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Radioisotopic dating of igneous minerals does not necessarily measure the age of 
crystallisation of magma.  In many cases the measurement can provide 
estimates on the timing of cooling of minerals, and “closure” of the mineral to 
parent or daughter isotope loss or gain (losses or gains that are insignificant on 
the timescale of interest).  It may therefore be possible to define the cooling 
history of an intrusion if several different techniques are used to date multiple 
minerals from one intrusion.  At the RSES, and with help from a number of 
collaborators abroad, we have applied and assessed several different 
geochronometers, including the U-Pb, 40Ar/39Ar, K/Ar and the (U-Th)/ He to 
porphyry intrusions at the Bajo de la Alumbrera Cu-Au deposit, Argentina. For 
purposes of this illustration the assumed or calculated closure temperatures of 
the different techniques are 800°C for zircon U-Pb, the range 350-150°C for 
40Ar/39Ar on K-feldspar, and ~200 °C for zircon and ~70°C for apatite when 
applying the (U-Th)/He method. 
 
Our new U-Pb analyses reveal that the last know mineralized magma intruded at 
Bajo de la Alumbrera at 6.96±0.09Ma. Two new incremental heating 40Ar/36Ar 
age spectra were determined on phenocrysts from the same rock; the biotite 
spectrum is disturbed, apparently caused by fluid-assisted recrystallisation of the 
biotite during a brief reheating event (probably not exceeding 300°C). Age 
spectrum data for K-feldspar also records this thermal event.  In the initial 
heating stages of the masurement ages between 6.3 and 6.1 Ma are resolved, 
before rising to a plateau-like section at ~7.3 Ma (7.33 ± 0.21Ma). Although the 
40Ar/36Ar maximum age (measured during melting of the sample) is slightly older 
than the U-Pb age, both ages are within analytical uncertainty. We explain this 
spectrum pattern, not in terms of excess argon, but in terms of an apparent 
diffusion-limited gradient, caused by reheating of the magmatic K-feldspar at 
some time shortly after crystallization.  Based on calculated closure temperatures 
(~200°C), single-grain (U-Th)/ He age determinations of zircon from the 
mineralized intrusions (i.e., the ZHe ages are 6.55±0.52 and 5.83±0.52 Ma) 
confirms that a low temperature thermal event occurred long after the last 
known intrusion was emplaced at Bajo de la Alumbrera.  In other words, we find 



it unreasonable to think that the intrusion could remain above 200 °C until about 
6.5 Ma, given the shallow level of the intrusion. 
 
Our new data, combined with that of other studies (Sasso, 1997; Sasso and 
Clark, 1998; Harris et al., 2004), reveals that the deposit was reheated and 
subsequently cooled through 200°C over a million years or more after the 
emplacement of one of the last known intrusion at Bajo de la Alumbrera. 
Moreover, these events occurred long after the last igneous emplacement within 
the Farallón Negro Volcanic Complex. We conclude that the longevity of the 
hydrothermal system responsible for porphyry Cu deposits is a consequence not 
only of multiple porphyry intrusions, but also the continued release of magmatic 
aqueous fluids and heat from deep underlying magma bodies. Meteoric water 
may be involved in a late stage geothermal system system thermally collapses. 
At Bajo de la Alumbrera, the exsolution and degassing of metal-rich magmatic 
fluids may have persisted episodically long after the last volcanic eruptions or 
shallow intrusions. This confirms the findings of an earlier study (Harris et al., 
2003), where the magmatic history determined from geochronology of  

 
subvolcanic intrusions found in and around a porphyry deposit provides only a 
minimum estimate of the longevity of the hydrothermal system. The complete 
magmatic history of porphyry ore deposits can only be established from careful 
consideration of the discrepancies between magmatic ages given by U-Pb zircon 
geochronology and hydrothermal alteration or cooling ages determined by 



40Ar/39Ar, K/Ar and (U-Th)/He thermochronology.deposits is a consequence not 
only of multiple porphyry intrusions, but also the continued release of magmatic 
aqueous fluids and heat from deep underlying magma bodies. Meteoric water 
may be involved in a late stage geothermal system as the system thermally 
collapses. At Bajo de la Alumbrera, the exsolution and degassing of metal-rich 
magmatic fluids may have persisted episodically long after the last volcanic 
eruptions or shallow intrusions. This confirms the findings of an earlier study 
(Harris et al., 2003), where the magmatic history determined from 
geochronology of subvolcanic intrusions found in and around a porphyry deposit 
provides only a minimum estimate of the longevity of the hydrothermal system. 
The complete magmatic history of porphyry ore deposits can only be established 
from careful consideration of the discrepancies between magmatic ages given by 
U-Pb zircon geochronology and hydrothermal alteration or cooling ages 
determined by 40Ar/39Ar, K/Ar and (U-Th)/He thermochronology. 
 
