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Outline: 
 
1. The basics – decay chains, dates, and data visualization 

2. Geochemistry of U and Pb - what materials can we 
date? 

3. Analytical techniques 

4. Focus on high-precision U-Pb geochronology 
1. Methodology 
2. Case studies 

Introduction to U-Pb geochronology, with a focus on “high-precision” ID-TIMS 
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Decay of U and Th to Pb 



Three isochron equations for the three systems 
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plus one extra: 



Correcting for initial daughter product (common Pb) 
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1)  ignore it because there is so much radiogenic Pb relative to Pbc (either 
because the mineral is old or U-rich) 

2)  use isochron methods to solve for the composition of Pbc (if the minerals meet 
the requirements of an isochron) 

3)  use a co-existing low-U phase to measure the composition of Pbc 

4)  estimate it using a “bulk earth” Pb evolution model (e.g. Stacey and Kramers) 

 



testing closed-system behavior: 
the concordia diagram 

€ 

235U→207Pb
€ 

t1/ 2 ≈ 4.5Gyr

€ 

t1/ 2 ≈ 0.7Gyr

€ 

238U→206Pb

€ 

206Pb
238U

= exp λ238t( ) −1

€ 

207Pb
235U

= exp λ235t( ) −1

note that common lead 
correction is already made! 



Using the concordia diagram 
The	
  wetherhill	
  concordia	
  diagram	
  

The	
  Tera-­‐Wasserburg	
  concordia	
  diagram	
  



What materials can we date?  
Chemistry of U, Th and Pb 
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Geochemistry	
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Minerals used in U-Th-Pb dating 

Mineral Formula U content   
(ppm) 

Th/U Common Pb 
(ppm) 

Rock  
Type 

Zircon Zr SiO4 1 - >10,000 
 

0.1-2 < 1 most 

Titanite 
(sphene) 

CaTiOSiO4 4 -500 0.5-20 5 -40 k,c,a,m,ig,
mp, 

gp,hv, 
gn,sk 

Monazite (Ce,La,Th)PO4 282 - >50,000 
 

5-1000 < 10 mp,sg, 
hv,gp 

Xenotime YPO4 5,000 - 30,000 0.1-2 < 5 gp,sg 
Thorite ThSiO4 > 50,000 huge < 2 gp,sg 
Allanite (Ca,Ce)2(Fe+2,Fe+3) 

Al2O•OH[Si2O7] [SiO4] 
130- 600 

 
 

2-200 5 -30 ig,gp,sk 

Perovskite (Ca,Na,Fe+2,Ce) 
(Ti,Nb)O3 

21 -348  < 2- 90 k,c 

Baddeleyite ZrO2 58  - 3410 <0.2 < 5 k,c,um, 
m,a 

Rutile TiO2 < 1 - 390 0.1-5 < 2-10 gp,gn, hv 
Apatite Ca5(PO4)3(OH,F,Cl) 8 -114 2-20 < 5-30 most 

 

k=kimberlite, c = carbonatite, a=alkaline, m = mafic, ig = I-type granitoids, sg = s-type granitoids, mp = metapelites, 
hv=hydrothermal veins, gp=granitic pegmatites, leucogranites, sk=skarn 
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Imaging of chemical zoning – important for guiding ID-TIMS geochronology 
Zircon with inherited cores (to be 

avoided or microsampled) 
Zircon without cores (to be 

dated or microsampled) 

CL images 

•  Detection of age domains in complex zircon 
Slide courtesy of J. Crowley 



CA-ID-TIMS U-Pb on zircon

TIMS	
  lab	
  at	
  Princeton	
  

100 µm 

Zircon	
  in	
  grain	
  mount	
  

Separate	
  U	
  +	
  Pb	
  from	
  other	
  elements	
  

Load	
  onto	
  filament,	
  put	
  into	
  
mass	
  spectrometer	
  



source 

magnet 

analyzer 

A thermal ionization mass spectrometer  (TIMS) 

Footprint is ~2 x 1 m 

An IsotopX Phoenix62 at Princeton University 



Why is precision so good with TIMS? 

~	
  4	
  hrs	
  

1. Stable ion beams for long periods of time:  lots of data 



Why is precision so good with TIMS? 

