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Abstract

The 2.0 Ga pseudo-isochron age inferred from the mid-ocean ridge basalt 2°’Pb/***Pb against 2°°Pb/***Pb diagram is re-
examined on the basis of a statistical box model of mantle processes. Simple equations are presented which relate the pseudo-
isochron age to the decay constants and distribution of heterogeneity ages in the model mantle. In turn this age distribution is
simply related to the history of melting. The equations are in good agreement with results from mantle convection simulations. The
equations are different from but related to, and more general than, those found previously for mean box models. While the pseudo-
isochron age does not signify a mean age in the usual sense, in the model presented it is related to a “generalised mean” over the
distribution of heterogeneity ages. If a constant melt rate over the Earth’s history is assumed, a mean remelting time of 0.5 Ga is

required.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

When 2°Pb /2**Pb is plotted against 2°°Pb /***Pb for
data from mid-ocean ridge basalt (MORB) or ocean island
basalt (OIB) an approximate linear relationship is found
(Fig. 1). The slope of a regression line through these data
points can be used to infer an age by treating the re-
gression line as if it were an isochron [1,2]. Formally an
isochron age dates a single fractionation event, which is
not the case for MORB and OIB; the isotopic systematics
of these basalts result from multiple fractionations due to
repeated melting and recycling over the course of the
Earth’s history. As such the ages calculated by the iso-
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chron method are often referred to as pseudo-isochron
ages, and the aim of this work is to relate the pseudo-
isochron ages to real physical parameters.

The isotopic systems we will study consist of a parent
isotope p which decays to a daughter isotope d with
decay constant A. There is a reference isotope d’ with
respect to which these isotopes are measured. The
reference isotope is of the same element as the daughter
d, but neither decays nor is a decay product. There are
two particular isochrons we will focus on, and we will
refer to these as the parent—daughter isochron and the
daughter—daughter isochron.

The parent—daughter isochron involves plotting d/d’
against p/d’. The parent—daughter isochron age 7,q; is
related to the slope j3 of the regression line by

i1 = . (1)
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Fig. 1. Scatterplot of measured MORB data (see Appendix F of [9] for
a list of data sources). Three regression lines are plotted, and the
corresponding pseudo-isochron ages shown. Linear regression of
20775y, 204 s 2061 204 : .

Pb/""Pb against " Pb/"""Pb gives a pseudo-isochron age of
1.41 Ga. Linear regression of 2°°Pb/?**Pb against °’Pb/***Pb gives a
pseudo-isochron age of 2.47 Ga. The geometric mean regression line
has a pseudo-isochron age of 1.96 Ga.

An example of this is the *’Sm/"**Nd—"*Nd/"**Nd
diagram. In practice parent—daughter isochrons are not
very useful for analysing basalt as the melting that
occurs shortly before sampling fractionates parent
from daughter, destroying the underlying p/d’ signal.
As such our main focus will be on the daughter—
daughter isochron which is not affected in this way by
the melting that occurs before sampling. This is where
(d/d’), is plotted against (d/d"); for two different isotopic
systems which have the same parent and daughter
elements. In practice there is just one case in which
this applies: the 2°°Pb/>**Pb—2*"Pb/***Pb diagram. The
lead—lead (daughter—daughter) isochron age tq4q4; is
related to the slope S of the regression line by
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where 4,35 and 1,5 are the decay constants of *°U and
238U respectively, and the ratio 2*>U/***U has constant
value of 1/137.88 at the present day throughout the solar
system. Measured MORB data leads to pseudo-isochron
ages around 2.0 Ga (Fig. 1) and it is this age that we are
most keen on understanding.

There have been a number of attempts to model the
MORB and OIB pseudo—isochrons, and they have all

been based on the same physical principles of radioactive
decay, stirring, melting and mixing. There have been
three main approaches: mean box models [3-5],
statistical box models [6], and numerical simulations of
mantle convection [7,8]. This work aims to unite the
different approaches and show that most of the
modelling work that has been done so far can be best
explained by some simple equations derived from a
simplified statistical box model of mantle processes [9].
For easier reading, we have split the paper into two parts.
The main text discusses the pseudo-isochron equations
resulting from the model, and compares them to previous
work. The appendix presents the model derivations.

