 100.08 
Schist 6 (OU74185) 66.51 0.70 14.51 5.33 0.08 1.96 3.01 3.21 1.94 0.20 2.17 99.62 
Schist 7 (OU74186) 60.60 0.85 16.96 6.64 0.09 2.60 3.94 3.80 1.68 0.19 2.52 99.87 
Schist 8 (OU74187) 57.53 0.87 18.50 6.78 0.09 2.32 4.84 3.14 2.88 0.21 2.81 99.97 
Schist 9 (OU74188) 61.39 0.78 16.92 6.17 0.09 2.18 4.01 4.09 1.72 0.21 2.45 100.01 
Average 60.58 0.82 17.15 6.52 0.09 2.38 3.71 3.53 2.19 0.21 2.69 99.86 
Standard Deviation 2.50 0.06 1.14 0.64 0.01 0.38 0.62 0.50 0.51 0.02 0.36  
             
Pst. 1 (OU 74171) 59.96 0.78 16.31 6.45 0.10 2.57 1.46 0.94 8.57 0.19 2.54 99.87 
Pst. 2 (OU 74172) 58.54 0.78 16.58 6.33 0.10 2.50 1.81 0.86 9.39 0.19 2.77 99.85 
Pst. 3 (OU 74178) 58.46 0.79 16.90 6.38 0.09 2.45 1.50 0.88 9.39 0.19 2.56 99.59 
Average 58.99 0.78 16.60 6.39 0.10 2.51 1.59 0.89 9.12 0.19 2.62 99.77 
Standard Deviation 0.84 0.01 0.30 0.06 0.01 0.06 0.19 0.04 0.47 0.00 0.13  



   

Table 2: Trace element (mg/kg) composition of schist and pseudotachylyte from XRF analyses. 

Sample Sc V Cr Ni Cu Zn Ga As Rb Sr Y Zr Nb Ba La Ce Nd Pb Th U 

Schist 1 (OU74180) 14 151 51 18 39 88 21 5 92 384 22 156 9 673 18 53 30 23 11 5 
Schist 2 (OU74181) 13 133 43 16 20 80 20 7 81 401 22 176 8 558 18 45 23 16 11 4 
Schist 3 (OU74182) 12 119 37 15 19 74 17 8 65 365 19 155 6 585 16 32 15 21 8 4 
Schist 4 (OU74183) 16 152 52 18 27 82 19 10 63 491 21 162 7 541 15 40 19 17 7 3 
Schist 5 (OU74184) 15 152 54 18 39 88 20 4 92 383 22 156 9 679 19 51 25 24 10 4 
Schist 6 (OU74185) 17 170 52 19 25 83 19 17 53 471 19 149 7 512 22 36 23 14 8 3 
Schist 7 (OU74186) 16 141 49 17 35 75 20 7 57 480 22 164 6 492 22 56 19 18 7 3 
Schist 8 (OU74187) 16 155 44 15 44 72 22 8 84 591 22 172 9 699 17 47 20 17 9 4 
Schist 9 (OU74188) 14 157 48 17 38 76 19 11 56 474 20 151 6 516 18 34 19 16 7 4 
Average= 15 148 48 17 32 80 20 9 71 449 21 160 7 584 18 44 21 18 9 4 
                     
Pst. 1 (OU 74171) 12 131 37 18 32 76 13 5 209 270 13 152 9 1670 18 48 18 22 7 3 
Pst. 2 (OU 74172) 14 126 37 18 32 74 13 5 226 260 12 148 10 1480 17 44 25 20 9 4 
Pst. 3 (OU 74178) 14 135 38 18 40 76 13 4 215 237 13 145 12 2069 15 47 24 19 9 4 
Average= 14 131 38 18 36 75 13 5 221 249 13 147 11 1775 16 46 25 20 9 4 



   

 

Table 3: Trace element composition (mg/kg) of pseudotachylyte and schist whole rock glasses as determined by LA-ICP-MS, for 

separate spot analyses carried out on fused samples for elements Sc to La. Ce to U on following page. 