2. Isotope dilution allows us to measured Pb and U separately, and thus not worry about 
interelemental fractionation during measurements (which is a limiting factor in precision of 
other techniques). 

How many red and 
blue balls are there in 
the grey box if you 
don’t know the size of 
the box? 

Cartoon courtesy of D. Condon 



What is isotope dilution ? 
Measure the ratio of 
the reds to blue – this 
is what mass 
spectrometers do well 

Answer: 

Red/blue = 1.00 

 
Problem: cannot measure U and 
Pb at the same time in a TIMS, 
so you need moles, not ratios 

 

 
Slide courtesy of D. Condon 



What is isotope dilution ? Take 100 yellow balls and 
mix them into the box 
thoroughly then re-
measure the ratios of all 
the balls 

measure:  

Yellow/red = 0.05 

So how many blue balls 
are there? 
If you mix a tracer solution 
containing both “yellow” U 
and Pb into your sample, and 
measure them separately, 
then you know moles of each 
– accuracy of date then 
depends on how well you 
know the ratio of Pb and U in 
your tracer solution 

 



Application 1: calibration of the geologic timescale and earth history 



Walker, J.D., Geissman, J.W., Bowring, S.A., and Babcock, L.E., compilers, 2012, Geologic Time Scale v. 4.0: Geological Society of America, doi: 10.1130/2012.CTS004R3C. ©2012 The Geological Society of America.
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The Cenozoic, Mesozoic, and Paleozoic are the Eras of the Phanerozoic Eon. Names of units and age boundaries follow the Gradstein et al. (2012) and Cohen et al. (2012) compilations. Age estimates and picks of boundaries 
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REFERENCES CITED  Cohen, K.M., Finney, S., and Gibbard, P.L., 2012, International Chronostratigraphic Chart: International Commission on Stratigraphy, www.stratigraphy.org (last accessed May 2012). (Chart reproduced 
                                   for the 34th International Geological Congress, Brisbane, Australia, 5–10 August 2012.)
                                   Gradstein, F.M, Ogg, J.G., Schmitz, M.D., et al., 2012, The Geologic Time Scale 2012: Boston, USA, Elsevier, DOI: 10.1016/B978-0-444-59425-9.00004-4. 
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When precision and accuracy really matter…. 
 
Examples of ashbed geochronology from the stratigraphic record. 



Volcanism	
  
	
  
	
  

exEncEon	
  
	
  
	
  

environment	
  
	
  
	
  

Why	
  the	
  need	
  for	
  higher	
  precision?	
  

Schoene	
  et	
  al.,	
  2010a	
  



ApplicaEon	
  2:	
  evoluEon	
  of	
  magmaEc	
  systems	
  

What	
  are	
  the	
  rates	
  of	
  mass	
  and	
  heat	
  
transport	
  in	
  the	
  crust?	
  
	
  
What	
  are	
  the	
  rheological	
  properEes	
  of	
  the	
  
crust	
  during	
  orogenesis?	
  
	
  
What	
  are	
  Emescales	
  of	
  melt	
  generaEon,	
  
storage	
  and	
  transport	
  in	
  the	
  lithosphere?	
  
	
  
How	
  are	
  batholiths	
  made?	
  
	
  
Why	
  do	
  super	
  volcano	
  erupEons	
  occur?	
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correlations between temperature, trace element 
concentration, and degree of magmatic differen-
tiation provide a means of assigning petrologic 
significance to the high-precision CA-TIMS 
analyses on the same crystals.

Origins of the Zircon Crystal Load
Xenocrystic cores of Pliocene or older age 

are absent within the HRT member B crystal 
cargo; such domains would have been resolved 
in LA-ICP-MS analyses of targeted cores iden-
tified in CL images. This is consistent with deri-
vation of HRT magmas in a deep crustal source 
region at temperatures above Zr saturation, 
leading to dissolution of potentially xenocrystic 
zircon crystals in the early stages of melt extrac-
tion. Autocrystic grains are those composing 
the youngest, dominant mode of the 238U/206Pb 
dates, a mode that spans the entire core to rim 
thermal and chemical crystallization spectrum 
and may capture the full differentiation history 
of the HRT magma. Thus, time scales of HRT 

