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University of Paris Notre Dame (Sorbonne)
was born in 1150 (2nd university in Europe)

=> Introduced several academic standards
such as doctoral degrees

Paris universities
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After 1968 => 15 autonomous universities

Paris universities
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University Paris Sud 11 was born in 1955

- 30 000 students from 125 nationalities

- 2500 researchers (40 in the Earth
Science department)

- Pluridisciplinary research

More than 7 universities with a
Geosciences department
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I. Quantification of rocks thermal evolution through time

Modified from Ehlers et	al.	(2003)

U-Th-Sm (parent)	=>	He	(daughter)	

Complete	daughter	retention	=>	chronometer

Daughter	loss	by	diffusion	=>	thermochronometer	
(Closure	temperature	and	Partial	Retention	Zone)
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I. Thermal sensitivity of thermochronometers

Ø (U-Th)/4Hemethod applied on apatite, zircon and iron oxides

Ø Thermal sensitivity from 40 to 200°C
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Plutonic	rock	example:

Rock	formation	age	>	thermochronometric age

I. Meaning of thermochronological ages
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Age~10	Ma

Age=f(a,	D)~90-10	Ma



I. Meaning of thermochronological ages

Sedimentary,	volcanic	rock	or	iron	oxides	duricrust examples:

Rock	formation	age	≥	or	≤	thermochronometric age
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I. Meaning of thermochronological ages

TAKE	HOME	MESSAGE:

Ø A thermochronological age (or date) is an apparent age

Ø Need to apply some corrections (alpha ejection, diffusion)

Ø 4He accumulation in crystal lattice reflects = f (thermal history,
diffusion coefficient, grain size, …)
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I.	Quantification	of	erosion	and	weathering	processes

Ø Iron oxides (hematite, goethite) can be used to quantify weathering
episodes (paleosurfaces), timing of ore deposits … 11

Rødmålheia on	Hinnøya

Ø Apatite,	zircon,	
titanite…	can	be	
used	to	quantify	rock	
thermal	history and	
erosion	processes	…

Lofoten	Island	(Norway)
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II.	(U-Th-Sm)/He	dating	method	principles

1) He atoms production in minerals
during U, Th, Sm decay

2) Long alpha ejection (15-20 µm)

3) Possible diffusion in the crystal,
depending on :

a) diffusion coefficients and
b) thermal history
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II.	U-Th-Sm incorporation	in	crystal	lattice

U, Th and Sm incorporation (substitution or cluster) in almost any
crystal lattice:
Ø U = 0.01 - 1000 ppm; Th/U = 0.1 - 20; Sm = 10 - 3000 ppm

Apatite

http://www.crystalmaker.com/
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II.	U-Th-Sm radioactive	natural	decay

Ø 235U + 238U = 99.99% U; 232Th = 100 % Th and 147Sm = 0.15 % Sm

238U	natural	fission
=	1	track	/	~106 alphas	
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II.	U-Th-Sm radioactive	natural	decay

238U ->					206Pb +	8	a       (4.4683)

235U	 ->					207Pb +	7	a       (0.7038)

232Th ->					208Pb	 +	6	a        (14.05)

147Sm ->			143Nd +	1	a         (106)

Half-live
(Ga)

Nb.	a
particles

Father Daughter

Ø Alpha particles production during U-Th-Sm alpha decay
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II.	Alpha	particles	production	=>	high	energies

SRIM;	Ziegler	(2008);	Ketcham et	al.	(2011)

High kinetic energy of a particles,
a ------------> 4He (after taking electrons)

He atoms will stop after some microns depending on initial energy,
lattice density, chemistry and Th/U ratio (See EXERCICE 1).
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II.	Alpha	particles	energies	=	recoil	damage

Trachenko,	2003

Associated to alpha decays, the “father” element will do a recoil.
Ø Damage creation at nanometer scale
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II.	4He	production

Ø eU (effective	Uranium)	=	U	+	0.24	Th +	0.0005	Sm

From	238U	
and	235U

From
232Th

From
147Sm

He[ ] =

8×137.88
138.88

eλ238t −1( )+ 7× 1
138.88

eλ235t −1( )⎛

⎝
⎜

⎞

⎠
⎟× U[ ]

+ 6× eλ232t −1( )( )× Th[ ]

+ 1×0.1499× eλ147t −1( )( )× Sm[ ]



II.	Diffusion	in	minerals	:	microscopic	or	macroscopic	point	of	view
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Diffusion is a microscopic (atomic) process that can be seen :

Microscopic	level	:

S1' S1S1

0.99 0.99

1D

Djimbi	et	al.	(2015)



II.	Diffusion	in	minerals	:	microscopic	or	macroscopic	point	of	view
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Diffusion is a microscopic (atomic) process that can be seen :

Balout et	al.	(2017)

Microscopic	level	:

Djimbi	et	al.	(2015)
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II.	Diffusion	in	minerals	:	microscopic	or	macroscopic	point	of	view
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Diffusion is a microscopic (atomic) process that can be seen :
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Macroscopic	level	:
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II.	Diffusion	coefficient	in	minerals
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At first order, diffusion coefficient, D, follows the Arrhenius law:

Reiners (2009)
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II.	Diffusion	in	a	simple	system	:	one	crystal

Ehlers and	Farley (2003)

