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1. U-series geochemistry: Decay series
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Activity= decay rafe
214Pb
1600 yrs
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o A= In(2)/1; 5

3.82 days
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1. U-series geochemistry: Radioactive decay
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b
Condentration of any intermediate nuclide (radiogenic and

radioactive) of the chain:

= A’i\i)& N/ -(e‘“ - e‘Az")+ NE-ex”

——» Daughter decay
A

.

- Daughter in-growth from parent decay Converted to activity

M>>N

(230Th)t =(238U)0 . (1 .y e_)‘230Th°t) +(230Th)0 A e‘}‘QsoTh't
or
230 230
T. : T ;
— h - (1 _ e_}‘Q3OTh f) + . h . e_;‘Q3OTh t
u t u 0
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1. U-series geochemistry: secular equilibrium £ BRISTOL

X

(230Th)t =(238U)0 ] (1 p e_A%OTh't) +(230Th)0 . e_}‘%OTh't

t>350ka (™ 5x 1)

;x (230Th)t =(238U)0

equilil)rium:ihe activity of each nuclide (i.e. the decay rate ) of the
ain is constant:

ig‘h)=(226Ru)=...=(2°6Pb) or (230Th/2380) =(226Rq/230Th)=1

o When the secular equilibrivm is disturbed the system reacts through in-growth or decay of the daughter
nuclide to restore it
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1. U-series geochemistry: Return to equilibrium
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Equilibrium restored in

~5X|"|/2:

o (230Th/238U) ~ 350ka

o (237Pa/235U) ~ 175ka

e (226Rq/230Th) ~ 8000 yr
* (219Pb/226Ra) ~ 115 yr
* (228Ra/232Th) ~ 30 yr

Different parent-daughter > different geological processes > different timescales
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2. Isochron diagrams: U-Th
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U-Th fractionation: disequilibrium
required condition 1:

v Net fractionation:
constant (239Th /232Th)

v" Instantaneous U-Th
fractionation

1L

Horizontal displacement




2. Isochron diagrams: U-Th

"g

o
Ne)

230Th in-growth

A
O

=08 o
& o 0
L 0.7+
7
~ 0.6

0.5

0.4 . - . _

04 0.5 0.6 0.7 0.8 0.9
(238U /232T h)

FIST

%ﬁ Petrologia magmatica e Vulcanologia (SC2): Dal mantello alle camere magmatiche. Rimini, 7-8 Settembre 2009

|

= [ A University of
AL BRISTOL

Return to equilibrium

* Constant (238U /232Th)

Required condition 2:
v Closed system

g

207y, 2387 B 207y, AT
B2 t = B2y, 0'(1_6 mht)+ By, o'e i

11

Vertical displacement




2. Isochron diagrams: U-Th
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Each isochron is described by:

230Th
( 232Th) = (

238 U
232 Th

——

230 Th
232 Th

) J e—A'zsom't
C
I
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ISOCHRON:

v’ condition of the system at a certain time
after fractionation.

v’ The slope of the isochron is proportional
to the time elapsed between the parent-
daughter fractionation and the
measurement

0.5 0.

6

0.7 0.8

(238U/232Th)

0.9

> M= (1 —~ e'%”'t)

_ In(1-m)

}\’ZSOTh

Isochrons can be used to determine the age of the fractionation process
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2. Isochron diagrams:

h
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. Isochron diagrams: applications B BRISTOL

gas’

Natural magmatic systems

*  What are the processes responsible for U-
series fractionation?

Do they produce isochrons?
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2.1. U-Th fractionation: Whole rocks

Processes generq{ing disequilibrium: do they produce isochrons®

1. Magma diFferenﬁahbn

Hori ontal fractionation only if differentiation is instantaneous (with respect to t; , of the

daughter) S
g ‘{ - dating the differentiation event.

However:
* to be an isochron fractionation should be instantaneous

0.9
with respect fo half life of 230Th.

:,5 0.8

q . .

