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7.1
Closing in on the Palaeocene-Eocene Thermal Maximum in the North 
Atlantic: chronostratigraphy and ash bed provenance through high 
precision U-Pb and Lu-Hf isotopic analyses of zircons 
Lars E. Augland1, Morgan T. Jones1, Henrik Svensen1& Christian Tegner2 

1 Centre for Earth Evolution and Dynamics (CEED), University of Oslo, PO Box 1028 Blindern, 0315 Oslo, Norway
2 Centre of Earth System Petrology, Department of Geoscience, Aarhus University, Høegh-Guldbergs Gade 2,  
  8000 Aarhus C, Denmark

Zircon is a powerful tool in geochronology and isotope geochemistry, as its affinity for U and Hf in the crystal structure and 
the low initial Pb and Lu allow for precise and accurate dating by U-Pb ID-TIMS and precise and accurate determination of 
initial Hf isotopic composition by solution MC-ICP-MS analysis. The U-Pb analyses provide accurate chronostratigraphic 
controls on the sedimentary successions and absolute age frames for the biotic evolution across geological boundaries. 
Moreover, the analyses of Lu-Hf by solution MC-ICP-MS may provide a powerful fingerprinting tool to test the provenance 
of individual ash beds. Here we focus on ash beds from the Palaeocene-Eocene Thermal Maximum (PETM) in Fur, 
Denmark. In combination with available isotopic data from potential source volcanoes, these data are used to evaluate the 
provenance of PETM ashes in Denmark. If explosive eruptions from volcanic centres such as the North Atlantic Igneous 
Province (NAIP) can be traced to distal basins as ash layers, they provide robust tests of hypotheses of global synchronicity 
of environmental changes and biotic crises. In addition, the potential correlation of ash layers with source volcanoes will aid 
in constraining the extent of explosive volcanism in the respective volcanic centres. When combined with stable isotope 
data and biostratigraphy the new integrated data sets will also contribute to establish a new reference section for the study 
of this boundary event.

7.2
Timing of global regression and microbial bloom marking the Permo-
Triassic mass extinction

Björn Baresel1, Hugo Bucher2, Borhan Bagherpour2, Morgane Brosse2, Kuang Guodun3 & Urs Schaltegger1

1 Department of Earth Sciences, University of Geneva, Rue des Maraîchers 13, 1205 Geneva, Switzerland  
  (bjorn.baresel@unige.ch)
2 Paleontological Institute and Museum, University of Zurich, Karl Schmid-Strasse 4, 8006 Zurich, Switzerland
3 Guangxi Bureau of Geology and Mineral Resources, Jiangzheng Road 1, 530023 Nanning, China

New high-resolution U-Pb dates lead to a minimal duration of 68 kyr for the Permian part of the hiatus straddling the 
Permian-Triassic boundary (PTB) in shallow water settings of the Nanpanjiang Basin (South China) and to a duration of 37 
± 61 kyr for the next overlying microbial limestone. The timing of the hiatus is similar to that of the extinction interval in the 
Meishan Global Stratotype Section and Point. Sedimentation rates across the PTB indicate a seven-fold decrease 
compatible with a global cool climate during the Griesbachian and the glacio-eustatic low stand needed for the genesis of 
the worldwide hiatus straddling the PTB in shallow water sections. The timing of the hiatus is synchronous with the initial 
explosive phase of the Siberian Traps that likely released sulfur volatiles into the stratosphere, thus eliciting a short-lived ice 
age, a global low-stand, and acidified sea water. In a second step, the protracted build-up of volcanogenic CO2 induced a 
transient cool climate until greenhouse conditions were reached not earlier than 500 kyr after the main extinction episode, 
as indicated by terrestrial plants.
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7.3
Linking the timing of porphyry Cu deposit formation to nearby 
volcanism using zircon geochemistry and high-precision CA-ID-TIMS 
geochronology
Yannick Buret1, Albrecht von Quadt1, Jörn-Frederik Wotzlaw1, Stan Roozen1 & Christoph Heinrich1  

1 Institute of Geochemistry and Petrology, Department of Earth Sciences, ETH Zurich, Clausiusstrasse 25, 8092 Zurich,  
 Switzerland. (yannick.buret@erdw.ethz.ch)

Porphyry Cu deposits represent the interface between plutonic and volcanic domains of upper crustal magmatic systems. 
These deposits are typically composed of multiple porphyritic intrusions which bracket the maximum duration of ore 
formation to several 104 years (Buret et al., 2016) and are commonly intruded into the base of volcanoes. The relationship 
between volcanic activity and porphyry stocks is often difficult to establish, as they are rarely exposed together unless later 
faulting and/or tilting occurred (Dilles, 1987). In order to investigate the relationships between extrusive magmatism and 
porphyry Cu formation we compare zircon petrochronology from late stage volcanic units with the nearby world class Bajo 
de la Alumbrera porphyry Cu deposit, from the Late Miocene Farallón Negro Volcanic Complex (FNVC).

In this study we texturally characterise zircon crystals by CL-imaging prior to obtaining in-situ geochemical and 
geochronological information by LA-ICP-MS. Analysed zircon grains were then extracted and analysed by high precision 
CA-ID-TIMS. This approach has the two-fold benefit of screening for inherited cores, and obtaining texturally defined 
geochemical information, prior to dissolution of the zircon crystal for CA-ID-TIMS analysis. This approach permits us to 
establish temporal and chemical links between studied volcanic and porphyry units in the FNVC. 

The results of this study suggest a close temporal and genetic link between the Bajo de la Alumbrera porphyry Cu deposit 
and the late stage volcanism at the FNVC. Voluminous explosive volcanism immediately following porphyry formation has 
important implications for the thermal and rheological state of the magma that is parental to the porphyries and fed the 
eruption. Further work investigating the geochemistry of other accessory and major minerals could shed further light on the 
evolution of the magmatic body prior to eruption/ emplacement.

REFERENCES  
Buret, Y., von Quadt, A., Heinrich, C., Selby, D., Wälle, M. & Peytcheva, I. 2016: From a long-lived upper-crustal magma 

chamber to rapid porphyry copper emplacement: Reading the geochemistry of zircon crystals at Bajo de la Alumbrera 
(NW Argentina). Earth and Planetary Science Letters, 450, 120-131.

Dilles, J. 1987: Petrology of the Yerington Batholith, Nevada; evidence for evolution of porphyry copper ore fluids, Economic 
Geology, 82, 1750-1789.



230
Sy

m
p

o
si

u
m

 7
: 

Ti
m

in
g

 o
f 

Ea
rt

h
 P

ro
ce

ss
es

Platform Geosciences, Swiss Academy of Science, SCNATSwiss Geoscience Meeting 2016

7.4
Petrogenesis of the two mica-cordierite granites from the Larderello-
Travale geothermal field revealed by oxygen isotopes and high-
precision zircon U-Pb geochronology 
Federico Farina1, Andrea Dini2, Maria Ovtcharova1, Anne-Sophie Bouvier3, Lukas Baumgartner3, Urs Schaltegger1

1 Department of Earth Sciences, University of Geneva, Rue de Maraîchaire 13, CH-1205 Genève, Switzerland.
2 Istituto di Geoscienze e Georisorse, Area della Ricerca CNR di Pisa, Via Moruzzi 1, 56124, Pisa, Italy.
3 Institute of Earth Sciences, University of Lausanne, Géopolis, 1015 Lausanne, Switzerland.

The Larderello-Travale geothermal field in southern Tuscany (Italy), is the site of a large-scale steam-dominated geothermal 
anomaly which has been industrially exploited since the 1950s. The deepest part of the system (below ca. 2500-4000 m) is 
constituted by a plutonic complex built up incrementally between ca. 3.8 and 1.3 Ma by progressive stacking of granite 
magma batches having different isotopic and geochemical signature (Dini et al., 2005). The Larderello-Travale plutonic 
system is formed by high-silica (68-78% SiO2) peraluminous two-mica and cordierite-bearing granites exhibiting pronounced 
crustal isotopic signature (87Sr/86Sr ranging 0.715-0.721).

We report the first results from zircon crystals of the Larderello-Travale plutonic system, obtained from granite samples 
cored at 3.0-4.5 km depths. In this study, we combine imaging of growth textures with in-situ oxygen isotopic data and high-
precision U-Pb dates to constrain the petrogenetic evolution of the Larderello-Travale granites. Cathodoluminescence 
images of zircon grains reveal a complex magmatic crystallization history for these zircons; i.e. featureless CL-bright 
crystals, core-to-rim fine-scale oscillatory zoned grains, convoluted zoning and irregular and lobate cores overgrowth by 
oscillatory zoned rims.