magma generation, storage, and differentiation 
(from melt generation to ~40% crystallization) 
were quite rapid (≤10 k.y.). Alternatively, all 
grains ranging from 2.086 to 2.117 Ma may 
represent stages of magmatic evolution. Earlier 
formed, lower T grains could have crystallized 
along the cooling and solidifying sides and roof 
of the nascent magma chamber, offering nuclei 
for subsequent rim overgrowth to occur either in 
situ or during later remobilization of marginal 
crystal accumulations. Remobilization could be 
recorded by the 2.092 Ma crystal mode through 
the larger range of Ti-in-zircon temperatures and 
related indices of magma differentiation. During 
remobilization, influx of a hotter, less-evolved 
magma must have occurred, as evidenced by the 
youngest grains with CD1 cores and CD3 rims 
with increasing negative Eu anomalies and ITE 
concentrations from core to rim. In this sce nario, 
the time scales of magma generation, storage, 
and differentiation were somewhat longer , yet 
still rapid, on the order of ≤40 k.y.

Alternatively, the subgroup of crystals with 
238U/206Pb ages slightly older than the young-
est mode could represent scavenged antecrysts, 
or composite crystals with antecrystic cores 
and autocrystic rims. Most of these crystals 
have complexly and/or strongly zoned inter-
nal domains often separated from overgrown, 
luminescent, weakly zoned rims by a thin CL-
dark zone (Fig. 2). Rims of these crystals share 
chemical similarities with CD3 zircon, but cores 
have diverse CD2 and CD3-like compositions. 
In some cases, these compositions are clearly 
anomalous and not in equilibrium with the 
same HRT magma composition as the majority 
of the crystal load. Within this interpretation, 
antecrystic core components must be at least 
25–120 k.y. older than the autocrystic portion of 
the crystal cargo, given that CA-TIMS analyses 
average age variations in composite grains. We 
hypothesized that lavas like the SRB rhyolite, 
or unerupted intrusive bodies (Christiansen, 
2001), were likely contributors to the antecrystic 
cargo. Our petrochronology of the SRB rhyo-
lite provides strong support for this hypothesis, 
both in the similar geochemistry of the zircons 
and the ~80 k.y. older age of the SRB rhyolite 
with respect to HRT member B. In summary, 
we strongly favor the hypothesis that the oldest 
HRT member B zircons are composite crystals 
with antecrystic SRB zircon cores surrounded 
by autocrystic HRT member B zircon rims.

The preference for an antecrystic origin to 
describe the asymmetric distribution of zircon 
CA-TIMS ages is supported by the 40Ar/39Ar 
geochronology. Sanidine dates obtained in this 
study, similar to the results of Gansecki et al. 
(1998), show a spread beyond that expected from 
analytical considerations, including a mode of 
crystals ~20 k.y. older than the autocrystic mode, 
as well as a tail of dates older than 2.135 Ma. Due 
to the kinetics of Ar diffusion in sanidine, these 
older crystals are most likely antecrysts incorpo-
rated into the HRT magma no more than months 
to years before eruption. Gansecki et al. (1998) 
interpreted such older crystals as roofward or 
sidewall cannibalization of previously crystal-
lized cognate material; we posit that these crys-
tals could also be entrained from slightly older 
igneous rocks comminuted during the climactic 
eruption. If the same mechanism applies across 
the HRT crystal load, sanidine captures the last 
aliquot of antecrystic recycling, whereas zircon 
records entrainment in composite crystal cores 
throughout the aggregation of the HRT magma. 
We thus favor the antecrystic origin for older san-
idine and zircon dates, and the rapid aggregation 
and differentiation of the HRT magma ~10 k.y. 
prior to eruption at 2.0794 ± 0.0046 Ma.

Implications for the Geomagnetic Polarity 
Time Scale

The transitional polarity of the HRT has 
been attributed to several different geomagnetic 
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more likely to dissolve upon mixing with a hotter, Zr undersaturated
mafic magma than undergo additional growth. The preferred model of
antecrystic cores with younger overgrowths is further evidenced by the
chemistry, thermometry, and dates within single zircon crystals. For ex-
ample, two fragments of Group A zircon z11 exhibit distinct CA-TIMS
dates that are outside of analytical uncertainty, a variation of ca. 10 ka.
The trace element and TiZRdata (Tables B.1 andB.2) support the twodis-
tinct ages; the LA-ICPMS analysis of the older fragment yields lower tem-
peratures (ca. 790 °C) with higher REE concentrations while analysis of
the younger fragment yields a higher temperature (ca. 810 °C) with
lower REE concentrations. In this case, we interpret the LA-ICPMS and
CA-TIMS analyses on fragment z11a as mixtures incorporating an
internal core component of Group B zircon, while analyses of the z11b
fragment capture the composition and age of the volumetrically domi-
nant Group A rim.