- s o Usseries elements (e.g. U, Th, Ra) are highly

o6 incompatible in most of mineral phases with few exceptions

(zircon, apatite)

<
th

S
'

* Fractional crystallization has litile effect on the
0.4 0.5 0.6 0.7 0.8 0.9 1
U/ Th) composition of the erupted volcanic rocks, especially for
basaltic compositions
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2.1. U-Th fractionation: Whole rocks
Processes generatﬁiﬁng disequilibrium: do they produce isochron

&’
2. Source melfing
Differént degrees of melting could generate isochrons (D;>Dy,>Dg,>D5, in typical source

However:

* small differences between partition coefficients of parent and
daughter nuclides

- Significant disequilibrium generated only by small degree
melts

* Large 20Th- (226Ra-, 23'Pa-) excesses in MORB

(230 T h/232 T h)
=
|

0.6

- Daughter in-growth in the up-welling melting region: Dynamic
5 melting models (e.g. McKenzie, 1985 EPSL 72, 149-157; Ellioit,
. 1997, (G 139, 165-183) for MORB and OIB

0.4 0.5 0.6 0.7 0.8 0.9 1 @

(238U /232Th)
NO ISOCHRONS
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2.1. U-Th fractionation: Whole rocks O BRSO

Processes generating disequilibrium: do they produce isochrons?

3. Fluid additiqn K

bility in the fluid phase: Df; > Df, > D, > Df,_

d arc magmas show 238U-excess

- Age of fluid addition to the mantle wedge
However

e
oo

o BIPg excesses suggest the involvement of in-growth during melting also
in island arc rocks (e.g. Thomas et al., 2002, GCA 66, 4287-4309)

(230 T h/232 T h)
=
|

. dynamic models applied to U-enriched sources produce oblique trend
similar to those produced by ageing.

o
fo)

<
th

S
'

0.4 0.5 0.6 0.7 0.8 0.9 1
(238U /232Th)

. Difficult to discriminate between the two processes
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2.2. U-Th fractionation: Mineral Isochrons £ BRISTOL

4. U-Th Fractionéé_ion during mineral crystallisation

* Instantaneous and contemporaneous crystallisation

0.9 - = horizontal displacement
|
208 |
5 e o |f crystals and liquid remain isolated they evolve with time
§ to restore equilibrium and when measured lie on an isochron.
e

U

AGE OF CRYSTALLISATION of min4 and minB

<
th

S
'

0.4 0.5 0.6 0.7 0.8 0.9 |
(238U /232Th)
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2.2. Mineral Isochrons: natural systems

From Hawkesworth et al. 2004, EPSL 218, 1-16 after Hawkewsworth et al. 2000,

JPet 41, 991-1006
100- f l Ages of crystals at time of eruptions in different
Mountain volcanoes

Long
T gl Ages of Vlallex
E:T Crystals ;-..
5 ‘e, S :
2 Soutiee| | | e aystallisation ages > erutpion ages
= v St. Vincent |
5 b
b L) |
o * e
g 40 . M Shasta || o generally older crystal ages in more differentiated
- ® Mt St - ‘
z Vst Helens 3\ ‘ g prOdUdS
éﬂ 20 . ) re ,'. ‘Kcn)'a

® Kaimeni o\ .‘ Taupo . . . .
VB nckiand e j;m A\ Ages > residence fimes mferred with
0l #%es o seexseees .,0_ other methods (e.g. diffusion)
4 S0 60 70 80 90

Si+Al (mol %)

Crystals may be stored in the magma chambers for several thousand years
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1.5

1.4
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ﬁ wr @ t=6.1 £0.5 ka
a 1.3 mt. s 9l
e ( )
-
oo
~
S

1.1 -

1.0

1 1.1 1.2 13 1.4 1.5

et al., 1993, ‘GCA 57, 1215-1219 Data from Schaefer et al., 1993, GCA 57, 1215-1219

Concordant U-Th and Ra-Th ages (few cases)
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2.2. Mineral Isochrons: natural systems WAL BRISTOL

Data from Volpe et al. 1991, EPSL 107, 475-486 " Data from Volpe et al. 1991, EPSL 107, 475-486
15 5.0
4.5 -
p— 1.4 4.0 |
= | g 35 t=4900yr
SR PCEE =34+ 16ka ® =
L o— S 25
= o= o =
= S 2.0
- ~1s
1.1 1.0
0.5
1:0:4 0.0
1 1.1 1.2 1.3 1.4 1.5 0 i, 2 3 4 5 6
230 -
(38U/™Th) (**Th)/Ba

wnt Ra-Th and U-Th ages

e U-Th mineral isochron ages > 8 ka in rocks with Ra excess (not possible!)