Oxygen isotopic data were obtained from the SwissSIMS ion microprobe. Zircon δ18O values range between 7‰ and 13‰, 
and the different granites exhibit different mean oxygen isotopic values. The sample displaying the highest oxygen isotopic 
values has an average δ18O of 11.6‰ (SD = 1.0), the one with the lowest mean values has δ18O of 9.3‰ (SD = 0.6). Zircon 
grains exhibit significant inter- and intra-crystal oxygen isotopic heterogeneity, with intra-sample δ18O variability of 2-3‰. 
Noteworthy, this variability is one order of magnitude greater than the reproducibility determined on a Temora zircon 
reference material (2SD = 0.28‰). 

High-precision zircon U-Pb geochronological data were performed through chemical abrasion thermal ionization mass 
spectrometry (CA-ID-TIMS) on the same grains previously analysed by SIMS. Preliminary results from two granites 
previously analysed by SIMS show that the Larderello-Travale granites record 200–300 kyr of zircon growth. This large 
spread in age suggests that most of the zircon crystals formed before the final shallow-level emplacement of the granites. 

We propose a model in which zircon grains crystallized from isotopically distinct magma batches, reflected by the significant 
intra-sample range in δ18O, generated by partial melting of different fertile metasedimentary crustal sources. In our model, 
the different source rocks do not start melting synchronously. In fact, the exact time at which a rock start melting depends 
on the interplay between the evolution of the thermal anomaly in the crust and the position of the liquidus in the P-T space, 
with the latter parameter mostly depending on the composition of the source rock. The non-simultaneous melting of the 
different crustal sources reflects on their cooling paths and thus on the timing of zircon crystallization (i.e. on the U-Pb 
zircon ages). Finally, all these isotopically diverse zircon-bearing magma batches were assembled at shallow-level into a 
single pluton.  

This study was performed in the frame of the Marie Skłodowska-Curie Project “MIGRATE” (Standrad EF – 701494) and Horizon 2020 
European Project “DESCRAMBLE” (640573, Topic LCE-02-2014). Samples were kindly provided by ENEL Green Power (Italy).

REFERENCES  
Dini, A., Gianelli, G., Puxeddu, M., Ruggieri, G., 2005: Origin and evolution of Pliocene–Pleistocene granites from the 

Larderello geothermal field (Tuscan Magmatic Province, Italy), Lithos, 81, 1-31.
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7.5
Contrasted rates of melting and exhumation of a post-orogenic crust: an 
integrated thermodynamic, geochronologic and thermochronologic study

Michaël Mintrone1, Jean-François Moyen1, Cyril Chelle-Michou1,2, Mark Caddick3, Simon Couzinié1, Adrien Vézinet1 & Oscar 
Laurent4

1 Univ. Lyon, UJM-Saint-Etienne,  UBP, CNRS, IRD, Laboratoire Magmas et Volcans UMR 6524, F-42023 Saint Etienne,  
  France (michael.mintrone29@gmail.com)
2 Department of Earth Sciences, UNIGE, 13 rue des Maraîchers, 1205 Geneva, Switzerland
3 Virginia Tech, Department of Geosciences, 1405 Perry ST,Blacksburg, VA 24061, USA
4 Université de Liège, Département de Géologie B20, Quartier Agora, allée du six Août 12, B-4000 Liège, Belgium.  
  Now at ETH, Inst. für Geochemie und Petrologie, Clausiusstrasse 25, 8092 Zürich, Switzerland

Constraining the duration of metamorphic processes remains a challenge. Radiometric approaches, especially in-situ, are 
powerful tools but it remains dificult to tie a date to a specific point along a P—T path. An alternative consists in modelling 
garnet diffusion profiles to estimate metamorphic time scales (Caddick et al., 2010). This approach is anchored on the 
definition of a P—T path for the studied rock as precise as possible using phase equilibria modelling. Then, at each step of 
the P—T path, the composition of each new garnet increment will evolve as a function of P, T and X, but also by intra-
crystalline diffusion which will similarly affect the previous garnet increments (largely a function of time and temperature). As 
a result, it is possible to build a synthetic garnet chemical zoning profile as a function of the P—T path defined for the whole 
sample and to constrain the rate of the metamorphic evolution that best matches the actual garnet zoning profiles.

We applied this approach to a high temperature (melting) episode in a tardi-orogenic crust, the Hercynian belt of the French 
Massif Central. There, a large anatectic core complex (the Velay dome) cuts across the Carboniferous nappe stack. We 
investigated three samples, one in the core of the dome, one from a klippe on top of it, and one from the nappe stack 
outside of the dome. Using diffusion modelling, we demonstrate that the duration of the exhumation from peak metamorphic 
conditions was on the order of 10-20 Ma for the samples outside and on top of the dome; but of only 1-10 Ma for the 
sample in the core of the dome, corresponding to an ultra-fast exhumation rate of 1—10 mm/a. In addition, the sample in 
the core of the dome record a rapid melting event (peak conditions) on the order of ~1 Ma.

Thermochronology (Ar-Ar on biotite and apatite fission tracks) within the dome also reveal comparably rapid exhumation 
and cooling rates at the end of the Carboniferous. In contrast, existing radiometric ages (U-Pb on monazites) outside of the 
dome, and in the klippen on top of it, point to a long-lived period of protracted monazite growth corresponding to a multi-
million-year thermal anomaly in the orogenic crust. This further emphasizes the difference between the undisturbed nappe 
pile, that evolved at “normal” orogenic paces (10’s of Ma); and the anatectic dome, that reflects a very quick event of 
melting and exhumation (~1 Ma). Our study demonstrates the potential of the garnet diffusion approach to characterize the 
rate of metamorphic evolution and dynamics at play in an orogenic crustal segment.
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Figure 1. (left) Geological map of the Velay complex in French Massif Central (Couzinié et al., submitted), with sample locations. (right) 
P—T paths (and duration) of the « Velay » event in the core of the dome (red, MM62) ; outside of the dome (green, MM28) ; and in the 
klippe on top of it (blue, TN15).

REFERENCES  
Caddick, M.J., Konopásek, J. and Thompson, A.B., 2010. Preservation of garnet growth zoning and the duration of prograde 

metamorphism. Journal of Petrology, 51(11): 2327-2347.
Couzinié, S. et al., submitted. The Neoproterozoic basement of the eastern Massif Central (Variscan belt, France). Comptes 

Rendus Academie des sciences Geoscience.



233

Sy
m

p
o

si
u

m
 7

: 
Ti

m
in

g
 o

f 
Ea

rt
h

 P
ro

ce
ss

es

Platform Geosciences, Swiss Academy of Science, SCNATSwiss Geoscience Meeting 2016

7.6
Constraining the 40K decay constant for Ar-Ar dating
Maria Naumenko-Dèzes1,2, Thomas F. Nägler1, Klaus Mezger1, Igor M. Villa1,3

1 Institut für Geologie, Universität Bern, Baltzerstrasse 1+3, 3012, Bern, Switzerland  (marie@geosphere.ch)
2 Université Nice Sophia Antipolis, Géoazur, Sophia Antipolis, 250 rue A. Einstein, 06560 Valbonne, France
3 Università di Milano Bicocca, Piazza della Scienza 4, 20126 Milano, Italy 

Ar-Ar is one of the most used dating systems and its accuracy plays an important role in constraining the age of planets, 
duration of geological processes and their sequence of occurrence. This system has been reported to give ages that are 
ca. 1% younger than U-Pb ages. The discrepancies between the two mostly used and precise geochronometers, U-Pb and 
Ar-Ar, have been a subject of critical reviewing (e.g. Renne et al. 2010, and refs. therein) and were attributed to a 
systematic offset of the 40K decay constant. Multiple attempts to recalibrate the constant did not achieve consistency and 
resulted in a prominent variance among the published values for the 40K decay constant. Currently a few different 40K decay 
constants are in use (e.g. Steiger and Jäger, 1977, Min et al., 2000, the discrepancy between ages calculated with these 
two constants being ca. 1.5 %).

The Ar-Ar geochronometer is based on the radioactive decay of the 40K isotope to 40Ar and 40Ca. The intercalibrations of 
three dating systems: U-Pb (the main reference), Rb-Sr (the consistency check) and K-Ca (the unknown), allowed us to 
better constrain the 40K decay constant. 

Tree samples, selected from a shortlist of ten with known U-Pb ages, were investigated (a) to evaluate if they meet the 
requirement of a geological “point-like” history (Begemann et al, 2001) (i.e. “instantaneous” formation and subsequent ideal 
closure of chronometers) and (b) to narrow down the systematic uncertainty on the 40K decay constant by investigating the 
metrologically traceable K-Ca decay constant. Only the samples from the Phalaborwa complex represent a “point-like” 
magmatic event and meet all criteria to make them suitable for the 40K decay constant intercalibration. The Rb-Sr age of 
this sample is 2058.9 ± 5.2 Ma and agrees with the age determined by Nebel et al. (2010) and with published U-Pb ages. 