100	µm

3.2. Crystallographically Oriented Thick Sections
To investigate whether diffusion from apatite is isotropic,

several !200-!m-thick apatite slabs were cut either perpen-
dicular or parallel to the c axis. The slabs were typically square
in section and had a length to width ratio of 10–20. Barring
strong anisotropy in diffusivity, diffusion through slab faces

should greatly exceed diffusion through the edges. Because the
geometry in these experiments is well defined, diffusion data
for these runs were computed assuming infinite slab geometry
[Crank, 1975]. These experiments are presented in detail
because they illustrate the substantial complexity that exists
when measuring diffusivity from processed sections (rather

Figure 2. Diffusion measurements on sieved aliquots of Durango apatite. Sieve size ranges (in !m) are
indicated for each aliquot. Data points with smaller symbols are initial steps with anomalously low diffusivity
possibly arising from helium loss during sample grinding; these points have been ignored in calculation of
diffusion parameters. These data show that diffusivity decreases with increasing grain size and suggest that the
diffusion domain is the physical grain itself.

Figure 3. Comparison between observed mean diffusivity and that predicted if diffusivity scales with the
inverse of the grain size squared for the data in Figure 2. Diffusivities are plotted relative to that in the
160–180 !m reference aliquots (Figure 1). The 45" line is the expected behavior if the diffusion domain is the
grain itself and is a reasonable approximation of the observations. Error bars on the x axis arise from the
sieving window used for each aliquot. Error bars on the y axis reflect the spread of relative diffusivity values
computed from the individual temperature steps measured on each aliquot.

FARLEY: HELIUM DIFFUSION FROM APATITE2906

Ø The grain volume is the diffusion domain
Ø One crystal size (a)
Ø Similar D0 and Ea for all the grain size

Farley (2000)
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II.	Diffusion	in	a	complex	system	:	polycrystalline	structure

Ø Different crystal sizes (a)

Ø Difficulty to determine D0
and Ea

Farley and	Flowers (2012)
Allard	et	al.	(Submitted)

for a ejection are required, so the age of an individual step in a
4He/3He spectrum is obtained by multiplying its bulk-normalized
4He/3He ratio by the bulk age of the sample. This procedure
assumes that U and Th are uniformly distributed.

The uniformly distributed 3He produced by proton irradiation
was used to measure diffusion coefficients (Shuster and Farley,
2005a). The fractional yield obtained in each step was converted
into diffusivity using a spherical geometric model and standard
equations (Fechtig and Kalbitzer, 1966). While other geometries
might better match the shape of individual hematite crystallites,
it is well known that consistent application of any particular
geometry is adequate for characterizing diffusivity and forward
modeling of cooling ages (e.g., Gautheron and Tassan-Got, 2010;
Meesters and Dunai, 2002).

3. Results

3.1. He and Ne ages

Results of the He, Ne, U, and Th concentration measurements
are shown in Table 1. Two of the three subsamples (S1 and S2)
yielded nearly identical U and Th concentrations of !16 ppm,
while S3 yielded concentrations of 10 and 8 ppm respectively.
Helium concentrations measured on two aliquots each of S1 and
S2 were very reproducible at 1.41"10#8 mol/g. 3He was close to
or below the detection limit in these samples. S3 was not
analyzed for He. Combining all the data on S1 and S2 yields a
mean (U–Th)/He age of 130 Ma, with a standard error of 2 Ma.
This computation assumes the absence of excess 4He from fluid or
mineral inclusions; this seems reasonable given the absence of
3He, the comparatively high concentration of U and Th in the
hematite, and previous observations (Lippolt et al., 1995;
Wernicke and Lippolt, 1997).

All three subsamples were analyzed for Ne (total 6 aliquots)
and yielded high % nucleogenic 21Ne values (87–96%) demonstrat-
ing that the air component in these hematites is remarkably small
compared to nucleogenic ingrowth (Supplementary Table A1).
22Ne has only slight excesses relative to the atmospheric compo-
sition, averaging about 6%. These data are consistent with a
simple 2-component mixture of air and nucleogenic neon from
the 18O(a, n)21Ne reaction with possibly a small additional
component from the 19F(a, n)22Ne reaction. In S1 and S2 the

nucleogenic 21Ne concentration is !7.5"10#16 mol/g while in S3
it is much lower: !4.1"10#16 mol/g. When combined with the
respective U and Th data and averaged, the subsamples yield a
mean (U–Th)/Ne age of 217 Ma with a standard error of 5 Ma.

3.2. He diffusivity

3He diffusivities are listed in supplementary Table A2 and
plotted in Fig. 2 and supplementary Fig. A2. Fig. 2 plots results
from the experiment with the largest number of steps (aliquot D)
and is typical of all five runs. The Arrhenius array is strikingly
complex, with progressive reduction of diffusivity at any given
temperature as the experiment proceeds. This reduction is most
apparent from the six retrograde sequences in which the diffu-
sivity at a given temperature drops by as much as 8 ln units

Table 1
(U–Th)/He and (U–Th)/Ne data for hematite CP08-06.