These lines of evidence indicate that the new pulse of hot, more
mafic ACR magma nucleated a small amount of new Group A zircon
both homogeneously and heterogeneously on pre-existing Group B
zircon. It should be emphasized that Group A forms a small proportion
of the zircon population, consistent with inferences from Zr saturation
and feldspar thermometry that the bulk ACRmagma cooled only slightly
below the Zr saturation temperature prior to eruption. The high aspect
ratio of many Group A zircon grains is consistent with fast crystallization
from a rapidly undercooled magma, perhaps in only locally Zr
oversaturated domains or initially only on zircon antecrysts.

4.2. Implications for magma dynamics, crystal recycling, and zircon
residence times

Several studies have proposed that hotter, more mafic melt was
injected into other pre-existing silicic magmatic centers, based on simi-
lar variations in phenocryst composition and crystallization tempera-
tures within a single eruptive unit (e.g. Campbell et al., 2009; Schmitt
et al., 2003a, 2003b; Wark et al., 2007). A similar interpretation can be
made in the case of the ACR system (Fig. 8). The combined
geothermometry and geochemistry of the ACRz suggest that a hotter,

less fractionated magma was injected into the Geysers–Cobb Mountain
magmatic systemat ca. 1.2 Ma. Although basaltic vents are not prevalent
within the Geysers-Clear Lake Volcanic Field (Hearn et al., 1981), nearby
nearly coeval basaltic vents exist (e.g. Caldwell Pines; Hammersley and
DePaolo, 2006; Schmitt et al., 2006), as well as noritic to gabbroic xeno-
liths entrained in themafic rocks that are evidence formafic intrusives at
depth (Stimac, 1993; Stimac et al., 1993). This is supported by geophys-
ical evidence for small-bodied, mafic intrusions emplaced in the lower
crust at depths of 12–24 km, with a northwesterly orientation (Stanley
et al., 1998; Stimac et al., 2001). Cobb Mountain straddles one of these
northwest-trending faults, which may have acted as the conduit for
both intruding mafic magmas and the erupting rhyolite (Stimac et al.,
2001). The abundance of older, low-T zircon antecrysts in the ACR also
demands contributions to silicic magma generation from earlier crystal-
lized, and subsequently remelted, plutons. Thus, the geological and
geophysical data are consistentwith zircon-based evidence formafic re-
charge into the Geysers–Cobb Mountain magma system. This recharge
was concomitant with partial remelting of earlier intrusives of the
Geysers Plutonic Complex as recorded in Group B and rapid differentia-
tion as recorded by Group A to produce rhyodacite to rhyolite eruptives
including the ACR (Schmitt et al., 2003a).

The weighted mean CA-TIMS 206Pb/238U date for the youngest pop-
ulation among theGroupA zircon of 1.1978 ± 0.0046 Ma is significant-
ly younger than the peak of the zircon date distribution determined by
IMP (Schmitt et al., 2003a). There are likely three factors for this differ-
ence: (1) the relatively minor abundance of Group A zircon, (2) their
lower U content, and (3) the prevalence of interior spot analyses in sec-
tioned crystals that bias against late-stage zircon rims. The first point is
evidenced by the small number of Group A grains found in the UCLA
mount; the much larger number of grains in the BSU mount were
needed to identify both populations. Second, low U contents of Group
A zircon would result in larger analytical uncertainties in IMPmeasure-
ments, which would mask their significance. The higher U of Group B
zircon yields more precise dates, which in turn would dominate any
weighted mean calculations on a mixed population. Discerning the
twopopulationswas achieved by combining in situ geochemical criteria
and greater analytical precision on individual measurements through
the tandem LA-ICPMS and CA-TIMS approach.