Applying our refined Ca measurement protocol (Naumenko-Dèzes, 2015) the K-Ca age was determined to 2040±13 Ma, 
applying the constants of Steiger&Jäger (1977). Forcing the K-Ca isochron slope to give an age coincident with the U-Pb 
and Rb-Sr ages (fig.1) gives one equation with two unknowns. Assuming that the branching ratio of the K-Ca branch, BCa, 
lies in the interval (k=2) of all published references, i.e. 0.8925< BCa< 0.8963, the most reliable uncertainty interval (k=2) for 
the total 40K decay constant, λtot, is calculated as 5.484 ∙ 10 - 10 a -1 < λtot< 5.498 ∙ 10- 10 a - 1. This confirms that the presently 
used IUGS recommendation is inaccurate.

Figure 1. K-Ca age of Phalaborwa phlogopite changes along sloping lines as a function of assumed branching ratio B, calculated with the 
total 40K decay constant of Steiger&Jäger (1977), Renne et al. (2011) and Min et al. (2000).
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Min et al. (2000) Geochim. et Cosmochim. Acta 64, 73-9. 
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235

Sy
m

p
o

si
u

m
 7

: 
Ti

m
in

g
 o

f 
Ea

rt
h

 P
ro

ce
ss

es

Platform Geosciences, Swiss Academy of Science, SCNATSwiss Geoscience Meeting 2016

7.7
Timing of collisional magmatism in the southernmost Lesser Caucasus: 
Insights from geochronology and geochemistry

Hervé Rezeau1, Robert Moritz1, Jörn-Frederik Wotzlaw2, Rodrik Tayan3, Samvel Hovakimyan1,3, & Alexey Ulianov4

1 Department of Earth Sciences, University of Geneva, CH-1205 Geneva, Switzerland (herve.rezeau@unige.ch)
2 Institute of Geochemistry and Petrology, ETH Zurich, 8092 Zurich, Switzerland
3 Institute of Geological Sciences, National Academy of Sciences, 0019 Yerevan, Armenia
4 Institute of Earth Sciences, University of Lausanne, 1015 Lausanne, Switzerland

The Meghri-Ordubad pluton (MOP) is exposed over ~1000 km2 in southern Armenia, Lesser Caucasus. It is located in the 
central part of the Tethyan orogenic belt extending from the Alps through the Carpathians–Balkans, Turkey, Iran, and 
Pakistan, Tibet, and Indochina. The MOP is described as a composite pluton emplaced during a subduction-related to a 
post-subduction evolution (Moritz et al., 2016). A new exhaustive zircon U-Pb geochronology survey revealed an 
incremental growth of the MOP during three compositionally distinct magmatic episodes over ~30 m.y., including (1) Middle 
Eocene (48.9–43.1 Ma) calc-alkaline magmatism lasting 5.8 ± 0.8 m.y., followed by (2) Late Eocene–Middle Oligocene 
(37.8–28.1 Ma) shoshonitic magmatism over 9.7 ± 0.9 m.y., and (3) Late Oligocene–Early Miocene (26.6–21.2 Ma) adakitic 
magmatism consisting of lamprophyres and high-K calc-alkaline granodioritic magmas emplaced over 5.4 ± 0.4 m.y. 
(Rezeau et al., 2016). Despite the distinct geodynamic settings and magma compositions of these intrusive suites, 
complementary in situ zircon hafnium (eHfzircon = +8 to +11.3) and oxygen (d18Ozircon = +4.6‰ to +6.0‰) isotope data 
support a mantle-dominated magma source with limited crustal contribution (Rezeau et al., 2016). 

Both of these intrusive suites are enriched in LILE, U, Th and LREE and have pronounced negative Nb-Ta depletion, 
geochemical hallmarks of subduction zone-related magmas. However, whole-rock major and trace element geochemical 
ratios differ significantly over time. The first transition from Middle Eocene to Late Eocene-Middle Oligocene is marked by a 
substantial increase in K2O/Na2O, Nb/Ta (suprachondritic), Ba/Ce, Th/Yb, Sr/Y, La/Yb, Gd/Yb  ratios for similar SiO2 and 
Mg# content. The calc-alkaline serie points toward a metasomatism of the mantle wedge by a fluid-flux from the subducted 
slab during Middle Eocene magmatism, whereas the following Late Eocene-Middle Oligocene shoshonitic intrusions are 
either dominated by a slab-melt enrichment (oceanic crust/subducted sediments) that hybridized the mantle wedge source 
and/or by subsequent low partial melting of previously fractionated lower-crustal cumulates. The second transition from Late 
Eocene-Middle Oligocene to Late Oligocene–Early Miocene is characterized by a marked increase in Mg#, Ni and Cr 
content, and a decrease in Al2O3 content with similar high K2O/Na2O, Sr/Y, La/Yb ratios. These characteristics together with 
a high eHfzircon values (+9.5 to +11.3) likely reflect an input of juvenile magma mixed with the previously metasomatized 
mantle wedge. Lamprophyres (minette, spessartite) are generally related to the melting of a phlogopite-rich mantle source 
and the combined high Sr/Y ratio and low Al2O3 content indicate a limited plagioclase fractionation due to partial melting 
initiated at higher pressure or with higher H2O content (>4wt. %).

The geochemical composition variations of these intrusive suites emplaced at the same location over ~30 m.y. can be 
explained by a change in subduction geometry such as slab steepening and concomitant crustal growth, followed by an 
input of juvenile mantle during convective removal of the sublithosphere (Platt and England, 1994; Turner et al., 1999) or by 
slab break-off (Davies and von Blanckenburg, 1995) during the late stage of collisional magmatism. From a regional 
geodynamic point of view, it can be interpreted as an evolution from an active subduction-related transitional to a collisional/
post-collisional magmatism. In this case, the first transition would corresponds to the onset of the collision magmatism at 
ca. 42-38 Ma (Arabia-Eurasia collision) and the second transition is ascribed to the initiation of the orogen collapse at ca. 
28-26 Ma. The timeframe of 10-15 m.y. for this geodynamic evolution is in agreement with the literature (Platt and England, 
1994; Turner et al., 1996; Kaislaniemi et al., 2014) as well as the timing for the Arabia-Eurasia collision (e.g., Moritz et al. 
2016).
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Platt, J. P. & England, P. C. (1994) Convective removal of lithosphere beneath mountain belts: thermal and mechanical 
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7.8
U-Pb geochronology of mid-grade metamorphism in the Central Alps: 
when zircon is not an option 

Daniela Rubatto1, Katherine Boston2, Joerg Hermann1, Martin Engi1 & Yuri Amelin2

1 Institut für Geologie, University of Bern, Baltzerstrasse 1-3, CH-3012 Bern, (daniela.rubatto@geo.unibe.ch)
2 Research School of Earth Sciences, Australian National University, Acton, 2601, ACT, Australia

Large portions of the Earth’s crust record mid-grade metamorphism under greenschist- to amphibolite-facies conditions. 
Geochronology of such terranes is complicated by overprinting deformation and recrystallization stages of minerals and 
possibly protracted metamorphic cycles. At this metamorphic grade zircon has low reactivity, hence accessory minerals 
such as monazite, allanite, rutile and titanite are more suitable for U-Th-Pb age determination. Multiple generations of these 
minerals commonly form in different rock types over the protracted evolution of Barrovian amphibolite-facies terranes. Age 
determination must thus be coupled with petrological constraints on mineral-forming reactions and P-T conditions. 
Geochronology of these minerals have different strengths and difficulties, such as the presence of common Pb, low U 
content, different reactivity and uncertain closure temperature, which may reduce accuracy and precision of age 
determinations. A mineral-specific approach to U-Th-Pb analysis and data treatment is required, and dating of multiple 
minerals in the same rock and comparison of ages from diverse lithologies, both locally and over regional scale, increase 
reliability of the ages.

Accessory minerals allanite, monazite and rutile from amphibolite facies rocks across the Barrovian sequence of the Central 
Alps (Switzerland) were investigated for composition and U-Th-Pb ages. Allanite and monazite preserve distinct growth 
zones and were dated in situ by SHRIMP ion microprobe. Rutile geochronology was performed by ID-TIMS to improve 
precision. The growth ages of these minerals record stages of prograde and peak metamorphism (Fig. 1) and give insights 
into the relative stability of monazite and allanite, as well as rutile closure temperature. 

Allanite formed during the prograde path at 33-26 Ma. Allanite crystals are aligned along an early penetrative foliation that 
is overprinted by later generations of mica. Rutile from one metapelite at Alpe Sponda records the age of 33.45 ± 0.37 Ma, 
consistent with the age of allanite. Zr-in-rutile thermometry yields a temperature of 550 ± 20 °C, which is lower than the 620 
°C deduced from the main mineral assemblage, indicating that rutile crystallized under prograde conditions. We interpret 
this early age as the time when the rocks reached maximum pressure conditions. 