Why?2 What ages are we measuring?

FIST

%_ Petrologia magmatica e Vulcanologia (SC2): Dal mantello alle camere magmatiche. Rimini, 7-8 Settembre 2009



2.2. Mineral Isochrons : natural systems

Possible factors aﬁecgng mineral
isochron ages: 3§,

/'

DanJhm Charlier & Zellme, 000) EPSL 183, 457-469

©
‘665-125@1

2(238U /232Th)‘ll'
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1. Mineral separates: large number of crystals
required

different populations of crystals
recycling of old cumulates phases

2. Prolonged crystallisation history

(=

Crystallisation is not instantaneous: ages are
averages between older core and younger
rims (e.g. Charlier & Zellmer 2000, EPSL
183, 457-469)

Ra-Th and U-Th isochrons average different portions of the
crystal population

3. Inclusions of U- or Th-rich accessory
minerals

may dictate the measured isotopic ratios of
the crystal separates (e.g Heumann &
Davies, 2002, JPet 43, 557-577)
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2.2. Mineral Isochrons: 226Rqa-230Th

DRa g DBt::g ; ‘g

Data from I/Zl;ag et al. 1991,‘l 107, 475-486

L4
-

e One isochron between minerals?

s
45

o Different crystallisation ages for
pyroxene and plagioclase?

* s any of these a real isochron?

Only if D¢, = D,




2.2. Mineral Isochrons: 226Ra-239Th ages
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Blundy & Wood (1994, Natuge 372, 452-454) demonstrated that the bigger ionic radius of Ra results in
different partitionioefficients for Ra ad Ba in silicate minerals (Dp,< Dy,

.
y. ;
IData firom Cooper et al. 2001 EPSL 183, 703-718

D

3.0 4

2
(**Th)/Ba

Initial Iéguid
A px
wrQ Q
gdm A
O t
O
it
\Z
3
Hawaii: 1955 ER eruprion
0 1 3 4
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e NO ISOCHRONS
e if D, and Dy, can be estimated
e (rystallisation ages can be recalculated if the

initial (226Ra)/Ba in equilibrium with the crystals
is known.
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2.2. Mineral Isochrons: 226Ra-239Th ages B BRISTOL

Unknown initial liquid: %ooper et al., 2001 EPSL 183, 703-718

i.
* (226Ra)/Ba of hypothetic melt in equilibrium with the minerals at fime of eruption (from Dy, and D;,)

deling of backw §'(26Ra) /Ba evolution for calculated melt and measured groundmass.

P y
Data from Cooper et al. 2001 EPSL 183, 703-718

Age of crystallisation

3 3
: 3
4000 [ S|
5 ¢ :
3 ! Intercept with groundmass
© - &
@ 3000f
>\ - —
S 3 2
oc s
& -
& _ 2000 3

Al

IIII]III

0 500 1000 1500 2000 2500 3000

years before present
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2.2. Mineral Isochrons: 226Ra-239Th ages WAL BRISTOL

Not so simple: might Dm: D, be the best approximation?

b) . P
(C) 871 AD Torfajokull rhyolite .
115 4 ¥
15 mt
o g
- 110 5
T . L T S :
ol IOS E‘:T3‘ ~
? """,,;@f.',. """" It T & 107
g ~
100 . ) 8 .
Zero age U-Th iso = KEY = =
& 2 3
0951 = 05 i £
lia Good correlation: §71AD ® O
- - £ Isochron or mixing? 1477 & ©
0.95 1.00 1.05 110 0.0
(BSUATH) 0.0 0.5 1.0 15 20 25
(+*'Th) /Ba (dph/pg)

005) and Rubin & Zellmer (2009) vs. Cooper, (2009), EPSL

- Only few direct D,, measurements (Fabbrizio et al., 2008, 2009)
- Large uncertainties on D, and Dy, values for different volcanic system
- Little effect of D, # D, for minerals where Ra™ 0 and D, <<D., (e.g. mt, px)
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Summary 1: Isochrons

b
egWhole rockE isochrons are unlikely to be obtained due to the complexity of the processes

/, geheruﬁng U-series fractionation

* The significance of mineral ages must be thoroughly evaluated considering that they could reflect

T v Different population of crystals or core-rim age variation
v' Older xenoliths and possible inclusion of U- and Th- rich minerals

v’ Prolonged crystallisation history (discordant U-Th vs. Ra-Th ages)

A * Ro-Th ages require knowledge of Dy, and Dy

e Mineral isochrons provide information of crystallisation ages, but not necessarily on residence

fimes in magma chambers, which are often open rather than closed systems.