Aliquot U Th 21Ne* % Nucl 21Ne age 3He 4He 4He age

(ppm) 7 (ppm) 7 (10#15 mol/g) 7 21Ne (Ma) 7 (10#15 mol/g) (10#9 mol/g) 7 (Ma) 7

S1 15.7 0.2 14.9 0.1
0.741 0.008 86.6 224 3
0.778 0.009 86.6 235 4

0.005 13.9 0.1 132 2
0.006 14.0 0.1 133 2

S2 16.7 0.2 15.8 0.2 0.001 14.3 0.1 128 2
0.001 14.2 0.1 127 2

0.748 0.009 86.6 213 3

S3 9.9 0.1 7.7 0.1
0.402 0.004 91.7 202 3
0.413 0.003 95.5 208 3
0.433 0.004 95.8 218 3

21Ne age (Ma) 7 4He age (Ma) 7

Mean7std.
error

217 5 130 1.7

Fig. 2. 3He diffusion Arrhenius relationship for aliquot D of hematite subsample S1.
The experiment’s trajectory can be followed from the point at the lower right along
the line connecting the diffusivities. Diffusivities decline at any given temperature as
the experiment proceeds, yet, as shown by the retrograde experiments, the activation
energy (the slope of the line) remains essentially unchanged. The bold line passes
through the first diffusion measurement and has the same slope as the average of the
retrograde segments of the data (!157 kJ/mol). Dashed lines indicate the range of
activation energies investigated in the diffusion domain modeling (see text). One half
of the vertical separation between this reference line and a measured data point is the
quantity ln(r/ro), as indicated.

K.A. Farley, R.M. Flowers / Earth and Planetary Science Letters 359-360 (2012) 131–140134

Ø Polycrystalline structure in
iron oxide crystals
(hematite and goethite)



II.	Diffusion	in	a	complex	system	:	fast paths

26
Copeland	et	al.	(2007);	
Lovera	et	al.	(1989,	1991);	Cros	et	al.	(2014)

Fig. 7a and b shows results for two whole ossicles (7.1
and 5.3 mm in diameter) from the Thrifty Fm. (Penn.) of
central Texas. These samples yield activation energies of
30.0 ± 3.0 and 30.0 ± 5.2 kcal/mole and closure tempera-
tures of 60 ± 15 and 54 ± 13 !C for, in both cases, 99% of
the gas.

We obtained a second crinoid sample from the Hughes
Creek Shale member of the Foraker Limestone (Permian)
of NE Kansas. Results from this sample (Fig. 7c and d) give
activation energies of 37.4 ± 1.0 and 30.0 ± 3.6 kcal/mole

and closure temperatures of 78 ± 5 and 65 ± 15 !C over
99% and 96% of the gas, respectively.

To investigate the effect of composition on the diffusion
of He in carbonate minerals we have analyzed five dolomite
crystals from MVT samples from which we have also ana-
lyzed calcite.

Sample 246do-1 (Fig. 8a) gives E = 38.5 ± 6.0 kcal/mole
and Tc = 118 ± 20 !C for the first 55% of the He released
(below 450 !C). Our second crystal from this same
sample, 246do-2 shows a different result on Fig. 8b with

-30

-25

-20

-15

-10

-5

0.7 1.2 1.7 2.2 2.7

(a) 246cc-1
MVT

-30

-25

-20

-15

-10

-5

0.7 1.2 1.7 2.2 2.7

(b) 306cc-1
MVT

-30

-25

-20

-15

-10

-5

0.7 1.2 1.7 2.2 2.7

(c) JB1cc-1
MVT

-30

-25

-20

-15

-10

-5

0.7 1.2 1.7 2.2 2.7

(d) 5606cc-1
MVT

-30

-25

-20

-15

-10

-5

0.7 1.2 1.7 2.2 2.7
1000/T (K) 

(e) 13496cc-1
MVT

1000/T (K) 1000/T (K) 

1000/T (K) 1000/T (K) 

ln
(ln

 s
ec

   
)

D/
a2

−1
−1

−1

−1
−1

ln
(ln

 s
ec

   
)

D/
a2

ln
(ln

 s
ec

   
)

D/
a2

ln
(ln

 s
ec

   
)

D/
a2

ln
(ln

 s
ec

   
)

D/
a2

Tc = 90±27 °C

Tc = 88±48 °C Tc = 60±29 °C

Tc = 67±26 °C

E = 38.2 ± 8.5 kcal/mole
Dln( )0/a2  =18.2 ± 7.4 (In sec  )

Tc= 64±33 °C

−1
E = 38.5 ± 16.5 kcal/mole

Dln( )0/a2  = 23.0 ± 16.0 (In sec  )−1

E = 30.4 ± 7.6 kcal/mole
Dln( )0/a2  = 11.2 ± 6.9 (In sec  )−1

E = 40.7 ± 12.9 kcal/mole
Dln( )0/a2  = 22.0 ± 12.0 (In sec   )−1

E = 32.8 ± 6.2 kcal/mole
Dln( )0/a2  = 13.8 ± 5.1 (In sec  )−1

Fig. 6. Arrhenius diagrams for step-heating experiments of calcite from Mississippi Valley type deposits. Symbols as in Fig. 2.

4498 P. Copeland et al. / Geochimica et Cosmochimica Acta 71 (2007) 4488–4511

Breccia and fault filling calcite samples
from the Eocene/Oligocene
Gondrecourt graben.



II.	Diffusion	in	a	complex	system	:	use	of	a	MDD	model.

27Lovera	et	al.	(1989; 1991);	Gautheron	and	Tassan-Got (2010);	Cros	et	al.	(2014)

Ø Helium diffusion data in calcite can be
reproduced using a MDD model

Ø Different domains (size)



II.	Diffusion	in	a	complex	system:	some	hypotheses

28

Gautheron	et	al.	(in	prep.)