A later metamorphic stage at higher T is recorded in monazite and rutile, and in allanite rims in one sample. Monazite in 
two samples from the Western and Central Lepontine yields an age of ~22 Ma and grew at the expense of allanite and 
after the first stage of garnet growth. In monazite-bearing samples, allanite is preserved as inclusions in garnet, whereas 
monazite is part of the matrix. Zr-in-rutile thermometry suggests that ~23 Ma rutile in a calcschist records the timing of 560-
600 °C in the western Lepontine at Robiei. Allanite rims in one metapelite from the same area crystallized at 19.7 ± 1.3 on 
older (27 Ma) cores, and are also interpreted to reflect the timing of peak to retrograde conditions. 

Through multi-mineral geochronology a metamorphic history that spans 10 Ma can be reconstructed: from prograde 
greenschist-facies to peak amphibolite-facies conditions. The observation that 33 Ma prograde rutile is preserved despite 
the later temperature peak at 22 Ma suggests a closure temperature of Pb in rutile in excess of 620 °C. 
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Figure 1. Summary of geochronology results grouped by area (Western, Central and Eastern Lepontine) and by mineral dated. Sample 
locations and numbers: Robiei (Ba0901/0903), Croveo (Ma9330), Campolungo (Ma0901, CLB-3/-4), Alpe Sponda (Sp9712), Forcola 
(LEP0979/0980/0807).
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7.9
Evaluating and improving the gold standard: ID-TIMS U-Pb 
geochronology applied to the stratigraphic record.

Blair Schoene1

1 Department of Geosciences, Princeton University, Princeton, NJ 08544, USA (bschoene@princeton.edu)

U-Pb zircon ID-TIMS geochronology of volcanic ashbeds is a powerful and widespread method of calibrating processes 
recorded in the stratigraphic record, from biotic evolution to environmental change. There are more U-Pb dates pinning the 
geologic timescale than any other geochronologic method, and so assessing the accuracy of these dates while pushing for 
increased precision is an ongoing task. This contribution summarizes recent improvements in the precision and accuracy of 
ID-TIMS U-Pb geochronology, highlights current limitations, and offers some ways forward, giving examples from ongoing 
projects.

Driven by the EARTHTIME initiative, U-Pb ID-TIMS labs around the world have increased collaboration and communication 
to assess laboratory protocols, sample preparation techniques, and standard reproducibility. Mixing and distribution of 
community tracers for isotope dilution have helped eliminate sources of interlab biases and enable the traceability of U-Pb 
dates to first principle experiments, permitting more accurate comparison to other dating techniques and 
cyclostratigraphy. Synchronous increases in analytical precision have been facilitated by improved lab techniques 
and better mass spectrometry. Dates from single ashbed zircons and zircon fragments are commonly far more precise than 
the timescales of zircon growth within upper crustal magmatic systems that source eruptions. Thus, uncertainty in relating 
such data to the process we actually want to date – ashbed eruption – limits the accuracy of timescale calibration and 
global correlation of events.  

There is currently no consensus on how to interpret a dataset where zircon dates span over 10,000 to 1,000,000 years, 
given recognition of both prolonged zircon growth and anticipated analytical scatter, but new tools are emerging that 
continue to increase the precision and accuracy of dates and age models. These include imaging and microsampling of 
zircon, integration of geochemical information from zircon into age interpretations, characterization of plutonic and volcanic 
zircon systematics to build a database of common age distributions from each, and application of Bayesian methods to 
assess zircon growth records and develop more robust age models for stratigraphic successions. For questions where the 
highest precision is required, for example those pertaining to the causes and consequences of mass extinction events, the 
interpretation of zircon U-Pb data can play a crucial role in how we understand the Earth system.
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7.10
Prolonged low-temperature storage of supervolcanic magma reservoirs 
recorded by zircon and titanite petrochronology

Dawid Szymanowski1, Jörn-Frederik Wotzlaw1, Ben S. Ellis1, Olivier Bachmann1 & Albrecht von Quadt1

1 Institute of Geochemistry and Petrology, Department of Earth Sciences, ETH Zürich, Clausiusstrasse 25, CH-8092 Zürich  
  (dawid.szymanowski@erdw.ethz.ch)

Clues about the timescales and thermal conditions associated with the growth and evacuation of large silicic magma 
reservoirs are frequently drawn from radiometric dating, diffusion modelling, or thermomechanical modelling. A growing 
amount of petrological and geochronological evidence, supported by thermal modelling, suggests that many silicic magma 
reservoirs may exist for some 104–106 years in the form of high-crystallinity mushes at relatively low temperatures (~700-
750°C; Bachmann & Bergantz 2004; Gelman et al. 2013; Cooper & Kent 2014). Geochronological studies addressing this 
issue typically utilise the U–Pb system in zircon capable of recording extended periods of crystallisation, particularly in 
evolved calc-alkaline systems that spend most of their lifetime zircon-saturated.

In this study, we integrate U–Pb dating of zircon and titanite to investigate the longevity of the magma reservoir that 
produced the Kneeling Nun Tuff, a ~35 Ma, > 900 km3 crystal-rich rhyolitic super-eruption from the Mogollon–Datil volcanic 
field in New Mexico (USA). High-precision ID–TIMS U–Pb dates of single crystals of both zircon and titanite independently 
record a continuous crystallisation history over >400,000 years. We combine the dating of both accessory phases with 
textural, major, trace element and isotopic studies of single crystals, placing tight constraints on the thermal conditions of 
magma accumulation and storage while recording differentiation and rejuvenation processes within the magma reservoir. 
The results suggest a protracted ‘cool’ upper-crustal storage of magma prior to the Kneeling Nun Tuff eruption followed by a 
melting event which reduced the magma crystallinity and conditioned it for eruption.

REFERENCES
Bachmann, O. & Bergantz, G. W. 2004: On the origin of crystal-poor rhyolites: Extracted from batholithic crystal mushes. 

Journal of Petrology 45, 1565-1582.
Cooper, K. M. & Kent, A. J. R. 2014: Rapid remobilization of magmatic crystals kept in cold storage. Nature 506, 480-483.
Gelman, S. E., Gutierrez, F. J. & Bachmann, O. 2013: On the longevity of large upper crustal silicic magma reservoirs. 

Geology 41, 759-762.
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P 7.1
LA-ICP-MS local zircon U-Pb dating of Late Variscan granites of the 
Dzirula and Khrami crystalline massifs (Georgia)

David Shengelia1, Tamara Tsutsunava1, Giorgi Chichinadze1, Giorgi Beridze1, Irakli Javakhishvili1

1 Alexandre Janelidze Institute of Geology, I. Javakhishvili Tbilisi State University, A. Politkovskaya 31, 0186 Tbilisi  
  (d_shenge@yahoo.com)

Late Variscan granites are widespread in the Dzirula and Khrami crystalline massifs of the Black Sea – Central 
Transcaucasian terrane (Gamkrelidze & Shengelia 2005). The age of the granites is well-grounded geologically by a 
number of geologists, but there are solitary isotope-geochronological data on these massifs (Dudauri & Togonidze 1985; 
Okroscvaridze 2002).
 
Late Variscan granites of the Dzirula crystalline massif is represented by porphyraceous and epigranular granites and the 
Khrami massif is built up of biotite-hornblende-allanite bearing, biotite bearing and biotite-garnet bearing granites and 
alaskites. During the Bretonian orogeny the Dzirula crystallinicum underwent tectonic layering. In particular, according to 
geologic and geophysical data it is proved that sialic and mafic layers of the Earth’s crust are overthrust on the sialic 
“inversional” layer (Ioseliani 1998; Gamkrelidze & Shengelia 2005). In the “inversional” sialic substratum at different depths 
initial magmas of epigranular eutectoid and porphyraceous granites of T type were generated (Figure 1). Porphyraceous 
granites by mineralogic and petrological characterization are formed in higher temperature conditions than epigranular 
granites and therefore they generated in most abyssal parts of the “inversional” layer and separately from one another as 
well.

Zircons of the Dzirula and Khrami massifs are fully corroborated by the authors with the help of U-Pb LA-ICP-MS method: 
68 local age determinations in the zircons from the Dzirula massif and 26 – from the Khrami massif are done. In some 
cases the inherited ages of detrital zircons and zircons assotiated with various endogenic processes are recorded as well. 
The obtained results are as follows: the age of Dzirula massif granites is – 315-331 Ma, the inherited age recorded in 22 
zircon grains occupies the interval of 396-2392 Ma. Th/U ratio in epigranular granites of the massif corresponds to the 
range 0,125-0,680, but in the porphyraceous granites this ratio is considerably different – 0,02-1,493. ɛHf(T) parameter lays 
in the interval from -1,5 to -9,2 and TDmC  – in the range 1426-1906. The same data for the Khrami massif are: the age 
varies in the interval of 319-331 Ma, inherited age fixed only in 1 zircon grain shows 931 Ma, Th/U ratio changes from 0,113 
to 0,617, ɛHf(T) parameter varies from -0,1 to -6,9 and TDmC – occupies the range 1425-1767.