FIST
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3. Disequilibrium vs. time

i

E volution of U-series disequilibria through time
-~ (e.g. eruption history of a volcano)

Closed vs. Open systems

» Effect of episodic or continuous replenishment

FIST
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3.1. Closed system evolution B BRISTOL

1.00 Fresh magma entering the magma chamber 500ka ago
with (2Th/238|J) =0.83

S 0.95
= 230 230
? 0.90 - 238Th — (1 — e—)‘a30Th'f) + 238Th : e_A23OTh't
Q U U
- t o

0.85

0.80

->00 =00 300 -200 100 O 1 Similar evolution for (230Th/232Th), (238U /232Th) remains constant
ka from present

The activity ratio increases until secular equilibrium is restored and can be tracked through fime in erupted

products

FIST
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3.2. Open systems
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Periodically or continuously replenished magma chambers:
&’

( 230Th

\

238
U

I

238
U

)out

FIST
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» Volume magma chamber (V) [assumed constant]
* Input volume (V) = output volume (V)

« Interval between inputs (t)

o Flux: ¢ (V/t)

* Residence time (turnover time): t= V,,/ ¢

230Th
The value of the activity ratios ( mU) can be modeled as:

out

First input > Decay {+fractional crystallisation} > new input MIXING >
decay ...... efc.




3.2. Open systems: discrete replenishment inputs

Vol magma chamber: V,;= 100km’
Replenishment: Vi = 50km’

Interval between inputs ¥= 50ker (ie comparable with t, , of 2Th)
Flux (average): ¢ (V,/t)=0.001 Km?/yr
Residence time (turnover time): ©= Vy,/ ¢ = 100ka

*

0.85 Decay
Instantaneous mixing (+crystallisation)
0.80
-500 -400 -300 -200 -100

ka from present

0

Replenishment model from Hughes & Hawkesworth 1999 GCA 63, 4101-4110. No
fractional crystallisation considered

FIST
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Episodic input of fresh magma with constant
(230Th/2380),

Instantaneous mixing between new input and magma in the
chamber

Alternate phases of:
« decay {+fractional crystallisation}

*  mixing

Disequilibrium can be maintained for
more than 350ka




3.2. Open systems: discrete replenishment inputs

—

Vol magma chamber: V,,= 100km? ‘\Q
Replenishment: Vi = IOkm 3

Interval between inputs = 10ka (I e. T <t /2 of 230Th)
Flux (a;;y’ge) ¢ (V;/6)=0.001 Km?/yr

Residence time (turnover tlmeIL t=V,,/ ¢ =100ka

1.00

0.95

0.90

(230T h /238U)

0.85

0.80
-500 -400 -300 -200 -100

ka from present

FIST
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e (onstant flux but shorter interval between
the fresh inputs (i.e. also smaller V; )

v

Similar behavior but smaller fluctuation
of (23°Th/238U)
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3.2. Open systems: continuous replenishment

Vol magma chamber: V,,= 100km? i\

Replenishment: Vi = lkm i

Interval between inputs ¥= 1 e (I e.1<< k /2 of 230"])
Flux (a\;ye) ¢ (V,/©=0.001 Km3/yr

Residence time (turnover time): t= V,,/ ¢ = 100ka

Smaller interval between input > (i.e. t <<t , of %0Th}

Replenishment can be considered continuous:

STEADY STATE ACTIVITY RATIO
4

(230Th/238U), . = constant

0.800
-500  -400  -300  -200  -100 0

ka from present
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3.2. Open systems: continuous replenishment

Vol magma chamber: V,;= 100km*®
Replenishment: Vi = 1km?