Sample SiO2 (wt%) Sc V Cr Co Ni Cu Rb Sr Y Zr Nb Cs Ba La 
Schist Glass 1a 60.6 22.2 165 41.3 13.9 13.7 16.0 57.8 551 24.3 179 7.1 2.6 464 24.8 
Schist Glass 1b 60.6 17.0 136 32.5 11.0 10.7 14.5 64.6 440 18.4 133 6.3 3.6 392 19.3 
Schist Glass 1c 60.6 22.4 172 44.5 15.4 14.9 19.9 60.8 542 24.7 191 7.5 3.2 462 25.8 
Schist Glass 1d 60.6 21.2 137 38.1 10.7 10.6 13.3 66.2 506 23.4 154 6.6 3.7 439 24.3 
Schist Glass 1e 60.6 21.3 164 41.7 12.0 12.3 14.2 67.7 533 23.7 160 8.3 3.8 459 24.7 
Schist Glass 1f 60.6 20.5 161 40.4 13.6 13.6 20.0 64.9 545 23.4 182 7.7 3.6 472 25.0 
Average= 60.6  20.7 156 39.7 12.7 12.6 16.3 63.7 520 23.0 166 7.3 3.4 448 24.0 
 
Pseudotachylyte 2a 59 16.5 129 39.1 13.6 15.1 22.8 225 240 18.7 143 6.2 2.1 1840 18.2 
Pseudotachylyte 2b 59 16.0 128 38.8 13.3 14.7 21.6 238 230 17.7 139 6.1 2.5 1790 17.5 
Pseudotachylyte 2c 59 16.3 127 39.2 13.6 15.4 22.0 203 234 18.2 137 6.2 1.7 1810 17.7 
Pseudotachylyte 2d 59 16.6 129 38.7 14.2 15.8 23.0 264 238 18.8 146 6.6 2.8 1860 18.4 
Pseudotachylyte 2e 59 16.2 130 39.1 14.0 16.6 24.3 240 239 18.5 143 6.6 2.1 1900 18.4 
Pseudotachylyte 2f 59 16.0 131 38.6 13.7 15.5 23.7 255 235 18.2 150 6.7 2.7 1900 18.8 
Average= 59 16.2 129 38.9 13.7 15.5 22.9 237 236 18.4 143 6.4 2.3 1850 18.2 



Table 3 (continued): Elements Ce to U 

Sample Ce Pr Nd Sm Eu Gd Tb Dy Er Yb Lu Ta Pb Th U 
Schist Glass 1a 54.9 6.6 24.1 5.6 1.49 5.0 0.77 4.8 2.7 2.6 0.40 0.58 18.9 9.3 2.3 
Schist Glass 1b 42.8 5.1 18.7 4.3 1.14 3.9 0.57 3.7 2.1 2.1 0.30 0.50 14.3 7.2 1.9 
Schist Glass 1c 57.1 6.8 25.1 5.8 1.51 5.3 0.78 4.9 2.9 2.8 0.42 0.60 18.1 9.5 2.4 
Schist Glass 1d 54.1 6.4 23.9 5.4 1.53 4.9 0.72 4.7 2.6 2.6 0.37 0.55 13.2 9.0 2.3 
Schist Glass 1e 55.0 6.5 24.3 5.5 1.50 5.1 0.73 4.7 2.6 2.6 0.40 0.67 16.1 9.3 2.4 
Schist Glass 1f 55.2 6.5 24.4 5.7 1.46 5.1 0.74 4.7 2.7 2.7 0.41 0.64 18.5 9.3 2.4 
Average= 53.2 6.3 23.4 5.4 1.44 4.9 0.72 4.6 2.6 2.6 0.39 0.59 16.5 8.9 2.3 
 
Pseudotachylyte 2a 42.3 5.1 18.9 4.3 0.47 4.1 0.57 3.6 2.1 2.1 0.32 0.50 22.8 7.9 1.8 
Pseudotachylyte 2b 40.7 4.8 18.0 4.2 0.46 3.8 0.57 3.4 2.1 2.0 0.30 0.50 25.2 7.9 1.9 
Pseudotachylyte 2c 41.3 4.9 18.6 4.4 0.48 4.0 0.57 3.7 2.1 2.1 0.33 0.50 16.6 8.1 1.9 
Pseudotachylyte 2d 42.7 5.0 18.9 4.4 0.52 4.0 0.59 3.7 2.1 2.1 0.33 0.51 27.0 8.1 1.9 
Pseudotachylyte 2e 42.8 5.1 19.0 4.4 0.51 4.0 0.60 3.8 2.1 2.2 0.33 0.53 27.5 8.2 1.9 
Pseudotachylyte 2f 43.8 5.2 19.4 4.5 0.51 4.0 0.59 3.8 2.2 2.3 0.33 0.56 29.4 8.4 2.0 
Average= 42.3 5.0 18.8 4.4 0.49 4.0 0.58 3.7 2.1 2.1 0.32 0.52 24.8 8.1 1.9 



Table 4: Results from laser ablation Ar-Ar analyses.  