2. The model

The model used is a generalisation of the simple
statistical box model described in [9], and we refer
the reader to that paper for a more thorough discussion
of the model. The model treats the mantle as a box
containing a melting region which is visited by parcels
of mantle material on an average time scale T, When
parcels enter the melting region a melting event is
performed which fractionates parent from daughter,
producing a fraction F' of melt and a fraction 1—F of
residue. G is the molar fraction of a chemical species
that enters the melt, and depends on partition coeffi-
cients and the melt fraction F. For a given concentration
C of species entering the melting region the concentra-
tion of the melt produced is CG/F and of the residue
is C(1-G)/(1—=F) (Appendix A). The melt and residue
produced are then recycled back into the box. Im-
portantly, we assume that the stirring in the box is
strong, and this allows us to treat melting as a Poisson
process [10,11] with the statistics of material entering
the melting region being the same as those over the
whole box. Sampling is modelled by drawing N samples
from the box and averaging [12], representative of the
mixing that occurs after melting.

There are three crucial differences in the current
model from that described in [9]. Firstly, the decay
constant A is no longer assumed small which allows
207pp/2%Ph to be modelled. Secondly, a steady state is
not assumed, but instead the box is assumed to start with
uniform concentrations of isotopes at an age T, before
the present. Finally, the melt rate is no longer assumed
constant over time but instead given by some function of
age Vmel(T). For constant melt rate Ye1(7)=1/Tmerr
and we now redefine 7., as just the melting time scale
at the present day.

A number of key analytic results can be derived from
the model in the asymptotic limit where N— oo (heavy
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averaging), and all the results in the next section are
based on this limit (Appendices B and C). Numerical
simulation suggests that the dependence of the pseudo-
isochron age on N is fairly weak (Fig. 2), and so using
the N— oo asymptotics seems well justified. In this limit
the distribution of isotopic ratios tends to a multivari-
ate normal distribution, and expressions for the corre-
sponding covariance matrix can be derived. In particular
these expressions allow us to estimate the slopes of
regression lines in plots of one isotopic ratio against
another, and thus to derive expressions for the model
pseudo-isochron ages.

There are many different ways of fitting a line to a
cloud of data points. Following [3] we have focused on
the geometric mean regression line (also known as the
reduced major axis regression line) whose slope is given
by the ratio of the standard deviations of the two isotopic
ratios in question (solid line in Fig. 1). To give an
estimate of the uncertainty in fitting a line we have also
included results from using the two linear regression
lines (dotted lines in Fig. 1) in some of the figures. If the
correlation is good all three lines should be similar.

3. The pseudo-isochron equations

The key to determining the pseudo-isochron ages in
the model is the random variable 7', which gives the
distribution of parcel ages for those parcels that have
passed through the melting region. The age of a parcel is
defined as the time since last visit to the melting region.
The parcels that have not visited the melting region are
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referred to as primordial parcels, and are not assigned an
age. Let E be an expectation over a random variable, so
that

2
Ef(fm) = /0 Sf(1)gm(r)dz, 3)
where ¢,(7) is the probability density function of par-
cel ages, and f(7) is an arbitrary given function. The
subscript ‘m’ is to emphasise that we consider only those
parcels that have passed through the melting region. In
this model the primordial parcels make no contribution
to the pseudo-isochron ages, since primordial parcels
have uniform isotopic concentrations equal to the mean
over the whole box. In terms of 7', the model pseudo-
isochron equations are simply (Appendices D and E)

(¢i-1)? = E(eMTn-1)2, (4)

E(e/lm j";n_l)z
= ~ 5
E(eizzs Tm—l)z ' (5)

(e;~235"~'ddi -1 )2

(37~238Tdd| -1 )2

where 7,,4; and 744; are the parent—daughter and lead—lead
pseudo-isochron ages respectively. Note that these
expressions depend only on the decay constants and
the distribution of parcel ages. The expressions clearly
show that the pseudo-isochron ages are just particular
weighted averages over the parcel ages. In fact the
pseudo-isochron ages are examples of “generalised
means” [13,14] (Appendix F). It also follows from these
expressions that the pseudo-isochron ages are always
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Fig. 2. Constant melt rate model numerical simulations with N=1, 500, and 25,000, 7,¢;;=0.75 Ga, 7,=3.0 Ga, F'=1.5%, and a sample size of 1000.
Partition coefficients are those used in [9], giving Gp,=0.42 and Gy=1.00 ((2) of [9]). The middle picture has similar variance and slope as the
measured MORB data (Fig. 1). The left picture shows unaveraged compositions, the right heavily averaged compositions. Note that the data forms an
ellipse under heavy averaging, indicative of a bivariate normal distribution as expected by the central limit theorem [17]. The geometric mean
regression line for the three cases leads to pseudo-isochron ages of 2.30 Ga, 1.98 Ga, and 2.06 Ga respectively. The pseudo-isochron Eq. (8) predicts