In addition, results obtained by 94 local zircon U-Pb LA-ICP-MS dating proves that the age data of both granites from the 
Dzirula massif and from the Khrami massif cover the same interval and correspond to Late Variscan orogeny. Despite the 
similarity of a number of geochronological parameters the differences exist as well. They are caused by various reasons, 
but mainly by the higher content of mantle material in the granites of the Khrami massif compared to the Dzirula massif 
granites.  
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Figure 1. Principle scheme of formation of Late Variscan granites of the Dzirula crystalline massif.
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P 7.2
In-situ Sr measurements and Zircon analysis of aplitic dykes in Cu-Au-
(Mo) porphyry deposit Elatsite, Bulgaria

Marco Loretz1, Albrecht von Quadt1, Irena Peytcheva1,2

1 Institute of Geochemistry and Petrology, ETH Zurich, Clausiusstrasse 25, 8092 Zürich, Switzerland  
  (mloretz@student.ethz.ch)
2 Geological Institute, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria

Porphyry copper-gold deposits supply the major part of the worlds demand for copper and molybdenum as well as one-fifth 
of all the gold production (Sillitoe, 2010). These deposits consist of large volumes of hydrothermally altered rock with 
extensive hydrothermal sulphide mineralisation, centerd around multiple intrusions which evolved form an underlying 
magma chamber. The Elatsite Cu-Au-(Mo) deposit in Bulgaria was investigated by Fanger (2001) and Stefanova et al. 
(2014) who suggested, that the ore mineralization occurred after a transitional proccess between magmatic and 
hydrothermal stages.

The aim of this study was to investigate isotope analyses to define the time window of the ore formation, the isotopic 
element behaviour at the magmatic to hydrothermal stage in aplitic dykes in different host rock assemblages of the 
porphyry system in Elatsite to identify the magmatic evolution and linking to the formation of the deposit.

The study of Sr and Nd measurements on individual mineral micro-scale area is promised to probably find non-altered Sr/
Nd compositions instead of whole rock data. For this purpose, we have selected to use a small scale hollow-drill sampling 
technique. Sr and Nd tracing analyses have been performed on a MC-ICP-MS (NU3) and on our Thermal Ion Mass 
Spectrometer (TritonPlus-RPQ, ThermoFischer Scientific). The Selected zircon grains of three selected magmatic rocks 
(granodiorite porphyry, aplitic dyke, monzodiorite porphyry) have been analysed in a first step by the LA-ICP-MS technique 
to indetify chronology of the magmatic intrusives. Eight individual zircons of each sample, which are lying on the concordia 
have been selected for high-precision TIMS analysis.

Results of the isotopic investigations show that within single cm thick aplitic dykes variations in 87Sr/86Sr ratios from 0.706 to 
0.710 may occure due to microscale seggregation of early hydrothermal fluid from the late magmatic melt. On the other 
hand, a similar aplitic intrusion with a crosscutting quartz vein yield equal Sr ratios in the hydrothermal quartz as in the 
aplitic dyke.

The LA-ICP-MS measurements of the zircons yield a time window of the intrusive porphyry bodies of < 1.5 Ma, which 
reflects a small timeframe of ore formation. Preliminary U-Pb zircon ages demonstrate a shorter time life of the magmatic 
history as well as the ore formation.

Precise small-scale hollow drilling combined with MC-ICP-MS can provide a different approach in isotope distribution 
studies while the advantage over a conventional drilling lies clearly in the three-dimensional mineralogical control of the 
drilled sample. Single generations of late magmatic aplitic dykes may not yield equal distribution of isotopic content due to 
heterogeneous distribution of minerals which is related to the separation of hydrothermal fluid from the late magmatic melt. 
Transition from late magmatic to hydrothermal stage within an ore forming system is not clearly gradual along single dykes 
or intrusions, but segregationally within very late dykes or draining from magmatic batches.

REFERENCES
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Hydrothermal Veins: The Magmatic to Hydrothermal Evolution of the Elatsite Porphyry Cu-Au Deposit, Bulgaria. 
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P 7.3
Statherian bimodal volcanic and anorogenic intrusive rocks in northern 
Guanhães Block, SE Brazil: an episode of continental rift 

Joana Magalhães1,2,3, Antônio Pedrosa-Soares2, Ivo Dussin4, Othmar Müntener1 , Luiz Guilherme Knauer2

1 Institut des Sciences de la Terre, University of Lausanne, CH-1015 Lausanne, Switzerland (joana.magalhaes@unil.ch)
2 Programa de Pós-graduação em Geologia, Universidade Federal de Minas Gerais, Av. Antônio Carlos 6627,  
  31270-901  Belo Horizonte, MG, Brazil 
3 Geological Survey of Brazil, Av. Brazil 1731, 30140-003 Belo Horizonte, MG, Brazil
4 Faculdade de Geologia, Universidade do Estado do Rio de Janeiro, R. São Francisco Xavier 524,  
  20559-900 Rio de Janeiro, RJ, Brazil

Statherian (1.8-1.6 Ga) taphrogenic processes are well recorded on the east margin of São Francisco Craton and 
culminated with the opening of a intracontinental rift-sag basin. Volcanic and intrusive rocks related to the rift evolution are 
widespread in the Guanhães Block, southern Brazil (Figure 1). Detailed in situ zircon U–Pb and Hf isotopic data are 
presented for mafic and felsic volcanism in the Alto Rio Guanhães region, aiming to constrain their age, petrogenesis, and 
tectonic implications.

Felsic magmatism is represented in the Guanhães Block by voluminous anorogenic igneous activity such as meta-granite 
bodies and meta-rhyolites. Poorly synchroneous mafic-ultramafic volcanism is characterized by restricted occurrences of 
meta-basalts, meta-gabbros and tremolite-talc schists. 

LA-ICPMS zircon U–Pb ages indicate that the mafic and felsic volcanic rocks were erupted at 1725 ± 4 Ma and 1748 ± 3 
Ma, respectively. The mafic rocks are tholeiitic in composition and exhibit overall moderate enrichments in most 
incompatible trace elements, resembling within–plate basaltic rocks in continental rifts. The felsic rocks have geochemical 
characteristics of A2-type granites suggesting an extensional tectonic regime (Dussin, 1994).

All analyzed zircons from meta-basalts yielded consistently negative εHf(t) varying from -8.25 to -4.05, suggesting 
contamination during ascent through the crust. εHf(t) from meta-rhyolite ranges from -17.58 to -12.32  and indicate that 
magma was essentially sourced from crustal rocks. The Hf model ages (TDM) of zircons from meta-basalt range between 
2.28-2.44 Ga, while those for meta-rhyolite vary from 2.62–2.80 Ga, which is the age of the Archean basement defined as 
Guanhães Complex.

The mafic rocks were most likely generated by parental magmas derived from enriched lithospheric mantle and crystal 
fractionation during magma evolution. The genesis of felsic magmatism is related to partial melting of Archean continental 
crust. The heat is most probably provided by underplating mafic magmas. At that time, the bimodal volcanic rocks 
interlayerd with the Guanhães Group were developed in a continental rifting environment in Statherian time.
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Figure 1. Geotectonic setting of the study area - Guanhães Block within Araçuaí–West Congo orogenic system and related cratons 
(modified from Alkmim et al. 2006).
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Orléans, PhD Thesis.
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High precision Nd isotope ratio measurements by Thermal Ionization 
Mass Spectrometer with Faraday collectors equipped with 1e12 ohm 
feedback resistors
Zenon Palacz1

2 IsotopX Ltd., Milbrook Court, Midpoint 18, CW10 0GE Cheshire, UK (zenon.palacz@isotopx.com)

We present the analytical performance of new amplifier boards equipped with 1e12 ohm resistors. Noise levels of ~3 to 4 
e-18 amp (3 to 4 attoamp) can be achieved with noise integration of 12 minutes. The resistors have a dynamic range up to 1 
volt (1e11 ohm equivalent) or 6e7cps. The relative gains between the resistors can be calibrated with a reference voltage 
rather than with an ion beam. For an ion signal of 5e-14 amp 143Nd. Replicate measurements of 143Nd/144Nd yielded a 
reproducibility of 150ppm 2RSD, a factor of three better than for a 1e11 ohm resistor. Replicate measurements of 100pg Nd 
metal  using single filaments with a carbon activator yielded 143Nd/144Nd 0.512111+/-62ppm 2RSD. With ion yields of 
12%. 