Interval between inputs ¥= I ka
Flux (average): ¢ (V,/t)=0.001 Km3/yr
Residenyﬁme (turnover time): T= V,,/ ¢ = 100ka

0.800
-500

-400

-300  -200

ka from present

-100

0

FIST
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(239Th /238U), _ depends only on two unknown:

1. (B3°Th/23U).
2. ¢/Vy=Renewal rate (pg)=1/t

When both steady state and input activity ratio of a volcanic
system are known, we can calculate:

* Residence time t = 1/ ¢g

» Volume of the magma chamber
Vu=0/og=0¢"T

(¢ estimated from eruption volumes over time)
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3.2. Open systems: continuous replenishment

Vol magma chamber: V,;= 100km’ 'i‘
Replenishment: Vi = 20 km? %.
Interval between inputs t= lka o
Flu (avegsey. 6 (V0~0.02 km3 /yr Changing V;,,., {i.e. changing input
Resid?éime (turnover time): T= VM/ ¢ =Ska 1 -
: = - flux)

Increased flux of magma:

o (239Th/2380).. closer to input value

e shorter residence time

* hi . g <<
500  -400 300 200 -100 0 high renewal rate: T << A

ka from present

> (239Th/238U),, ~ (230Th/238U).

FIST
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3.2. Changing isotopic system

(226R a /230Th

ka from present

= A University of
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Vy = 100km?
Vi=20 km?
t=1ka

¢ (V/t)= 0.02km?3/yr
©=V,,/ ¢ =5ka

-200
ka from present

-100 0

ka from present

FIST
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o The interval between inputs is significant for Ra-Th
but not for Th-U system: different parent- daughter
pairs may behave differently

«Steady state can be reached for shorter intervals
between inputs

Similar evolution for (226Ra)/Ba
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3.3. Examples from natural systems

Real volcanoes are much more complicated than the modeled one:

o Fractional crystallisation likely affects the activity ratios
v use of (230Th/232Th) and (22Ra)/Ba to avoid this effect or addition of crystallisation to the model

e Magma input might not be constant through time: activity ratios variation due to source processes
v Combined use of different isotopic systematic permit to distinguish source from magma chamber processes

* Mixing is not an instantaneous process (magmas erupted over a short period relative to , ,)

v can be modeled in relationship with the renewal rate and the activity ratio of the input magma (e.g.,
Condomines et al 1982, GCA 46, 1397-1416)

e Zoned magma chamber: the new input of fresh magma mixes only with a minor part of the melt in
the chamber.
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1. Etna (Condomines et al, 1995 EPSL 132, 25-41)

(-}

/Ba (dpm/ug)*10°
N
wv
T

0
wn
wn

Continuously replenished magma chamber

(*?°Ra)

Steady state activity in the past 1000 yrs (before 1970) from
(226Ra)/Ba

800 1000 1200 1400 1600 1800 2000

Y A.D. .
(A2 Diftarential e  Constant (226Ra/Ba): no difference between
irrerenriarion N .
o mugearites hawaiites and mugearites
T <200yr

No Ra-Ba fractionation during differentiation

Constant input isotopic composition: small

From Condomines et al. 1995, EPSL 132, 25-42

Differentiation f variation in (230Th/2380), (230Th/232Th) and
hawaiites 87SI’/ 86Sr

T=1500yr

Var 30 ko3 o  (226Rq/230Th). from eccentric eruption

FIST

%ﬂ_ Petrologia magmatica e Vulcanologia (SC2): Dal mantello alle camere magmatiche. Rimini, 7-8 Settembre 2009



EAKC University of
3.3. Examples from natural systems WAL BRISTOL

2.00 [ 2. Piton de la Fournaise (Sigmarsson et al, 2005, EPSL
® Enclos + rift zones ] 234, 223-234)

180+ |< Oceanites ]
- O Eccentric craters 1

Periodically replenished magma chamber.

o variable (226Ra/23Th): alternating episodes of
closed system and replenishment

* constant input isotopic composition: small variation
in (230Th /2380), (230Th,/2327h)

o (226Ra/2%Th), from eccentric eruption

* (losed system periods:
Difference between input magmas and lowest erupted (226Ra/230Th)

- storage fime ~ 1600yr (maximum value)
« Replenishment periods:

: fizones) ] ing (26Ra/230Th) : e
1101] Effoct of reptonishment | & oo+ ezones): !ncreusmg( Ra/20Th) in a 40yr fime span: mixing not
| T=25yrs o Oceanites . Instantaneous

ce b : effect of decay can be neglected, activity ratio depends on the input and

1960 1970 1980 1990 2000 . . . .
Eruption date chamber composition, and residence time (Condomines et al., 1982)

| From Sigmarsson et al. 2005, EPSL 234, 223-234 2 25yrs .
- V,, = 0.35 km?3 (from estimated output rate)

1.00. T 1
1940 1950
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Summary 2

* Magmatic system might behave as closed, periodically or

confinuously (steady state) replenished system with respect fo
different U-series pairs: e.g. 230Th-2381, 226Rq-230Th, 210Ph-226Rq

uﬁfn

210pp226Rg * The evolution of U-series isotopes through fime in such systems can
be modeled providing important information

— v'storage and differentiation fimes (closed system)

v residence times and magma chambers volumes (open
226 4230}, system)

23073,.2387]

— o Different U-series parent-daughter pairs provide information on
the timescales of different processes operating in different times and
af different depth in the magmatic systems.
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Magma degassing in shallow reservoir

Receni fradlsnahon events < 100yrs a Shallow magmatic processes

« 22Rn is highly volatile and is continuously degassed in the
- G —218p,——214p) shallower reservoirs (open conduit) and its concentration in the
magma can be modeled.

3.82 days

o (210Ph/226Rq) < 1 in the erupted degassed lavas can be related
to degassing of 222Rn (Gauthier & Condomines, 1999) and
depends on:

* renewal rate ¢/M (¢pg) = 1/t [unknown]

* duration of degassing ¢ [unknown]

* loss of 222Rn during degassing: f [can be
estimated by monitoring 222Rn in-growth in freshly
erupted lavas]

* initial volatile content: o [can be determined from
melt inclusions contents]
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4. 210Ph-226Rqg disequilibria

From Gauthier & Condomines, 1999 EPSL 172, 111-126

1.00

(*1%Pb**Ra)

Increasing renewal rate
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Closed system (but open conduit)

070 &

01

0.60 +
0.50 4
0.40 4
030 4

020 4

Assumed =1
Complete **’Rn degassing

0.05

0.01

Soull) 20UP1Sa.L SUISDIAIU

. ¢R =0
*222Rn rapidly lost (21°Pb/?%°Ra)>0

Continuously replenished system

STEADY STATE (210Ph/22¢Rq)

U

determinable o T——> <




. ofe . & wé University of
4. 210Ph-226Rqg disequilibria WAL BRISTOL

Natural systems

!

405

1. Stromboli (Gauthier & (

idomines, 1999 EPSL 172, 111-126)

o

/ Constant (2'9Pb/226Ra) = 0.96-0.99: STEADY STATE

* f=0.9-K0 (estimated)
‘ igefige time in the shallow reservoir T =110 - 520 days

From Gauthier & Condomines, 1999 EPSL 172, 111-126

110

7 - >
- — > <

Megrntecion Closbaystem degassing Mages iecien 2.  Merapi (Gauthier & Condomines, 1999, EPSL
~ { 172, 111-126)

variable (2'9Pb/226Ra): alternate episodes of closed
system and replenishment

e f=1.0 (estimated)

Both episodes can be modeled:
e 1984-92: closed system degassing (9 years)

3 2

(21Oppy22Ra),

E =

-J g
—_—

0.60

. 1992-1996: re-injection
0.50 /IF_J' T T~ 2yrS

%0 1R s 96 1988 190 19 1994 19% VM ~1.610" m3

=
%’%
\\;
\
s =1
Cumulative volume of erupted lavas (10° m*)
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1.6

A Berlo et al., (2005) Science 306, 1167-1171:
= 14 0 128D
o

c L, | il Mount S.Helens
§ 9 .
£ 10 [--emev “pmmzommnnpennnnnas rem-
o
% o0s | 0, . (2'°Ph /226Ra) > 1
= 0.6 5 .
2 14} / Capping of the system: shallow accumulation of
‘g 1<} gg volatiles (222Rn decaying fo 2'0Ph) exsolved from

10 L @
3 o =R lower magma bodies:
% 6| & S 3% 8 210ph-226Rq as precursor to explosive

0 50 100 150 200 250  chviy:
Days since 16 March 1980

From Berlo et al. 2005, Science 309, 1167-1169
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Thanks...
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