an age of 2.03 Ga as N— .
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greater than or equal to 7,, = ET;, the mean age of parcels
that have passed through the melting region. This is an
important result as it means that models with 7, greater
than the observed lead—lead pseudo-isochron age of
around 2.0 Ga cannot be compatible with the isotopic
observations (such as the Davies model [15]). If the parcel
ages << 1/A then Eq. (4) reduces to T,q = \/E>fj, a result
which is independent of A. Hence, parent—daughter
pseudo-isochron ages will be the same for all slowly
decaying isotopes, namely for the '*’Sm/'**Nd-'*Nd/
14N, STRb/AOSr—37Sr/80Sy, 1Ly TTHETHE/ TTHE,
and *Th/***Pb—2"*Pb/***Pb diagrams.
The history of the rate of melting can be directly
related to the distribution of parcel ages in the model. If
Ymet(7) is the melt rate as a function of age then ¢y, (1) =

q(1)/ ;> g(r)dt where (Appendix G)

1) = Yous 050~ [ (21 ).

An important special case is where melt rate is constant
Vmelt(T) =1/ Tmer, Where Ty 1S @ constant melting time

(6)

scale. In this case g (1) = e /™ /(Tpe(1—e ™/ ™et))
and the model parent—daughter pseudo-isochron equation

is (Appendix H)
T ] 2 -
: (e“—l) e T/T"‘e“dr
(7)

).‘L'pdi_l 2 — 0
(e ) Tmelt( 1 —eifs/fme]t)

The most important feature of this equation is that
it depends only on the three time scale parameters in
the problem: the melting time scale t,,,);, the start age 7,
and the decay constant A; and not on any of the
other parameters. Fig. 3 plots solutions to Eq. (7) for
MBNA/M*NA-"YSm/ ' **Nd (1=0.00654 Ga™ ') in two
different ways. Fig. 4 shows similar graphs for U/
204pp_207pp/2%Ph (1.=0.985 Ga '), a case for which
the decay is not linearisable. Note that there is a
reasonable uncertainty in the parent—daughter pseudo-
isochron ages indicated by the wide grey region in Figs.
3b and 4b. This expected (and indeed observed) lack of
very good correlation is another reason why parent—
daughter pseudo-isochron ages are not particularly

useful.
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Fig. 3. Plot showing the variation of "*’Sm/"**Nd—"**Nd/'*'Nd (1=0.00654 Ga~ ') model pseudo-isochron age Tpai Eq. (7). Near identical curves will

be produced for other isotopic systems where the decay is linearisable (T or 75 << 1/4), such as 8’Rb/*®Sr—7Sr/*°Sr, '°Lu/!77Hf-""°Hf/"""Hf, and
232Th/2%pp—298pb2%%Pb. (a) plots 7,4; against start age 7 for different values of the melting time scale 7,ci. For small values of 7, the curves have
slope = 1/+/3. The curves shown asymptote to /27y for large values of 7, with the exception of the Ty =00 Ga curve. (b) plots Tpdi AZAINSE Ty
for different values of 5. Values of 7,=2.5 Ga, 3.6 Ga and 4.5 Ga have been chosen for comparison with numerical simulations of mantle convection
[7.8]. For small values of T,y the curves have a slope of /2. For large values of Ty the curves asymptote to pseudo-isochron ages of 1.45 Ga,
2.08 Ga and 2.60 Ga respectively (~ 75/ V/3). Shown in grey is the uncertainty in fitting a line for 7,=3.6 Ga: the geometric mean regression age
(solid line) lies between the two linear regression ages which bound the grey region. The corresponding regions for 7,=2.5 Ga and 4.5 Ga have not