Ø Different parameters can influence diffusivity in a crystal:
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II.	From	diffusion	coefficient	to	useable	data

29Ehlers	and	Farley	(2003)

Ø He retention in crystal depends on:

1. Grain size (a)
2. Diffusion coefficient (D0, Ea)
3. Thermal history (T-t)

Ø Need to get useable values such as of:

1. Closure temperature (Tc)
2. He Partial Retention Zone (He-PRZ)



II.	Closure	temperature	and	He-PRZ

30

Ø Tc: when 50% of produced He atoms is retained in the crystal

Ø He-PRZ: between 10 to 90% of the retained He
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Using	Gautheron	and	Tassan-Got	(2010)	codeØ See EXERCICE 1



II.	Closure	temperature	example
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Modified from Reiners (2005)	
Ø Tc = f(D0, Ea, cooling rate, grain size)



II.	Closure	temperature	and	He-PRZ

32

TAKE	HOME	MESSAGE:

Ø (U-Th-Sm)/He age is not the time when rock crosses the closure
temperature (Tc) or very rarely

Ø Diffusion domain and diffusion coefficient strongly influence
thermochronometric age
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Crushing,	sieving,	cleaning...

Need	of	1	to	10	kg	of	rock	to	obtain	enough	“datable”	apatite	grains

(2)	From	sample	to	grain	separation

34



Drastic	apatite	selection	criterion,	grain	size	measurement	+	
geometries	(pyramids,	broken	faces)

(2)	Grain	selection

35

Ehlers and	Farley (2003)

100	µm



(2)	Grain	morphology	impact	on	AHe	age	interpretation

36

AHe age will be impacted by:

1. Crystal size (L, H, W),
2. Grain morphology,
3. Broken faces

Beucher	et	al.	(2013);	Brown	et	al.	(2013)



Iron	oxide	duricrusts or	pisoliths

(crystallographic	characterization)

(2)	From	sample	to	grain	separation

37
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(2)	Alpha	ejection	correction	factor	(FT)

Alpha ejection correction factor FT:

- sphere with homogeneous U-Th-Sm repartition
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Ketcham	et	al.	(2011)

For realistic geometries (2 approaches):

- Hexagonal ± pyramids, for homogeneous U-Th-Sm



Hourigan et	al.	(2005)

(2)	Alpha	ejection	correction	factor:	zoned	U-Th-Sm crystals	(FZAC)

For crystals zoned in U-Th-Sm, FZAC factor can be determined
analytically or using a Monte Carlo simulation

 37 
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Figure 8. 967 
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Vernon	et	al.	(2009)



(2)	Correcting	factor,	weight,	diffusion	domain

- Grain weight (µg)
- FT, FZAC alpha ejection correction

(0 to 1)
- Rs sphere equivalent radius (µm) for

isotropic or anisotropic diffusion
domain

Ø Hexagonal (apatite)
Ø Tetragonal (zircon)
Ø ± pyramids, broken faces
Ø …

Need of a FT > 0.65 and Rs > 40 µm…
Ketcham et	al.	(2011);
Gautheron	et	al.	(2012)

http://hebergement.u-psud.fr/flojt/

Calculation using a Monte Carlo model of:



Platinum tube	(apatite),	niobium tube	(zircon,	titanite)	or	niobium
foil	(iron	oxides,	calcite…)

Capsule is used to transport the grain(s) and to ensure He
degassing (laser light absorption).

(2)	Crystals	packing:	apatite	,	zircon,	titanite… examples

41



(2)	4He	analysis

42

Ø Extraction, purification and analysis line for 4He content
determination at ~2%

Ø Special gas purification for iron oxides (i.e. goethite) and calcite
because of large H2O and CO2 degassing



(2)	U-Th-Sm analysis		

43

Ø Addition of pure selected isotopes (example: 235U, 230Th, 149Sm)
spikes during dissolution.



(2)	U-Th-Sm analyses	by	ICPMS

44

Ø 238U, 232Th and 147Sm determination by isotopic dilution
method (see Evans et al., 2005 for details)
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(2)	Base	hypothesis

Ø U-Th decay series are on secular equilibrium (t>1Ma)

Ø No U-Th-Sm loss

Ø No common helium,
or 4He, 21Nec << 4He* (radiogenic)

Ø No 4He implantation
from neighbor minerals

Gautheron	et	al.	(2012)



46

(2)	Impact	of	He	implantation	on	AHe	age

From	Murray	et	al.	(2014);

See	also	Spiegel	et	al.	(2009);		
Janowski	et	al.	(2017)

Sedimentary rocks from the central Colorado Plateau (Fig. 10c) likely
have over-dispersed apatite He ages because they contain detrital crys-
tals whose diverse pre-depositional thermal histories have been vari-
ably reset by Cenozoic burial; only when combined with GBP effects,
however, can this explain the N100Ma age range at low [eU]. The youn-
gest ages in this suite are defined by several samples with ages between
5 and 24 Ma that have a positive-slope trend as a function of [eU]; this
can be reproduced with a N100 °C heating event that reset these sam-
ples during the Oligocene (Fig. 10c, trend RDAAM 1). Most samples,
however, have cloud of single-crystal ages from 5 to 105 Ma at [eU]
b 80ppm. Partial resetting of radiation-damaged grains duringCenozoic
burial to ~70 °C could result in a steep positive-slope age-[eU] pattern
(Fig. 10c, trend RDAAM 2) where apatites grains with 40–60 ppm [eU]
are older than 25 Ma. However, the RDAAM cannot explain why the
widest He age distribution is among grains with [eU] b 40 ppm, and in
fact predicts the opposite trend. If we use the fully reset (Fig. 11c) and
partially reset (Fig. 11d) RDAAM trends as the real age inputs for the
GBP model fit to these data, then the full range of the age variability
can be accounted for.