Abundant geochemical and geochronological evidence links Group
B zircon to earlier plutonic activity in the Geysers–CobbMountainmag-
matic system. Their abundance in the ACR, likely greater than 90% of the
population, necessitates efficient crystal entrainment and recycling
from earlier, solidified magma batches. This conclusion is in accord
with the earlier inferences of Schmitt et al. (2003a, 2003b). While the
evidence for some dissolution and overgrowth on entrained Group B
crystals was previously discussed, the prismatic form of the vast major-
ity of Group B zircon must also be explained. The generation of the ACR
magma body via mafic injection and remelting of plutonics, and its sub-
sequent extraction, rise, and eruption must have been relatively fast,
with insufficient time for substantial dissolution of entrained zircon
antecrysts within the undersaturated ACR magma.

Rapid timescales of ACR magma accumulation prior to eruption
are directly supported by the small difference between the
1.1978 ± 0.0046 Ma mean differentiation age from Group A zircon
and the eruptive 40Ar/39Ar ACRs age of 1.1850 ± 0.0016 Ma. This dif-
ference of 13 ± 5 ka places strong constraints on ACR storage times
in the upper crust, and is consistent with numerical modeling of
heat flow in the Geysers geothermal system (Norton and Hulen,
2001) and K-feldspar 40Ar/39Ar thermochronology of associated plu-
tonic rocks (Dalrymple et al., 1999). In fact, the timescales of ACR dif-
ferentiation may be even shorter if unrecognized Group B domains
exist in the Group A zircon population, or if potential 230Th/238U
disequilibrium of the ACR magma is considered. In the 230Th disequi-
librium correction of 206Pb/238U, the initial magma 230Th/238U activity
ratio is assumed to be unity, lacking any measured constraints for
samples now at secular equilibrium. Actual magmatic 230Th/238U
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The trace element budget of the Fish Canyon 
magma is largely controlled by volumetrically 
minor titanite (≤1 vol%; Fig. 3). The extreme 
compatibilities of various trace elements (rare 
earth elements [REEs], Y, Th) in titanite render 
small absolute changes in its modal abundance 
during crystallization, or remelting, the critical 
factor in controlling trace element concentra-
tions and ratios in coexisting melt (e.g., DDy > 
DYb [Dy = dysprosium, Yb = ytterbium]; Fig. 3). 
These compositional changes in residual melts 
have been preserved in co-crystallizing zircons, 
allowing us to use trace element concentrations in 
zircon as proxies for melt compositions (Fig. 2). 

The parabolic Yb/Dy trend and sympathetic 
decrease/increase in Th/U in zircon through time 
is interpreted as (1) a decrease in temperature and 
increasing crystallization from ca. 28.7–28.6 Ma 
to ca. 28.4 Ma, hence increasing titanite and zir-
con abundances, followed by (2) reheating and 
remelting from ca. 28.4 Ma to eruption.

FROM ZIRCON TRACE ELEMENT 
GEOCHEMISTRY TO MAGMA 
CRYSTALLINITY

Mass-balance modeling of the observed 
compositional trends implies that the Fish Can-
yon magma was perilously close to complete 