 

Sample no. 40Ar/39Ar ± 38Ar/39Ar ± 37Ar/39Ar ± 36Ar/39Ar ± 

39Ar 
(cm3) ± 40Ar*/39Ar ± 

Age 
(Ma) ± 

OU74172-1 22.22036 0.04138 0.01719 0.00028 0.40077 0.15314 0.02199 0.00079 1.09E-11 
1.65E-

14 15.72151 0.23445 98.4 1.5 

OU74172-2 23.91910 0.02996 0.01722 0.00021 0.50640 0.05374 0.02987 0.00033 1.48E-11 
1.12E-

14 15.09113 0.10128 94.5 0.8 

OU74172-3 22.49993 0.05032 0.01711 0.00041 0.70186 0.10989 0.02494 0.00066 7.39E-12 
6.06E-

15 15.13125 0.20124 94.8 1.3 
unweighted mean            95.9 1.8 
weighted mean            95.2 0.6 



Figure Captions 

Figure 1: (a) Typical thick (ca. 1 cm thick) pseudotachylyte vein in outcrop formed of schist host 

rock. Note pen (15 cm long) for scale. 

(b) Thickest pseudotachylyte vein found at Tucker Hill (ca. 5 cm thick) examined in thin section. 

Note several sets of chill margins and quartz lithic clasts. Ruler (cm markings) for scale. 

(c) Photomicrograph showing a typical margin of a pseudotachylyte vein. Note numerous lithic 

clasts, especially in margin of vein. Tiny potassium feldspar microlites (10 μm scale) can be seen 

in to right side of photomicrograph, away from chill margin.  

Figure 2: (a) SEM backscattered electron photomicrograph showing a typical fractured quartz 

lithic clast. Note lighter grey melt phase infilling crack, and barren crack (from top of lithic 

clast).  

(b) Photomicrograph in plane polarised light showing a blurry rimmed lithic clast.  

(c) SEM photomicrograph showing an indistinct rimmed plagioclase (plg) lithic clast, onto 

which potassium feldspar microlites are growing.  

Figure 3: TEM brightfield photomicrograph showing a mat of fine-grained chlorite in a matrix 

area of pseudotachylyte.  

Figure 4: (a) Photomicrograph in plane polarised light showing spheroids in OU 74178. Note 

dark black graphite rim on edge of spheroids, and titanite (dark brown, very high relief, laballed 

“tit”) growing from edges of spheroid towards centre.  



(b) SEM backscatteed electron photomicrograph showing radial morphology of a titanite 

contained within an spheroid. Titanite appears to nucleate from a point to the bottom right of 

photomicrograph.  

(c) Photomicrograph in plane polarised light showing spheroids in OU 74178. Note colour 

zoning within titanites, and both quartz (dominant infilling material in large, central spheroid) 

and potassium feldspar (right hand side of large, central spheroid). 

 

Figure 5: (a) Comparison of pseudotachylyte and schist major element XRF compositions. To 

illustrate the size and significance of these compositional variations between pseudotachylyte 

and host schist concentration ratios have been calculated with errors included using standard 

propagation techniques. This is as follows: if R is the ratio of the average concentration of an 

element in schist and pseudotachylyte: 

R =
pseudotachylyte concentration

schist concentration
 

then the error (e) associated with R is: 

e = R
pseudotachylyte SD

pseudotachylyte x  concentration
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where SD= standard deviation of all analyses. 

Values of R greater than 1 indicate enrichment of an element in pseudotachylyte relative to 

schist, values less than 1 indicate depletion of an element in pseudotachylyte relative to schist. 



(b) Comparison of pseudotachylyte and schist trace element X-ray fluorescence composition. 

Note depletions in Ga, As, Sr and Y, and enrichments in Rb, Ba and Nb (in pseudotachylyte 

relative to schist). 

 

Figure 6: (a) Comparison of pseudotachylyte and schist trace element compositions as 

determined by laser ablation, inductively couple plasma mass spectrometry (LA-ICP-MS). Note 

Rb and Ba enrichments, and significant depletions in Sr and Eu. 

(b) Chrondite normalised REE plot of schist and pseudotachylyte (as determined by LA-ICP-

MS). Note significant Eu anomaly, which is only present in pseudotachylyte. 

 

Figure 8: (a) Photo of thin section of OU 74177 displaying flow banding (section length 50 mm).  
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