Samples from the Polish Carpathians have highly dispersed He ages
in apatite grains with [eU] up to 90 ppm (Fig. 10d), so if GBP effects are
primarily responsible for this age dispersion then the phases coating
these small grains must have been thick and/or very [eU] rich. Samples
with less than 100% apatite He age dispersions have ages between 6 and
21Ma for grain [eU] values between 10 and 270 ppm. Thosewith great-
er than 100% age dispersions have He ages from 11 to 120Ma,with very
young and very old ages at both high and low [eU] (Fig. 10d). To match
this age-[eU] pattern with the GBP model we use a real age of 12 Ma to
convert FAB to age, relying on the highest-[eU] apatite grains to pre-
serve a real maximum cooling age. GBPs with RGBP = 2 μm and
CGBP=1000 ppm [eU] are not sufficient to reproduce the age dispersion
at high [eU], but GBPs with RGBP = 10 μm are and this is not an unrea-
sonable GBP thickness. Curiously, all apatite He ages older than 25 Ma
are fromgrainswith low [Th], and four grains from two samples that ap-
pear to be outliers in the age-[eU] plot have anomalously low [Th] and
Th/U values (Figs. 10d, 11e, light gray diamonds). These Th trends sug-
gest that another currently unrecognized source of age dispersion could
be affecting these samples as well.

6.2. Henry Mountains samples with observed GBPs

The majority of GBP coatings described in this study are from Henry
Mountains samples with apatite He age patterns that reflect both their
geologic context andGBP effects. These samples are fromOligocenepor-
phyritic diorites thatwere shallowly emplaced as laccoliths and are now
exposed at different elevations across the mountain range. Samples
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Fig. 10. Example datasets with large single-grain apatite He age variability at low [eU].
(a) Apatite He age vs. [eU] of Beartooth Mountains samples from this study and Peyton
et al. (2012). Dated grainswith significantGBP coatings are indicatedby the red diamonds,
and they have among the youngest ages from the samples with highly variable He ages as
predicted by the GBP model. The dotted line is the RDAAMmodel prediction for the age-
[eU] trend for sample BT927 from Peyton et al. (2012). (b) He ages of apatites frommod-
ern river detritus in the Connecticut (open diamonds) andMerrimac (gray diamonds) riv-
ers in the Appalachian Mountains, plotted with age-[eU] trend predicted by the RDAAM
(McKeon, personal comm.). The age variability at low [eU] lies significantly above the
RDAAM trend and therefore cannot be explained by radiation damage accumulation and
annealing. (c) He ages vs. [eU] of apatites in Permian–Mesozoic sedimentary rocks of
the central Colorado Plateau (Robert, personal comm.). We forward modeled RDAAM
age-[eU] trends in HeFTy (Ketcham, 2005) after Flowers et al. (2009) using apatite grains
of [eU]= 10, 40, 70, 100, and 130 ppm to generate two possible age trends in these rocks.
Several samples (open circles) follow RDAAM trend 1, which predicts complete resetting
of the apatite He system during the Oligocene. Trend RDAAM 2 predicts the age-[eU] pat-
tern in samples partially reset during the Cenozoic, where low-eU grains are reset while
high-eU grains are not. As with the Appalachia example, the age variability at low-eU,
which is common in these rocks, cannot result from radiation damage accumulation and
annealing alone. (d) Apatite He age vs. [eU] plot of samples from the Polish Carpathians
(Andreucci, personal comm.).
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Sedimentary rocks from the central Colorado Plateau (Fig. 10c) likely
have over-dispersed apatite He ages because they contain detrital crys-
tals whose diverse pre-depositional thermal histories have been vari-
ably reset by Cenozoic burial; only when combined with GBP effects,
however, can this explain the N100Ma age range at low [eU]. The youn-
gest ages in this suite are defined by several samples with ages between
5 and 24 Ma that have a positive-slope trend as a function of [eU]; this
can be reproduced with a N100 °C heating event that reset these sam-
ples during the Oligocene (Fig. 10c, trend RDAAM 1). Most samples,
however, have cloud of single-crystal ages from 5 to 105 Ma at [eU]
b 80ppm. Partial resetting of radiation-damaged grains duringCenozoic
burial to ~70 °C could result in a steep positive-slope age-[eU] pattern
(Fig. 10c, trend RDAAM 2) where apatites grains with 40–60 ppm [eU]
are older than 25 Ma. However, the RDAAM cannot explain why the
widest He age distribution is among grains with [eU] b 40 ppm, and in
fact predicts the opposite trend. If we use the fully reset (Fig. 11c) and
partially reset (Fig. 11d) RDAAM trends as the real age inputs for the
GBP model fit to these data, then the full range of the age variability
can be accounted for.