The precision of these measurements is better than can be obtained using a single ion counting Daly detector at the same 
ion intensity.  The large dynamic range overlap between the ion counting Daly and the 1e12 ohm (1T) resistors makes them 
particularly well suited for high precision Pb and U measurements using a combination of the two detectors. 

P 7.5
First high-precision U-Pb dates from the new Phoenix TIMS at University 
of Geneva

Urs Schaltegger1, Joshua H.F.L.1 & Zenon Palacz2

1 Earth Sciences, University of Geneva, Rue des Maraîchers 13, 1205 Genève  
  (urs.schaltegger@unige.ch; Joshua.Davies@unige.ch)
2 IsotopX Ltd., Milbrook Court, Midpoint 18, CW10 0GE Cheshire, UK (zenon.palacz@isotopx.com)

We will present first U-Pb data from the new PHOENIX thermal ionisation mass spectrometer at University of Geneva, 
purchased in 2016. This instrument is optimized for lowest-level isotopic analyses for U-Pb geochronology. We are 
investigating different measurement techniques, involving single-collector Daly-based ion counting, and mixed Faraday-Daly 
multidynamic procedures using novel high-sensitivity and low-noise 1TOhm faraday cups. 
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Variations in the frequency and magnitude of volcanic eruptions at arc 
volcanoes

Tom Sheldrake1, Luca Caricchi1°, 

1 Department of Earth Sciences, University of Geneva, Geneva, Switzerland
  (thomas.sheldrake@unige.ch)
° Presenting author

Quantifying the frequency-Magnitude (f-M) relationship for volcanic eruptions is important to estimate volcanic hazard. 
Furthermore, understanding how this relationship varies between different groups of volcanoes can provide insights into the 
processes that exert control on the frequency and size of volcanic events. Using the LaMEVE record of large-magnitude 
volcanic eruptions we calculate the f-M relationship for sets of volcanoes according to factors such as morphology and 
tectonic setting. We use a Bayesian framework, which allows us to conceptualise the volcanic record as a series of 
individual and unique time series, associated by common group behaviour. We identify variations in f-M behaviour between 
different regions on Earth, with volcanic arcs where the crust is thicker associated with a higher proportion of larger-
magnitude eruptions. Together with crustal magma fluxes, the crustal thickness is used to explain regional variations in the 
f-M relationship. The comparison between volcanic systems with different characteristics, across a variety of tectonic 
settings, will allow us to identify the main factors controlling the tempo of volcanism. Additionally, understanding the link 
between tectonic setting, physics of magmatic processes, and the recurrence rate of volcanic eruptions will serve to 
improve our capacity to quantify volcanic hazards in regions with limited geological and historical records of volcanic 
activity.
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A geochronologic framework for Middle Triassic magmatism and 
sedimentation in the Southern Alps 

Julian-Christopher Storck1, Peter Brack1, Jörn-Frederik Wotzlaw1, Peter Ulmer1 & Albrecht von Quadt

1 Department of Earth Sciences, Institute of Geochemistry and Petrology, ETH Zurich, Sonneggstrasse 5, CH-8092 Zurich  
  (julian.storck@erdw.ethz.ch)

The middle Triassic magmatism in the Southern Alps and particularly in the Dolomites and Lombardian Alps encompasses 
widespread felsic volcaniclasic deposits, basaltic lava flows and irregularly distributed intrusive complexes. The origin, 
petrogenesis and geodynamic setting as well as the timescales of this magmatic flare-up remain poorly understood. Felsic 
volcanic ash layers interbedded with Middle Triassic fossiliferous sedimentary successions have been traced over hundreds 
of kilometres in stratigraphic sections with litho-, bio- and magnetostratigraphic control (Brack & Rieber, 1993) and 
document a time interval of ca. four millions of years (e.g., Brack et al., 2007). Small intrusions, including those at Monzoni 
and Predazzo in the Dolomites, were emplaced during or immediately after the climax of the explosive volcanic activity.

Here we present a detailed stratigraphic framework and a comprehensive zircon petrochronology dataset that constrain the 
timing as well as the chemical evolution of this magmatic province. High precision zircon U-Pb geochronology obtained by 
CA-ID-TIMS provide absolute tie-points for felsic ash layers from various localities and also bracket the interval of effusion 
of several hundred metres thick piles of basaltic lava in the Dolomites. The new stratigraphic and geochronologic 
framework further allows linking these volcanic deposits with stratigraphically unconstrained intrusive complexes at Monzoni 
and Predazzo.

The new temporal framework with unprecedented resolution provides a firm basis for a quantitative analysis not only of the 
magmatic systems but also of sedimentary processes including the growth of carbonate platforms during the Middle 
Triassic.

REFERENCES  
Brack, P. & Rieber, H. 1993: Towars a better understanding of the Anisian/Ladinian boundary: New biostratigraphic data and 

age correlations of boundary sections from the Southern Alps, Eclogae Geologicae Helvetiae 86(2), 415-527. 
Brack, P., Rieber, H., Mundil, R., Blendinger & W., Maurer, F., 2007: Geometry and chronology of growth and drowning of 

Middle Triassic carbonate platforms (Cernera and Bivera/Clapsavon) in the Southern Alps (northern Italy). Swiss Journal 
of Geosciences 100(3), 327-347.
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Zircon U-Pb geochronology at the 0.1 ‰ level by ID-TIMS using 1013 Ω 
resistors

von Quadt, A.1, Wotzlaw, J.-F.1, Buret, Y.1, Large, S., Peytcheva, I.1,2 and Szymanowski, D. 1

1 Institute of Geochemistry and Petrology, ETH Zurich, IGP, Clausiusstrasse 25, CH-8092 Zurich, (vonquadt@erdw.ethz.ch)
2 Geological Institute, Bulgarian Academy of Sciences, Sofia, Bulgaria

The accuracy and precision of U-Pb isotope analysis using newly available 1013 Ohm resistors by Thermal Ionisation Mass 
Spectrometry (TIMS) have been tested using a variety of reference materials. The TritonPlus-RPQ at the IGP (ETH Zurich) 
is equipped with five new 1013 Ohm resistors and one MasCom multiplier to measure the 202-204-205-206-207-208Pb masses in 
static mode; the 265-267-270UO2 masses are measured during a second step, also in static mode. The new equipment has 
been tested using different natural zircon standard materials and synthetic U/Pb solutions (www.earthime.org).

High-precision zircon U-Pb data sets are limited by internal measurement uncertainties as well as the accuracy and 
precision of the correction of isobaric interferences from minor UO2 isotopologues, which can become the major source of 
uncertainty. Here we present a direct comparison of high-precision U-Pb data obtained using different detector systems, 
including dynamic peak hopping on a secondary electron multiplier and static multi-collection routines that use 1013 ohm 
resistors in the amplifier feedback loop [von Quadt et al., 2016]. We also demonstrate precise and accurate measurement 
of the minor 238U18O16O isotopologue (i.e., 272(UO2)) in a static and combined static-multi-collection routine, which permits 
precise and accurate determination of the 18O/16O ratio of UO2 molecules during the U-isotope ratio measurement. 

This study illustrates that the accurate and precise within-run correction of isobaric interferences from the minor UO2 
isotopologues eliminates one of the major sources of uncertainty in ultra-high-precision U-Pb data sets. This approach 
permits the determination of single U-Pb dates with uncertainties <0.2 ‰ and corresponding weighted mean dates with 
uncertainties <0.1 ‰.

REFERENCES
Von Quadt, A., Wotzlaw, J,-F., Buret, Y., Large, S.J.E., Peytcheva, I., Trinquier, A. 2016: High-precision zircon U/Pb 

geochronology by IDTIMS using new 1013 ohm resistors JAAS 31: 658-665.



250
Sy

m
p

o
si

u
m

 7
: 

Ti
m

in
g

 o
f 

Ea
rt

h
 P

ro
ce

ss
es

Platform Geosciences, Swiss Academy of Science, SCNATSwiss Geoscience Meeting 2016

P 7.9
The effect of chemical abrasion on zircon chemistry, crystal structure 
and ID-TIMS-U-Pb ages 

Philipp Widmann1, Joshua Davies1, Urs Schaltegger1 

1 Department of Earth Sciences, University of Geneva, rue des Maraîchers 13, CH-1205 Geneva, Swit zerland  
  (Philipp.widmann@unige.ch) 

It is customary in U-Pb-dating of ash layers to choose the yougest group of zircon U-Pb ages assuming that zircon 
crystallization is similar in age to volcanic eruption and ash deposition. However, loss of radiogenic Pb (Pb*) from the 
crystal lattice (Pb-loss) or the presence of old cores (inheritance) result in biased ages which are, respectively, either too 
young or too old. Therefore, reliable and meaningful ages require the control on factors that cause dispersion of ages. 
Grains with inherited cores can be easily excluded through careful pre-selection on the base of CL imaging. Recognition 
and mitigation of Pb-loss is more difficult and impacts directly on the final age of the grain.