been plotted as they substantially overlap the 3.6 Ga region.
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Fig. 4. As Fig. 3 but for 2°U/2%*Pb—2""Pb/2**Pb (1=0.985 Ga '), where the decay is not lineariseable. (a) plots Tpai against 7, for different values of
Tmelt- FOI Trmery < 1/22=0.51 Ga the curves flatten out for large 5. For T,,,e> 1/2 the curves grow linearly with 1, for large 7. The Ty =00 Ga curve
approaches a slope of 1 for large 7. (b) plots Tpq; against T, for different values of 7,. For large values of 7, the curves asymptote to pseudo-
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Fig. 5. As Fig. 3 but for the 2°°Pb/2**Pb—""Pb/***Pb (1235=0.155 Ga ', 1,35=0.985 Ga ') model pseudo-isochron age 744 Eq. (8). (a) plots Tqa;
against 7, for different values of 7. For small values of 7, the curves have slope=0.75. For values of T, around 1-2 Ga the approximate
relationship 74q4; = 0.757, holds for the range of 7, plotted. For T, < 1/24,35=0.51 Ga the curves flatten out for large 7. For ty,0> 1/21535 the curves
grow linearly with 7 for large 7. The T,,,e1c =00 Ga curve approaches a slope of 1 for large 7. (b) plots T4q4; against T, for different values of ;. For
small values of 1, the curves have a slope of 3. For large values of T, the curves asymptote to pseudo-isochron ages of 2.02 Ga, 2.99 Ga and
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The more useful pseudo-isochron equation is the
lead—lead pseudo-isochron equation given for constant
melt rate by (Appendix I)

B fors (6,12351_1)2671/%31((11 (8)
- Jo (et —1)?e e/ mmande

(e/lzzﬂddi -1 )2

(ellzssfddi -1 )2

Fig. 5 plots solutions to Eq. (8). Note that the lead—
lead pseudo-isochron ages are fairly well constrained as
the model correlation is good (as indicated by the
narrow grey regions of Fig. 5b).

The pseudo-isochron equations only encode age in-
formation, and do not involve the parameters G and F.
However, if we are concerned with the variance of
isotopic ratios, or the slopes in plots of one isotopic ratio
against another which do not have common parent and
daughter elements, then these parameters are involved.
This was the main focus of [9], and the corresponding
generalisation of (1) of [9] for the standard deviation o
of d/d’ ratios after sampling is (Appendix C)

‘Gp_Gd|

_E. . " eM— 2 7)dz
O-_J’ \/]—vﬁ(‘l‘_‘ﬁ:)‘ \//0( 1)q()d7 (9)

where p/d’ is the ratio of mean parent isotope concen-
tration to mean reference isotope concentration over the
whole box at the present day.

4. Linear pseudo-isochron equations

There are three models based on linear evolution
equations that have recently been proposed for the
pseudo-isochrons [3-5]. In fact, all three models
produce identical pseudo-isochron equations and are
closely related. Albaréde [4] and Donnelly et al. [5] both
consider a two reservoir model, and derive the pseudo-
isochron equations in precisely the same way. Allégre
and Lewin [3] consider a different set of linear evolution
equations for isotopic dispersion, which with some
rearranging are almost equivalent to the two interacting
reservoir equations.

The governing equations for two interacting reser-
voirs derived by [4] and [5] are

dl’ll np ny
My o, 10
dt ‘L'1+‘L'2 m ( )
dn, n; m
S m 11
dt T 1o 2 ( )
dml m ny R

= ——+ —+ Any, (12)

dr 0, 0,

dmy, m; my

fh_m_. ™., 13
dt 0, 0, + A, ( )
dS1 - _S1 Ay

@ 0,0y (14)

z_s_n (15)
dt 0, 0,

where the notation of [4] has been followed. n;, m; and
s; are the total number of moles of parent, daughter and
reference isotopes respectively in reservoir i (these
should not be confused with p, d and d’ used throughout
the appendix to represent concentrations). t; is the
residence time of the parent element in reservoir i, 6; the
corresponding residence time for the daughter element.
Let > ,, > . and > be the total number of moles of
parent, daughter and reference isotopes in both
eServoirs: » ., =ny;+ny, >, =nmj+n,, and Y =s;+s,.