solidifi cation prior to late reheating (Fig. 4). The 
modeling involves calculation of evolving melt 
composition in response to fractional crystalli-
zation followed by inversion of melt composi-
tions to the composition of zircons in equilib-
rium with the modeled melt. The starting melt 
composition was taken to be the melt in equilib-
rium with the zircon with lowest Yb/Dy (maxi-
mum melt fraction; experimentally determined 
partition coeffi cients of Rubatto and Hermann, 
2007). The trace element composition of the 
bulk fractionating assemblage was calculated 
from published trace element data of major and 
accessory minerals (Bachmann et al., 2005) and 
modal abundances (Bachmann et al., 2002), in 
which titanite plays the key role (Figs. 3 and 
4). The bulk partition coeffi cient, defi ned as 
the ratio of the bulk fractionating assemblage 
to initial melt composition, has been held con-
stant throughout the model calculation due to 
the small temperature interval between zircon 
saturation (~760 °C) and the solidus (~690 °C), 
in conjunction with the limited major-element 
variation during crystallization of a granitic 
near-minimum melt. Using these input param-
eters, we modeled evolving melt compositions 
in response to fractional crystallization. Finally, 
evolving melt compositions were inverted back 
to zircon compositions using zircon-melt par-
tition coeffi cients for direct comparison with 
measured zircon compositions. According to 
these model calculations (Fig. 4), compositional 
variations in zircons with ages ca. 28.6–28.4 Ma 
require 50%–75% crystallization of a fractionat-
ing assemblage containing 0.4%–0.8% titanite 
to produce the trend of decreasing Dy concen-
tration and increasing Yb/Dy (Fig. 4).
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Figure 1. Geochronology of the Fish Canyon (Colorado, United States) magmatic system. A: Comparison of previously published zircon and 
titanite U-Pb and sanidine 40Ar/39Ar dates with zircon U-Pb dates obtained in this study. All U-Pb dates are 206Pb/238U dates corrected for initial 
238U-230Th disequilibrium using Th/Umelt of 2.2 (Schmitz and Bowring, 2001). ∆t denotes age difference between oldest and youngest zircon 
date of each sample. Probability density functions show distribution of 206Pb/238U dates. FCT—Fish Canyon Tuff; NCD—Nutras Creek Dacite; 
MLX—andesite enclave. B: Caldera map of the Central San Juan caldera cluster showing locations of samples analyzed in this study; inset 
map (top left) shows location of San Juan volcanic fi eld (SJVF) within the state of Colorado. CPC—Cochetopa Park caldera; SLC—San Luis 
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Figure 2. Trace element and Hf-isotopic compositions of U-Pb dated zircons. Yb/Dy (A) and 
Th/U (B) of U-Pb–dated zircons are plotted against their 206Pb/238U date. Uncertainties are 
shown at 2σ confi dence level. Yellow and orange bars are the calculated compositional ranges 
of zircons in equilibrium with interstitial glass and whole rocks, respectively, on the basis of 
experimentally determined partition coeffi cients (Rubatto and Hermann, 2007) and published 
glass and whole-rock analyses (Bachmann et al., 2002, 2005). Inset in B shows histogram of 
Hf isotopic compositions (expressed as εHf) for Fish Canyon and andesite enclave zircons. 
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Integration of ID-TIMS with mineral chemistry helps generate petrologic models 



Application 3:  calibrating the Archean 
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Fig. 19. Schematic model of partial convective overturn for the
east Pilbara. (A) Stage 1 (3470–3430Ma): generation of a gravi-
tationally stable, layered crust through emplacement of a sheeted
TTG sill complex into greenstones of the Coonterunah and lower
Warrawoona Groups. Domes are initiated at felsic volcanic erup-
tive centres. (B) Stage 2 (3340–3315Ma): eruption of the 5–8 km
thick Euro Basalt instigates an inverted crustal density profile and
thermally incubates the TTG sill complex, initiating overturn. (C)
Stage 3 (3315–3240Ma): extensive partial melting of the crust
permits partial convective overturn of the crust, driven by sinking
greenstones.

came the sites of later greenstone sinking (Hickman,
1984).
Diapiric emplacement of the granitoid domes is

interpreted as having developed partly through duc-
tile re-mobilisation of the early, syn-volcanic TTG
suite (solid-state diapirism: e.g. much of the Shaw
Granitoid Complex and the southwestern rind of the
MEGC), and partly through the emplacement of suc-
cessive generations of plutonic suites derived from

melting of TTG gneisses (magmatic diapirism) into
the cores of progressively evolving domes (e.g. MEGC
and CDGC; Fig. 12). In this model, the partial melts
of the TTG were forced laterally out from underneath
areas of thicker, sinking greenstones and rose up pre-
existing topographic perturbations in the sheeted sill
complex that were being steepened by the combina-
tion of greenstone sinking and transfer of granitoid
mass (Fig. 19b; Pawley et al., this issue). The par-
tial melts accumulated upwards and were emplaced
as weakly deformed plutons into the cores of rising
granitoid complexes where they crystallised on cool-
ing and inhibited completion of the overturn process.
The transfer of heat into the cores of the domes by
this process, within greenstones of lower thermal con-
ductivity, accounts for the thermal anomaly associated
with the domes as documented by Bickle et al. (1985)
(cf. Allen and Chamberlain, 1989).
Once established, the dome-and-basin geometry