Samples from the Polish Carpathians have highly dispersed He ages
in apatite grains with [eU] up to 90 ppm (Fig. 10d), so if GBP effects are
primarily responsible for this age dispersion then the phases coating
these small grains must have been thick and/or very [eU] rich. Samples
with less than 100% apatite He age dispersions have ages between 6 and
21Ma for grain [eU] values between 10 and 270 ppm. Thosewith great-
er than 100% age dispersions have He ages from 11 to 120Ma,with very
young and very old ages at both high and low [eU] (Fig. 10d). To match
this age-[eU] pattern with the GBP model we use a real age of 12 Ma to
convert FAB to age, relying on the highest-[eU] apatite grains to pre-
serve a real maximum cooling age. GBPs with RGBP = 2 μm and
CGBP=1000 ppm [eU] are not sufficient to reproduce the age dispersion
at high [eU], but GBPs with RGBP = 10 μm are and this is not an unrea-
sonable GBP thickness. Curiously, all apatite He ages older than 25 Ma
are fromgrainswith low [Th], and four grains from two samples that ap-
pear to be outliers in the age-[eU] plot have anomalously low [Th] and
Th/U values (Figs. 10d, 11e, light gray diamonds). These Th trends sug-
gest that another currently unrecognized source of age dispersion could
be affecting these samples as well.

6.2. Henry Mountains samples with observed GBPs

The majority of GBP coatings described in this study are from Henry
Mountains samples with apatite He age patterns that reflect both their
geologic context andGBP effects. These samples are fromOligocenepor-
phyritic diorites thatwere shallowly emplaced as laccoliths and are now
exposed at different elevations across the mountain range. Samples
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Fig. 10. Example datasets with large single-grain apatite He age variability at low [eU].
(a) Apatite He age vs. [eU] of Beartooth Mountains samples from this study and Peyton
et al. (2012). Dated grainswith significantGBP coatings are indicatedby the red diamonds,
and they have among the youngest ages from the samples with highly variable He ages as
predicted by the GBP model. The dotted line is the RDAAMmodel prediction for the age-
[eU] trend for sample BT927 from Peyton et al. (2012). (b) He ages of apatites frommod-
ern river detritus in the Connecticut (open diamonds) andMerrimac (gray diamonds) riv-
ers in the Appalachian Mountains, plotted with age-[eU] trend predicted by the RDAAM
(McKeon, personal comm.). The age variability at low [eU] lies significantly above the
RDAAM trend and therefore cannot be explained by radiation damage accumulation and
annealing. (c) He ages vs. [eU] of apatites in Permian–Mesozoic sedimentary rocks of
the central Colorado Plateau (Robert, personal comm.). We forward modeled RDAAM
age-[eU] trends in HeFTy (Ketcham, 2005) after Flowers et al. (2009) using apatite grains
of [eU]= 10, 40, 70, 100, and 130 ppm to generate two possible age trends in these rocks.
Several samples (open circles) follow RDAAM trend 1, which predicts complete resetting
of the apatite He system during the Oligocene. Trend RDAAM 2 predicts the age-[eU] pat-
tern in samples partially reset during the Cenozoic, where low-eU grains are reset while
high-eU grains are not. As with the Appalachia example, the age variability at low-eU,
which is common in these rocks, cannot result from radiation damage accumulation and
annealing alone. (d) Apatite He age vs. [eU] plot of samples from the Polish Carpathians
(Andreucci, personal comm.).
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(2)	(U-Th-Sm)/He	age	calculation

47

Raw age =
4He⎡⎣ ⎤⎦

P* He production( )

P*= 8×137.88
138.88

eλ238×1 −1( )+ 7× 1
138.88

eλ235×1 −1( )⎛

⎝
⎜

⎞

⎠
⎟× U[ ]

+ 6× eλ232×1 −1( )( )× Th[ ]+ 1×0.1499× eλ147×1 −1( )( )× Sm[ ]

2. He	instantaneous	production	(P*	/	per	year):

Corrected age = Raw age
FT

3. Alpha	ejection	
corrected	age:

1. (U-Th-Sm)/He	age:



(2)	He	age	reproducibility
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Ø Analytical	age:	<4%	=	<2%	for	He	and	<2%	for	U-Th-Sm measurements
Ø Error	on	He	age	with	ejection	factor	=>	8-10%	

Durango:	McDowell	et	al.	(2005);	Limberg:	Kraml et	al.	(2006)



(2)	Inversion	of	low	temperature	thermochronological	data

49

®HeFTy :
®Tt path modeling

® PECUBE :
- 3D modeling + vertical profile + faults …

Te
m
pe

ra
tu
re

(°
C)

àQTQt :
- Tt + pluri-samples (vertical profile) modeling

Ketcham	(2005);	Gallagher	(2012):	Braun	(2003)	



2)	Data	acquisition

50

TAKE	HOME	MESSAGE:

Ø Do not underestimate the time to prepare and pick your grains
(especially for apatite)

Ø Measure all grains geometry and report all data (L, H, W,
geometries)

Ø Error on (U-Th)/He age will be ~10%
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(1) (U-Th)/He dating system

I. Introduction, generalities

II. (U-Th)/He principles (chronometer vs thermochronometer)

(2) How to get an (U-Th)/He age

(3) Applications

III. Apatite (U-Th-Sm)/He (AHe) method

IV. Other applications (zircon, iron oxides,…)

(4) Exercises (Tc, ejection, weight, Rs), thermal modeling



III.	Apatite	He	age	distribution
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Ø AHe age dispersion is often higher than analytical error (~8%)

1. French foreland example (buried detrital apatite)
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Schwartz	et	al. (2017)

Important dispersion for higher elevation sample => non total
diffusion?



III.	Apatite	He	age	distribution
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2. Moroccan margin exhumed during Atlantic breakoff

Important AHe age dispersion: relation with eU content?