Then

d Zn = _AZn

= dZmi/«LZn, dZS:()

dr dt ’

(16)

and the governing equations for reservoir 1 can be
rewritten as

d}’ll o _m Zn_

@ 1 7 A, (17)
dm1 nm Z

LI S VI 18
@ 0 e T (18)
ds; 81 E

i S § s 1
& 0 6 (19)

where 7 and 6 are the relaxation times of the two
elements: the harmonic means of the residence times in
the two reservoirs

=t —, o=t —. (20)

We now rewrite these equations for closer compar-
ison with [3]. Introduce new variables n} and m| defined
by

=g (o), e

e (a2, ) @
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where the subscript 1+2 refers to the total system:
(ls)1+2=3",/ 3 and (mls);,=Y",,/3,. Note that
n5 = —n) and m5 = —m}. The governing equations in
the starred variables can then be written as

dnj (1 1\ /n . Lo sy ym
dr (7:2 92) <s)1+2 o R (r 0 (s>1+2>’
(23)

* *
dm _mj

= n} ’%. (24)

These governing equations take on a particularly
simple form if the relaxation times for parent and
daughter elements are the same, t=60=1/7 say. For later
convenience, define g,=t/7; and g,,=0/6,, and note
that 0<g,, g,,<1. Then

dn} n , .

G = erwn () Gy, (25)
dmj N

d—tl = /nj—ymj. (26)

These can be compared to the governing Egs. (1) and
(2) of Allégre and Lewin [3]

G = A=+ M) (0), (27)
d<°(‘1>t(t) = M) (6) + B(6)-M () () (6). (28)

These governing equations are identical to Egs. (25)
and (26) if the chemical dispersion (u)(¢) = nj, the
isotopic dispersion () (7) = m], the rate of injection of
chemical heterogeneity A(t)=—(g,—g,)7(1/s);+2, the
rate of injection of isotopic heterogeneity B(f)=0, and
the stirring parameter M(7)=7y. The appendix of [3]
discusses solutions to these equations in the simplified
form ((A1-1) and (A1-2) of [3])

d{m) () _ A{we™

- p ), (29)
d<oé>t(t) = A1) (1) + #—%, (30)

where by comparison A{u)/R==(g,~g,)7(n/s); +2(0),
Aa)=0, and 7y,=7 '. These are solved subject to
initial conditions {u)(0)=0, a)(0)=0 which corre-
sponds to the two reservoirs having initially identical
isotopic ratios (n/s)1(0)=(n/s)>(0)=(n/s);+,(0) and (m/
$)1(0)=(m/s),(0)=(m/s);+(0). Allegre and Lewin de-

fine the slope of their parent—daughter pseudo-isochron
by the ratio (o) (#)/{u)(r). However,

—

o) (2) _ my _ my—s1(m/s), »

() (1) Eﬁ/ )"1(_S}(')1/S)1+2

_\mjs)=\m/s) .,

SOOI G1)

Hence the definition of the slope by the ratio {o)(¢)/
(u)(?) is the same as the slope of the line through the
reservoirs 1, 2 and 1+2 on the parent—daughter isochron
diagram. Thus provided the relaxation times are equal
in the two reservoir model, and there is no excess
isotopic heterogeneity A{a) in the Allégre and Lewin
model, the pseudo-isochron equations are exactly the
same. Importantly, the stirring time 7g;, of Allégre and
Lewin can be reinterpreted as the common relaxation
time in the two reservoir model.

In one sense the Allegre and Lewin model is more
general than the two reservoir model because of the
excess isotopic heterogeneity term A(a), but in practice
this was always set to zero for their pseudo-isochron
calculations. On the other hand, the two reservoir model
can be thought of as more general since it allows the
parent and daughter elements to have different relaxa-
tion times. If parent and daughter are fractionated by the
same melting process we might expect relaxation times
to be the same. Also, note that in secular equilibrium
only the relaxation time 6 of the daughter element
determines the pseudo-isochron [4].

Standard deviations are not conservative and should
not be modelled by linear evolution equations such as
Egs. (27) and (28). The justification of these equations
by Allégre and Lewin is rather ad hoc. The two reservoir
model and the Allégre and Lewin model are both linear
models and thus essentially concerned with mean
values, whereas standard deviations are fundamentally
nonlinear. In the statistical box model it is possible to
discuss standard deviations, variances and covariances,
as well as means, because the underlying probability
distributions are being modelled. Note that the starred
variables which relate the Allégre and Lewin model to
the two reservoir model arise naturally from the
linearisation

| _
el (ed). (32)
yoy.y Y

valid for [x —x| <x and [y —y| <. The starred variables
turn out to be particularly useful when considering

asymptotics for large N in the statistical box model
(Appendix B).