Pb-loss occurs along altered zones of the crystal lattice as a consequence of the structural damage produced by Uranium 
decay, which provides pathways for Pb to diffuse through the lattice (Nasdala et al., 2005). Mattinson (2005) established 
the chemical abrasion technique (CA), comprising high temperature annealing to restore the damaged parts of the crystal 
lattice, followed by an acid attack to remove the remaining non-annealed zones, leaving an undisturbed (closed-system) 
residue. The Mattinson (2005) technique is purely empirical and is often modified by different labratories. However, without 
a proper understanding on how (1) the applied annealing temperature and (2) the temperature and duration of partial 
dissolution affect metamict and non- metamict zones, data from different U-Pb geochronology laboratories following 
different procedures are problematic to compare quantitatively. Previous studies have investigated the effect of annealing 
on radiation damaged zones at different time and temperature conditions (e.g. Nasadala et al., 2002), or the effect of 
temperature at a fixed duration of the partial dissolution step (Huyskens et al., 2016) on the final reproducibility of U-Pb 
dates. However, no study has investigated the effect of the chemical abrasion procedure on the zircon trace element 
chemistry compared to the state of the crystal structure and the U-Pb date. 

This study intends to develop protocols for chemical pre-treatment of zircon based on crystal structure, and also determines 
the effects of chemical abrasion on zircon chemisty. For this purpose we choose to study the Plešovice zircon, which is 
used as a reference material (Sláma et al., 2008). The Plešovice zircon is ideal due to its variations in trace element 
concentrations and because it contains domains rich in actinides. Plešovice grain fragments were annealed for 48h at 
900°C. Four aliqouts were seperated and attacked in concentrated hydrofluoric acid at 180 °C for 6h, 12h, 18h and 24h. 
Additionally, we performed Raman mapping, EMPA, CL imaging and LA-ICP-MS trace element analysis on each of the 
fractions. The zircons treated by CA were compared to untreated and solely annealed zircons. 

REFERENCES  
Huyskens, M.H., Zink, S., Amelin, Y., 2016: Evaluation of temperature-time conditions for the chemical abrasion treatment of 

single zircons for U–Pb geochronology, Chemical Geology, 438, 25-35.
Mattinson, J.M., 2005: Zircon U–Pb chemical abrasion (“CA-TIMS”) method: Combined annealing and multi-step partial 

dissolution analysis for improved precision and accuracy of zircon ages, Chemical Geology, 220, 1–2, 12, 47-66.
Nasdala, L., Lengauer, C.L.,  Hanchar, J.M., Kronz, A., Wirth, R., Blanc, P.,  Kennedy, A.K., Seydoux-Guillaume, A., 2002: 

Annealing radiation damage and the recovery of cathodoluminescence, Chemical Geology, 191, 1–3, 121-140.
Nasdala, L.; Hanchar, J.M.; Kronz, A., Whitehouse, M.J., 2005: Long-term stability of alpha particle damage in natural zircon. 

Chem. Geol., 220, 83–103.
Sláma, J., Košler, J., Condon, D.J., Crowley, J.L., Gerdes, A., Hanchar, J.M.  Horstwood, M.S.A., Morris, G.A., Nasdala, 

L.,Norberg, N., Schaltegger, U., Schoene, B., Tubrett, M.N., Whitehouse, M.J., 2008: Plešovice zircon — A new natural 
reference material for U–Pb and Hf isotopic microanalysis, Chemical Geology, 249, 1–2, 1-35,
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From discrete dates to continuous age: A systematic comparison of 
currently available age modeling software

Jörn-Frederik Wotzlaw1, Katrina Kremer2

1 Institute of Geochemistry and Petrology, Department of Earth Sciences, ETH Zurich 
  (joern.wotzlaw@erdw.ethz.ch)
2 Geological Institute, Department of Earth Sciences, ETH Zurich

Temporal calibration of sedimentary sequences typically involves dating of several discrete horizons that contain dateable 
material such as volcanic ash beds for U-Pb or 40Ar/39Ar dating  and organic-rich layers for 14C geochronology. However, in 
many cases, the events of interest such as paleoclimatic, environmental and evolutionary turnovers occur somewhere 
between these dated horizons. Accurate dating of such events therefore requires some sort of interpolation between dated 
horizons, thereby constructing a continuous age model for sediment deposition. For this purpose, different types of age-
depth models and corresponding software applications have been developed. Most of these applications were developed 
within and for the 14C geochronology and paleoecology communities but are applicable to essentially all chronostratigraphic 
studies. We here present a systematic comparison of different age-depth modeling approaches using a variety of 
geochronologic data from different depositional settings. All software we test herein is freeware and uses R as an interface. 

Two of the software packages, Bchron (Haslett and Parnell, 2008; Parnell et al., 2008) and Bacon (Blaauw and Christen, 
2011) use bayesian approaches that take into account prior assumptions about sediment deposition while the third 
software, Clam (Blaauw, 2010), uses classical non-bayesian interpolation algorithms (e.g., linear interpolation, cubic spline 
fitting etc.).

We apply these different software applications to 14C dated lacustrine deposits, zircon U-Pb dated marine sections and 
40Ar/39Ar dated continental sequences, some of which have independent age models from orbital tuning. Age models 
generated using the different approaches show some significant differences, particularly with respect to model uncertainties. 

Age models generated using Bchron tend to have the largest uncertainties while Clam-generated models tend to have the 
smallest uncertainties. Bacon-generated age models strongly benefit from prior assumptions concerning the sediment 
accumulation rate (absolute rate and rate of change in accumulation rate) that can be derived from sedimentologic and 
stratigraphic data resulting is more realistic uncertainty estimates. The robustness of age models is tested by randomly 
removing and adding individual dates from the different data sets. The accuracy of all age models primarily depends on the 
number and distribution of discrete age constraints as well as the complexity of the depositional systems. Simple 
depositional systems with rather uniform sediment accumulation rates (e.g., pelagic/hemipelagic and lacustrine deposits) 
require only a small number of age constraints while complex depositional systems (e.g., fluvial deposits) require a large 
number discrete dates.

This comparison highlights the non-unique nature of stratigraphic age models and aims to motivate the wider 
geochronology and stratigraphy communities to find agreement concerning the use and interpretation of such models.

REFERENCES
Blaauw, M., 2010: Methods and code for ‘classical’ age-modelling of radiocarbon sequences. Quaternary Geochronology, 5, 

512-518.
Blaauw, M., Christen, J.A., 2011: Flexible paleoclimate age-depth models using an autoregressive gamma process. 

Bayesian Analysis, 6, 457-474.
Haslett, J., Parnell, A., 2008: A simple monotone process with application to radiocarbon dated depth chronologies. Journal 

of the Royal Statistical Society: Series C, 57, 1-20.
Parnell, A., Haslett, J., Allen, J., Buck, C., and Huntley, B., 2008: A flexible approach to assessing synchroneity of past 

events using Bayesian reconstructions of sedimentation history. Quaternary Science Reviews, 27, 1872-1885.
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The response of Baddeleyite to radiation damage, and how this relates 
to Pb loss

Davies, JHFL.1 Seydoux-Guillaume, A-M.2 Heaman, L.3  Marzoli, A.4 Schaltegger, U,1  

1 Department of Earth Sciences and the Environment, Université de Genève 13, Rue des Maraîchers 13, Geneva 1205,  
  Switzerland
2 Laboratoire Magmas et Volcans LMV, UMR 6524 CNRS-UBP-UJM-IRD, Faculté des Sciences et Techniques,  
  23 rue du Dr. Paul Michelon, 42023 Saint Étienne, France
3 Department of Earth & Atmospheric Sciences, University of Alberta, Edmonton, Alberta T6G 2E3, Canada 
4 Dipartimento di Geoscienze, Università di Padova, via Matteotti 30, 35100 Padova, Italy 

Baddeleyite (ZrO2) is the oxide form of zircon.  It is a trace phase that incorporates U into its crystal structure whilst 
rejecting Pb and is dominantly found in mafic rocks.  Baddeleyite U-Pb geochronology typically yields concordant or close 
to concordant results whereas untreated zircon from the same samples with similar U concentrations can record large and 
variable degrees of discordance (Davies and Heaman, 2014).  Therefore, baddeleyite should be an ideal geochronometer, 
however, high precision U-Pb analysis of baddeleyite often uncovers age dispersions greater than expected from simple 
cooling models (Bloch et al. 2014), and much greater than co-existing zircon that has undergone chemical abrasion 
treatment.  These findings suggest that baddeleyite records small degrees of open system behaviour (Pb loss) and should 
be used with caution to obtain precise and accurate age information.  
 