Leprêtre et	al. (2015)



III.	Apatite	He	diffusion	coefficient
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Ø Published He diffusion coefficient using different methods:

Complied	1987-2010	data	by	Baxter	(2010)
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1. Under	vacuum	
degassing	
experiments

2. Ion	beam	
experiments

3. DFT	calculation



III.	Relationship	between	eU and	AHe	age
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Shuster et	al.	(2006);	Trachenko (2003);	
See Green	et	al.	(2006)	for	similar observation

Ø Model where He atoms are trapped into damage zone => increase
of He retention in apatite crystal and Tc value



III.	Relationship	between	damage	and	diffusion	coefficient
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Shuster et	al.	(2006);
Shuster and	Farley (2009)

Ø Empirical data showing the change of diffusion coefficient with
artificial damage content

=> Tc ranges from 40 to > 100°C

natural samples
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10 hr
100 hr
350 hr
1 hr big chips
neutron irrad.
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III.	Implication	of	damage	content	on	He-PRZ

Gautheron	et	al.	(2009)

Ø Damage production and change of He diffusion, will change the Tc
and He-PRZ through time
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III.	Diffusion	in	complex	system:	damage	trapping +	annealing model

Two damage + annealing models are used :
Ø Flowers et al. (2009): calibrated on natural + irradiated samples
Ø Gautheron et al. (2009): calibrated on “old” natural AHe ages
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III.	Chemical	impact	on	diffusion

59Ø Lower Tc for undamaged apatite Tc=30-40°C

Djimbi	et	al.	(2015)

Ø Chemical impact on He diffusion

Gautheron	et	al.	(2009);
Flowers et	al.	(2009)
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III.	Chemical	impact	on	diffusion
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Modified	from	Gautheron	et	al.	(2013);
Modeling:	HeFTy Ketcham (2005)	+	Flowers	et	al.	(2009)

Ø Apatite chemistry play a role on damage annealing rate (such
as for apatite fission tracks)

High	Cl	
and/or	
Dpar

Low Cl	
and/or	
Dpar

(See	EXERCICE	3)



III.	Damage	impact	on	diffusion
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Gerin	et	al.	(2017)
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Ø We are currently calibrating the new He damage model
Ø New code will be implemented into QTQt and HeFTy in 2018
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III.	Use	of	apatite	He	age	dispersion
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Schwartz	et	al. (2017)
Simulation	QTQt (Gallagher,	2012),	with Flowers et	al.	(2009)	code

Ø AHe age dispersion is useful to refine not only the burial time
and temperature
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III.	Impact	of	chemistry	and	grain	size	on	AHe	age	dispersion

63

Leprêtre et	al.	(2015);
QTQt simulation	using AHe	and	AFT	data	(Gallagher (2012)

Ø Need to consider grain chemistry variation in addition to grain
size and damage model
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III.	AHe	age	interpretation
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TAKE	HOME	MESSAGE:

Ø A geological meaning is associated with AHe age dispersion as the
age reflects the impact of:

1. Grain size (diffusion domain)

2. Damage content (eU + time + annealing via chemistry)

3. Thermal history

Ø Adapt the number of analyzed grains as a function of thermal
history (3 to > 10 apatite crystals)
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(1) (U-Th)/He dating system

I. Introduction, generalities

II. (U-Th)/He principles (chronometer vs thermochronometer)

(2) How to get an (U-Th)/He age

(3) Applications

III. Apatite (U-Th-Sm)/He (AHe) method

IV. Other applications (zircon, iron oxides,…)

(4) Exercises (Tc, ejection, weight, Rs), thermal modeling



IV.	Others	applications
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Ø (U-Th)/He system can
be applied to a large
range of minerals
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Which geological application ?

1. Higher temperature information than apatite => zircon, titanite
2. Ore deposit, laterite dating => goethite, hematite, magnetite



IV.	Zircon	(U-Th)/He	(ZHe)	method
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Ø Zircon crystal can be found in a large variety of rocks (plutonic,
volcanic and sedimentary)

Tagami et	al.	(2003)

1. Rich U-Th content: eU= 100 to
3000 ppm (He production from
Sm is “null”)

2. U-Th zoned crystal

3. Lower stopping distance



IV.	Zircon	(U-Th)/He	(ZHe)	method
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Ø Tc= 140-200°C (>AHe)

1. Strong modification of
diffusion coefficient by
recoil damage,

2. Damage clustering and
interconnection

3. Lattice amorphisation at
high dose

Guenthner et	al.	(2013)



IV.	Interpretation	of	ZHe data
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Ø Used of ZHe data dispersion to determine a precise thermal
history, similarly to AHe

Guenthner et	al. (2013)

Positive correlation
(Apennines)

Negative correlation
(Minnesota)



IV.	Laterite,	ore	deposit	dating
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Laterite surface development reflects
intense weathering phases

Crystallization of supergene
mineralogical phases:

Ø Iron oxides (H – G)
ØK-Mn oxides
ØKaolinites
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Baseline for:
Weathering processes (how?)
Weathering intensity (to what extent?)
Weathering rates (how fast?)