was re-activated and amplified by subsequent ther-
motectonic events, regardless of tectonic origin, at
punctuated intervals throughout the history of the
craton. Different granitoid complexes contain dif-
ferent proportions of the different aged-suites (Van
Kranendonk et al., 2002), suggesting that individual
domes experienced the dominant component of uplift
at different times, similar to the way in which salt di-
apirs rise (Jackson et al., 1990). Different domes rose
to different crustal levels depending on the amount of
melt that accumulated and was transported upwards
in the domes. The tectonic events that drove episodes
of partial convective overturn include thermal in-
cubation at 3325–3308Ma (Sandiford et al., 2004),
plume-generated magmatism at 3.255–3.235Ga (Sul-
phur Springs Group), craton-wide transpression at ca.
2.94Ga (De Grey Group), and flood basalt volcanism
at 2.77–2.60Ga (Fortescue Group).

6. Conclusions

Critical analysis of the geometrical, geochronolog-
ical and structural data show that models of Alpine-
style thrusting and metamorphic core complex for-
mation for the EP cannot be sustained. Rather, all of
the geological, structural, and geochronological data
from the EP are consistent with a tectonic evolution
through partial convective overturn of an inverted

plagioclase at the highest pressures of plagioclase-and-garnet co-
existence (Fig. 3). The prograde garnet generation documented in
this study is indeed calcic (35–40%grossular) and coexists with almost
pure sodic endmember albitic plagioclase (An3–10). The garnet-in
reaction is steeply orientated inP–Tspace in the areawhere it intersects
the high-pressure plagioclase phase boundary. The magnesium
number Mg# (Mg/Mg þ Fe) in garnet scales inversely with tempera-
ture away from this phase boundary. The low Mg# (10–15) of the
prograde garnet in these rock compositions (Mg# < 50) argues for

low-temperature garnet formation (Fig. 3). This approach is con-
firmed by estimates using THERMOCALC16 thermobarometry (ana-
lytical techniques and representative mineral estimates are given in
Supplementary Tables 1 and 2, respectively), consistently pointing to
conditions of formation of 12–15 kbar and 600–650 8C (Fig. 3) for
the garnet-bearing assemblage. Garnet from samples in the high-
strain domains (samples INY 25, 591a) generally shows retrograde
textures (Fig. 2e). Garnet breakdown conditions, recorded by
epidote þ Fe-tschermakite þ quartz symplectite coronas around

Figure 3 | THERMOCALC P–T estimates for garnet growth and breakdown
sites in the studied samples. Filled ellipses are the average for 11 (garnet
growth, solid lines) and 9 (garnet breakdown, dashed lines) sites; empty
ellipses are examples of individual calculations, each corresponding to one
single reaction site using the compositions of minerals in textural
equilibrium. Different mineral assemblages were used (for example, garnet–
clinopyroxene–plagioclase–quartz, and garnet–amphibole–plagioclase–
epidote–quartz, for the garnet growth sites); they all produce
indistinguishable P–T estimates within error. Imprecision associated with
the plagioclase activity model, especially for low-An contents22, creates a
relative error on An activity of 5–15% in garnet growth sites (low-An
plagioclase) and 2–5% in garnet breakdown sites (intermediate plagioclase
composition). An additional source of error is that inherent to the
calibration of the garnet–clinopyroxene–plagioclase–quartz barometer22.
These uncertainties are integrated within the THERMOCALC P–T
estimates23,24. Despite the significant error ellipses, the uncertainty on the
apparent geotherm is much lower, owing to the positive slope of the
reactions used in P–T estimates.

Figure 4 | Geodynamic sketch summarizing the inferred tectonic evolution
of the southern Barberton terrane, and the associated metamorphic
evolution. a–c, Circles lettered A, B and C correspond to the Theespruit
(Ts) formation of the Tjakastad schist belt10, the ISZ samples from this study,
and the Schapenburg greenstone belt13, respectively. IF, Inyoka fault; KF,

Komatii fault. Plutons are: Ts, Theespruit; KV, Kaap valley; N, Nelshoogte;
B, Badplaas; S, Stolzburg. d, e, The P–T of points A, B and C during the
assembly and collapse phases of the orogen are shown. The two hatched
blocks marked ‘metasediments of ISZ’ in e are from ref. 9.
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Field observations, structural geology, and petrology of the same rocks have 
resulted in very different tectonic models for Archean terranes 

“vertical” tectonics in  
the Pilbara craton 
Van Kranendonk et al., 2004 

Core-complex/extensional 
Tectonics in the Pilbara craton 
Zegers et al., 1999 

Subduction/accretion in 
the Kaapvaal craton 
Moyen et al., 2006 



Numerical modeling can make predictions for tectonics if one makes it hotter… 
 
But can we test these models with only structural geometries, finite strain 
and geochronology with ±10-20 Myr uncertainties? 