Here we attempt to uncover the mechanism of Pb loss in baddeleyite with eventual the aim of removing the affected areas 
or identifying effected crystals before time and resource intensive ID-TIMS analysis.  To identify the mechanisms for Pb loss 
we have structurally, chemically and geochronologically characterized a suite of crystals from gabbroic sills, dolerite dykes, 
carbonatites and metamorphosed limestones over an age range of 2 Ga using TEM, Raman spectroscopy, elemental 
analysis, electron imaging and U-Pb geochronology.  

Our TEM analysis shows that all of the crystals are crystalline and non-metamict despite high alpha doses.  However, older 
crystals show evidence of lattice distortion which is most likely related to Frenkel pairs, similar to monazite (see Seydoux-
Guillaume et al. 2002; 2004).  Raman spectral analysis of the same crystals show band broadening, intensity loss and the 
appearance of new bands suggesting that the short range order of the crystals is significantly altered, and this disturbance 
correlates with alpha dose.  The combination of long range order with short range disorder is similar to that found in biotite 
radiohalos around zircon inclusions (Nasdala et al. 2001).  Based on our exhaustive analysis of different baddeleyite 
crystals, we suggest the likely causes of open system behaviour, and also recommend the best ways for avoiding it and in 
the process, obtain the most reliable age information.  

REFERENCES  
Bloch. E., Watkins, JM., & Van Orman, JA., 2014: Diffusion kinetics of geochronologically relevant species in baddeleyite 

AGU Fall Meeting Abstracts 1, 4872.
Davies, JHFL., & Heaman, LM., 2014: New U–Pb baddeleyite and zircon ages for the Scourie dyke swarm: A long-lived 

large igneous province with implications for the Paleoproterozoic evolution of NW Scotland, Precambrian Research, 249, 
180–198.

Nasala, L., Wenzel, M., Andrut, M., Wirth, R., & Blaum, P., 2001: The nature of radiohaloes in biotite: Experimental studies 
and modeling, American Mineralogist, 86, 498-512.

Seydoux-Guillaume A. M., Wirth, R.,  Nasdala, L., Gottschalk, M., Montel, JM., & Heinrich, W. 2002. An XRD, TEM and 
Raman study of experimentally annealed natural monazite, Physics and Chemistry of Minerals, 29, 240-253.

Seydoux-Guillaume A. M., Wirth, R.,  Deutsch, A., & Schaerer, U. 2004: Microstructure of 24-1928 Ma concordant 
monazites; implications for geochronology and nuclear waste deposits, Geochimica Cosmochimica Acta, 68, 2517-2527.
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Discriminating age and type of detrital sources in the Taveyannaz 
Formation (Northern Alpine early foreland basin)

Lu Gang1, Andrea Di Capua2, Wilfried Winkler1, Sean Willett1, Albrecht von Quadt3, Maria Giuditta Fellin3, Meinert Rahn4, 
Peter Brack3

1 Department of Earth Sciences, Geological Institute, ETH Zürich, Sonneggstrasse 5, 8092 Zürich, Switzerland  
  (gang.lu@erdw.ethz.ch)
2 Università degli Studi di Milano-Bicocca, 4, Piazza della Scienza, 20126 Milano, Italy
3 Department of Earth Sciences, Sonneggstrasse 5, 8092 Zürich, Switzerland
4 Swiss Federal Nuclear Safety Inspectorate ENSI, Industriestrasse 19, 5200 Brugg, Switzerland

Paleogene syn-tectonic volcanic products sparsely occur in the Alpine orogen. They are located in three basinal settings: 
(1) the Northern Alpine early foreland basin (Late Eocene? to Oligocene Taveyannaz and Champsaur Fms.; e.g. Rahn et al. 
1995), (2) the Southern Alps foreland basin (Oligocene-Miocene Como Formation and Gonfolite Lombarda Group, (e.g. 
Malusa et al. 2011), and (3) Middle to Late Eocene South Alpine turbiditic sandstones intercalated within deep-water 
successions of the Trento area (e.g. Sciunnach and Borsato 1994). The chronostratigraphic range of the formations 
correlates with the Cenozoic Alpine collision, however, the derivation and geodynamic significance of the volcanic material 
is poorly defined. It is likely that the Eocene-Oligocene volcaniclastic material was supplied from volcanic dykes related to 
the magma intrusions as well as eruptions along the palaeo-Insubric lines. 

We investigate the Early Oligocene (Rupelian) turibidite deposits to evaluate their temporal and genetic relationship with the 
hypothetical magmatic provinces and basement. Detrital zircons from sandstones in three representative localities (Haute-
Savoie, Alpe de Taveyannaz and Glarus area) have been dated by laser ablation ICP-MS analysis methods. The obtained 
age patterns are compared with trace element analysis of the detrital zircons (Eu, Th, U,  REE) which indicate the 
magmatic environment of zircons crystallization. Time corrected 176Hf/177Hf isotope ratios allow revealing their origin from 
either mantle or crust (crustal contamination as a result of single or polyphase recycling). 

The age of detrital zircons show two major populations: a large dominance (92%) of pre-Alpine zircons (Cadomian, 
Caledonian, Variscan and post-Variscan, ~ 650–252 Ma) as commonly observed in other Alpine flysch formations (e.g. Beltrán 
et al. 2013). Notably, the Caledonian zircons largely prevail and a derivation from Austroalpine basement units can be inferred 
(Frisch, 1984). For further evaluating the type of besement sources, we shall apply a double-dating on detrital zircons.

Neo-Alpine detrital zircons are quite rarely observed (8%) in the age range from Late Eocene to Early Oligocene (~ 
39.8±0.7 – 29.7±0.8 Ma). Th/U, Ce, Eu (REE) signatures clearly imply that the zircons have an igneous origin.The obtained 
zircon ages correlate with geochronologic data from the Adamello (~ 43-29 Ma), Bergell (~ 32-28 Ma) and Biella (~ 33-30) 
intrusions, and their related dykes, repectively. Thermochronological data, however, indicate that these intrusions along the 
palaeo-Insubric line were still burried below the surface between 10 and 5 kms (e.g. Rosenberg 2004). Consequently, the 
detrital zircons were derived from dykes and surficial extrusions. Preliminary εHf(t) data in the Glarus area are ambiguous 
showing positive and negative values in two different samples.

The discovery of minor Neo-Alpine zircons presumably is due to low zircon production in the volcanic sources along the 
palaeo-Insubric line. The long distance transport of the syn-sedimentary volcanic material caused mixing with various Alpine 
basement sources. Thermochronological results in literature suggest that Austroalpine and South Alpine may have 
represented the major sources.

ACKNOWLEDEMENTS: The support of LG by a Chinese Scholarship (CSC) is appreciated.
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Zircon petrochronology revealing the shallow-crustal magmatic 
evolution and timescales of mineralization at the Ok Tedi porphyry-
skarn Cu-Au deposit
Simon J. E. Large1, Albrecht von Quadt1, Jörn-Frederik Wotzlaw1 and Christoph A. Heinrich1 

1 Institute of Geochemistry and Petrology, ETH Zürich (simon.large@erdw.ethz.ch)

Metal endowed porphyry deposits are the result of the magmatic-hydrothermal interplay in the upper crust. These porphyry 
stocks are small rapidly cooling apophyses of much larger magma chambers below that are the locus of zircon 
crystallization. Understanding the magmatic evolution in this magma reservoir together with the pace of emplacement of 
porphyry stocks are key questions in understanding these deposits. To fully quantify these processes we apply a 
combination of spatially resolved in-situ geochemistry with high precision CA-ID-TIMS geochronology on zircons from the 
Ok Tedi deposit, one of the youngest (~1.2 Ma) giant Cu-Au porphyry-skarn deposits.

Zircons from intrusive rocks associated with the Ok Tedi deposit, were imaged for internal textures (CL), followed by in-situ 
geochemical and geochronological data acquisition by LA-ICP-MS. We selected inclusion and inheritance free zircons to 
obtain high precision U-Pb CA-ID-TIMS dates. This combination of spatially resolved in-situ trace element analysis with 
high precision dating enables us to reconstruct the magma chamber evolution from zircon saturation to the emplacement of 
the porphyry intrusions at <10 ka years resolution. 

Zircon ages of pre- and syn-mineralization intrusives indicates protracted zircon crystallization within the magma chamber 
over some 105 years and a rapid succession of emplacement and subsequent mineralization within few 104 years. Similar 
geochemical trends in zircons from all samples trace progressive fractional crystallization in the magma reservoir and 
indicate a common magmatic source. A portion of the youngest zircons record distinct chemical characteristics that are not 
coherent with the fractional crystallization trend and point to a rapid change of the chemical conditions towards the end of 
zircon crystallization. Rapid porphyry emplacement, crystallization and Cu-Au mineralization at Ok Tedi is consistent with 
numerical predictions and other geochronological studies (Weis et al., 2012; Buret et al., 2016; Tapster et al 2016).
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