Shuster et	al.	(2005);	Vasconcelos et	al.	(205)



IV.	Iron	oxides
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Shuster	et	al.	(2005);
Farley	and	Flowers	(2012);
Balout	et	al.	(2017);
Allard	et	al.	(Submitted)

Ø He	diffusion	behavior	in	hematite	and	goethite

Ø Tc (He)= 56°C
Hematite	

Ø Tc (He)~ 49°C
Goethite

Ø Crystals	of	0.1	µm

Ø 5	to	30	%	He	loss	due	to	“tiny”	
polycrystalline	samples



IV.	Ore	deposits
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K-Ar and 39Ar/40Ar age (Ma)
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n grains = 144
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Vasconcelos et	al.	(2015)
and	references	therein

Ø Ore-deposit	formation	:	Carajas Mountains	(Brazil)



IV.	Ore	deposits
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Ø All	Amazonian	and	Australian	laterites	ages	

Vasconcelos et	al.	(2015)	and	references	therein

Ø Similar ages given by the K-Ar/Ar-Ar and (U-Th)/He systems
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IV. Others applications

TAKE	HOME	MESSAGE	:

(U-Th-Sm)/He dating can be applied to many systems if:

1. Crystal contains U-Th-Sm AND

2. Produced He atoms are quantitatively retained in crystal
lattice at surface temperatures (because of diffusion
~Tc>40°C) AND

3. Grain or sample (made of polycrystalline grains) size are >
100 µm (because of significant alpha ejection) AND

4. Possible strong damage impact on crystal lattice

74



75

(1) (U-Th)/He dating system

I. Introduction, generalities

II. (U-Th)/He principles (chronometer vs thermochronometer)

(2) How to get an (U-Th)/He age

(3) Applications

III. Apatite (U-Th-Sm)/He (AHe) method

IV. Other applications (zircon, iron oxides,…)

(4) Exercises (Tc, ejection, weight, Rs), thermal modeling
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(4)	Exercices

Different exercises using diffusion coefficient (or Tc), and notions
seen during lecture: ejection, diffusion domain, age calculation
and dispersion

1. Closure temperature calculation

2. Alpha ejection, Rs, weight determination (Qtflojt)

3. AHe age simulation using HeFty
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(4)	Ex	1.	closure	temperature	calculation

Ø With the given D0 and Ea, calculate the closure temperature
Tc, for a given cooling rate and grain size (a)

Ea (kJ/mol) 139.5

D0 (m2/s-1)	 3.37x10-2	

Dodson	(1973)

Ø With R=8.31 J/mol/K; A=55 and T=273 K
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(4)	Ex	1.	closure	temperature	calculation

values
Ea (J/mol) 139528,4
D0 (m2/s-1)	 3,37E-02	

a	(m)	 1,70E-04
D0/a2	 1,17E+06	 !!	Values	to	change	!!
R 8,31

A	(sphère) 55 T1	Temperature (°C)
T	(°K)	 345,00 72,00

Cooling rate	(°C/Ma)
Cooling rate	(°/s) 3,17E-13	 10

tau 2,24E+13
Tc	(°K)	 345

Closure temp Tc	(°C) 71,66 When it’s the	same value	of	T1

Ø Using an excel sheet, enter the need values need

conversion	1	cal	=>	4.18	J/mol
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(4)	Ex	2.	grain	characteristics	

1. You have carefully selected apatite crystals and reported all
measurements. Using those values, calculate the:

a. Apatite weight
b. Rs (equivalent diffusion domain)
c. FT (ejection factor)

2. For one sample, you are not sure if the termination was 2
broken faces or no pyramids. Test the influence on the FT
factor.

3. Test the influence of U-Th zonation on the FT factor.

4. Calculate the corrected AHe age and estimate the maximum
age dispersion induced by the FT factor (geometries, zoning)

100	µm
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(4)	Ex	2.	grain	characteristics	

Ø For grain measurement, you get the following data:

Name Geometry H		(µm) W		(µm) T	(µm) Weights	(µg) FT Rs (µm)
Hel_1 2bf 200 125 115 6.8 0.83 64.8
Hel_2 1+1 160 125 115 4.2 0.80 59.8
Hel_3 No	py 200 145 140 9.4 0.81 73.5

Hel-4 2	bf 150 80 70
With:

2	bf=2	broken	faces 1+1=1	pyramid	+	1	bf
No	py=No pyramids
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(4)	Ex	2.	grain	characteristics	

1. Selected the grain shape

2. Grain geometry

3. Grain size

4. Use a Th/U value

5. For zonation, selected
where the U-Th content is
localized and normalized
amount and size.

Ketcham et	al.	(2011);	Gautheron	et	al.	(2012)

http://hebergement.u-psud.fr/flojt/
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(4)	Ex	2.	grain	characteristics	

Ø With He, U, Th and Sm, you get the raw age for your sample.
1. Calculate the alpha ejection corrected age

1. Estimate the error on AHe age, by determining also the
error associated with the determination of the FT factor,
knowing that the analytical error was at 4%.

Name FT s Rs 4He	 U Th Sm eU Th/
U

Raw
age Cor	age s

(µm)	 (nmol/g) (ppm)	 (Ma)	
Hel_1 0.83 4% 64.8 2,21 17 61 296 31 3,7 12,2 14.7 8%
Hel_2 0.80 4% 59.8 34,19 103 265 383 167 2,6 37,4 46.7 8%
Hel_3 0.81 4% 73.5 0,11 1 4 275 2 4,8 4,8 5.9 8%
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(4)	Ex	3.	AHe	age	simulation

1. Using HeFTy, we will simulate AHe, ZHe and AFT age
distribution

Ketcham (2005)
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(4)	Ex	3.	AHe	age	simulation

1. Test on AHe and ZHe age for two different thermal histories (A
and B), the impact of:

a. Grain size,
b. eU content
c. grain chemistry (for apatite via the rmr0)

Te
m
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re

 (°
C)

Temps (Ma)
100 5075 25 0

0

100

200

300
(A)

(B)
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