Age of the metamorphic sole of  the Papuan Ultramafic Belt ophiolite, 
Papua New Guinea 
 

Wilfred Y. Lus, Ian McDougall and Hugh L. Davies 
 
The Papuan Ultramafic Belt (PUB) ophiolite is former oceanic crust and upper 
mantle emplaced onto continental crust in Papua New Guinea (PNG) in a zone of 
general convergence between the Pacific and Australian plates (Fig.1). The 
metamorphic sole beneath the ophiolite is best  
 



 
 
exposed in the Musa-Kumusi divide and comprises a 40 to 300 m thick body of 
granulite and amphibolite facies rocks. Geochronological studies on the 
metamorphic sole, using amphiboles from the granulites and amphibolites, yield 
measured K-Ar ages ranging from 65.0 ± 0.7 to 57.2 ± 0.6 Ma and average 
40Ar-39Ar direct total fusion ages ranging from 67.0 ± 0.7 to 59.5 ± 0.2 Ma. 
Five of the six 40Ar-39Ar plateau ages, derived from age spectra, lie between 
58.6 ± 0.2 and 57.8 ± 0.2 Ma with an overall mean age of 58.3 ± 0.4 Ma. The 
large spread in measured K-Ar and 40Ar-39Ar total fusion ages is thought to be 
caused by the presence of variable amounts of excess argon. The mean plateau 
age for five samples of 58.3 ± 0.4 Ma is interpreted to mark the time of cooling 
of the metamorphic sole following peak metamorphism. We suggest that the 



development of the metamorphic sole and emplacement of the PUB ophiolite 
onto the PNG crust occurred in a relatively short time interval in the Paleocene. 
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Contrasting styles of Proterozoic crustal evolution: A hot-plate tectonic 
model for Australian terranes 
 
Sandra McLaren 

Processes controlling lithospheric evolution on the early Earth are subject to 
often spirited debate. The popularity of uniformitarian principles has meant that, 
with the exception of the earliest Archaean, dynamic plate-tectonic models have 
largely prevailed. These models appear appropriate in many cases, including the 
Palaeo-Mesoproterozoic evolution of North America (Hoffman, 1989) and the 
evolution of those Mesoproterozoic terranes related to the assembly of Rodinia, 
including those in Australia (Myers et al., 1996). However, for the Palaeo-
Mesoproterozoic evolution of Australian terranes, there is less consensus, and 
two end-member models have been proposed. Early work advocated an 
intraplate, asthenosphere-driven model for lithospheric evolution in which 
vertical, rather than lateral, accretion was dominant. More recently plate-tectonic 
models have become popular (Betts et al., 2002; Giles et al., 2002). 

There are a number of observations, however, which seem incompatible 
with these models and we advocate a more general approach to understanding 
crustal evolution. In particular, these models cannot fully account for: (1) 
repeated tectonic reactivation (both orogenesis and rifting); (2) large aspect-
ratio orogenic belts; (3) mainly high temperature-low pressure metamorphism; 
(4) rifting and sag giving thick sedimentary basins; (5) the nature and timing of 
voluminous felsic magmatism, and (6) the general absence of plate-boundary 
features.  

The key to understanding these histories is the observation that Australian 
Proterozoic terranes are characterized by an extraordinary, but heterogeneous, 
enrichment of the heat-producing elements. Granites and felsic volcanic rocks in 
all Australian terranes have average heat production of 4.3 µWm-3 when 
normalized by outcrop area (over 100 000 km2). This enrichment must contribute 
to long-term lithospheric weakening and meant that Australian terranes were 
sensitive to only small applied tectonic forces. This effect is most pronounced 
when the available heat sources are concentrated in the deep crust rather than 
the upper crust (Figure 1) and will change as the heat source distribution is 
modified by ongoing tectonic activity. Thus, we advocate a hybrid lithospheric 
evolution model with two tectonic switches: (1) plate-boundary-derived stresses 



and, (2) heat-producing-element-related lithospheric weakening. The Australian 
Proterozoic geological record is therefore a function of both the magnitude of the 
plate-boundary stresses, the way in which the heat-producing elements are 
distributed, and how both of these change with time.  

 

 
 
Figure :  Crustal heat producing element distributions and the resultant geotherm 
for: (a) highly differentiated heat-production distributions where the majority of 
crustal heat sources are located in the uppermost crust; this configuration is 
appropriate for modern day crust in many Australian terranes; and (b) 
undifferentiated heat production distributions where the majority of crustal heat 
sources are located in the lower crust; appropriate for the early Proterozoic crust 
in many Australian terranes. The dashed line is the geotherm that would apply in 
crust containing no heat producing elements (i.e., the mantle contribution). 
Differentiation of crustal heat sources from distribution (a) to distribution (b) 
through tectonic processing (particularly magmatism) affects a significant 
increase in crustal strength and is responsible for progressive cratonization of 
Australian terranes through the Palaeo-Mesoproterozoic. Both distributions give a 
total crustal contribution to surface heat flow of 40 mWm-2. 
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