“vertical” tectonics in  
the Pilbara craton 
Thebaud and Rey, 2013 

Subduction/accretion  
Van Hunen and Van der Berg., 2008 

ΔTpot=300 K, slab detachment occurs at very shallow
depth within the first Ma. After that, no slab pull exists
anymore to drive the subduction process, and subduc-
tion ceases completely after 2 Ma. Whether it will re-
appear when the slab is old enough or not depends on
the amount of work needed to bend the plate that is
increasingly thickening with age.

3.2. Effect of yield stress

One of the less well known rheological parameters
is the yield stress τy. Our default value was rather
arbitrarily chosen to be τy=200 MPa. In a first
experiment, we reduce τy to 100 MPa. Fig. 3 shows the
resulting effect on the subduction dynamics for different
mantle temperatures. For ΔTpot=0 and 100 K, this

difference with the default model in Section 3.1 is small:
the reduced τy still does not lead to any slab break-off. For
the ΔTpot=200 K case, slab breakoff is somewhat more
frequent, and somewhat more shallow than in the default
case. This results in a lower average subduction velocity
of 15 cm/yr (versus 20 cm/yr in the default case). For the
ΔTpot=300 K case, a different style of slab breakoff leads
to more effective subduction than in the default case:
because the break-off is less shallow, it doesn't stop
subduction completely, but its rather frequent occurrence
(once every 0.75 Ma in this case) only slows it down.

We also performed calculations with larger values of
the yield stress: τy=400 MPa (results not shown) and
1 GPa (Fig. 4). Such large yield stresses are probably
representative for Peierl's creep as the stress-limiting
deformation mechanism (Karato, 1996; Kameyama

Fig. 5. Model results for the calculations with a non-zero fault friction ff =5 MPa per c/yr subduction velocity. See Fig. 2 for plot description.

225J. van Hunen, A.P. van den Berg / Lithos 103 (2008) 217–235

N. Thébaud, P.F. Rey / Precambrian Research 229 (2013) 93–104 99

Fig. 4. Initial settings (top box) and snapshots of the numerical experiment from t0 + 140 to t0 + 158 myr following the emplacement of the Kelly Group at t0 + 140 myr. The
history from t0 is t0 + 140 myr is not shown. This period corresponds to the progressive emplacement of the greenstone cover, and to a warming up of the crust. During
this time there is with little to no deformation. Thickness variations of the lower Warrawoona greenstone speedup initiation of sagduction. Two circular red markers
record the horizontal versus vertical motions as well as the magnitude of shortening in the greenstone cover. From t0 + 140 to t0 + 158 myr, gravity-driven shortening above
the downwelling region is >60%. Blue shading shows post yielding plastic strain. Arrows pointing at passive vertical markers in the basement document the deformation
pattern.
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Reducing age uncertainties – using the 207Pb/206Pb chronometer 
 

	
  
Using	
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  207Pb/206Pb	
  date,	
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  weighted-­‐mean	
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  0.01-­‐0.02%	
  
are possible! 



3236

3216

3220

3224

3228

3232

20
7 Pb

/20
6 Pb

 d
at

e 
(M

a)

12

0

2

4

6

10

8

96

84

86

88

90

94

92
20

6 Pb
/23

8 U
 d

at
e 

(M
a)

40
Ar

/39
Ar

 d
at

e 
(M

a) Aucanquilcha Volcanic 
Cluster, Chile

Tuolumne Batholith,
California

Usutu intrusive suite,
Swaziland

A B
C

Obtaining high-precision dates on Archean rocks is possible…and necessary! 

Comparison between dates from Phanerozoic and Archean igneous rocks 
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