Il =l



J.F. Rudge / Earth and Planetary Science Letters 249 (2006) 494-513 501

We can make an important connection between
the statistical box model and the two reservoir model
by dividing the parcels in the box into two groupings.
Labelling the residue parcels and a fraction 1-F of
the primordial parcels as one reservoir, and the melt
parcels and a fraction F' of the primordial parcels as
another reservoir, gives a two reservoir system with a
common relaxation time. The connection is made if
VY= Vmelo & =G, and g, =G, (Appendix J). Further-
more, this suggests an alternative way of writing the
linear pseudo-isochron equations of Allégre and Lewin
in terms of an age distribution. These are the same as
Egs. (4) and (5) except with the squareds removed

-1 = (e Tn-1), (33)

Astadl—]  F(efs T -1
¢ _Ele ) (34)

E(ebnz Tw_1 ) ’

/238 Tadil — |

where T,qi and 445 are the linear parent—daughter and
lead—lead pseudo-isochron ages respectively. It should
be noted that the linear pseudo-isochron ages will
always be less than the corresponding ages obtained
from Egs. (4) and (5). The pseudo-isochron Egs. (4) and
(5) for our problem are different because they involve
the variance of a mixture of melt, residue and primordial
parcels, whereas the above equations result from mean
values of reservoirs. The squareds reflect the difference
between looking at a mean value and looking at a
variance. To emphasise the similarities and differences
between the linear pseudo-isochron equations and our
pseudo-isochron equations, Figs. 3—5 mimic Figs. 3, 4
and 9 of Alleégre and Lewin [3].

A key result used in [3] to estimate a stirring time for
the mantle is the lead—lead pseudo-isochron age
relationship Tgqy~ 27, for vigorous stirring. In the
context of this paper the corresponding asymptotic
result is Tgg; ~ 3Tmere for rapid remelting. In practice this
result is only accurate for very rapid remelting, as it
requires that T, << T and Ty << 1/4235=1.0 Ga.
Hence comparison between the linear pseudo-isochron
equations and our pseudo-isochron equations is best
done using the full equations rather than any rapid
remelting asymptotics. Using (A2-9) of [3], if 3=
4.5 Ga then 7;,=0.82 Ga is needed to produce a lead—
lead pseudo-isochron age of 2.0 Ga. Using our Eq. (8), if
17,=4.5 Ga then T1,,=0.45 Ga is needed, which is
almost a factor of 2 less. For parent—daughter isochrons
the vigorous stirring relationship Tpg; ~ Tgir in [3] be-
COMES Tpg; ~ V2% mere for rapid remelting (Te << 75 and
1/2).

The statistical model of Kellogg et al. [16] also has a
Tgir parameter, but note that this takes on a different
meaning to the 7y, of the Allégre and Lewin model [3].
The Kellogg et al. 7y, reduces the length scale of
heterogeneities before sampling: essentially it relates to
the parameter NV in our model. The 7y, in the Allégre
and Lewin model describes the destruction of hetero-
geneity by repeated melting, and thus is Ty, in our
model.

5. Numerical simulations of mantle convection

Christensen and Hofmann [7] put isotopic tracers
into a numerical simulation of mantle convection.
252,000 tracers were used, and sampling was performed
by dividing the domain into 40 %20 sampling cells, and
averaging over those cells. Thus N for their model is
around 300, although note that their model is slightly
different to that presented here as different cells may
have different numbers of tracers. They have a constant
rate of melting in their model, so Eq. (8) applies. Their
standard model has 7,=3.6 Ga and 7,,.;;=—1.36/log(1
-0.9)=0.59 Ga (inferred from the statement “in
1.36 Ga, statistically 90% of the total basalt content
has been cycled through a melting zone in the model”).
They found a lead—lead pseudo-isochron age of 2.10 Ga
which compares very favourably to the figure of 2.15 Ga
that is predicted by Eq. (8) (and not as favourably with
the figure of 1.39 Ga predicted by the linear pseudo-
isochron Eq. (A2-9) of [3]).

Xie and Tackley [8] used a similar approach to
Christensen and Hofmann [7] for a different numerical
simulation. Their model differs in having a melt rate
which changes over time; melting being more vigorous
in the past. 400,000 tracers were used, and the domain
divided into 256 % 64 sampling cells, and thus N for their
model is around 25. This smaller amount of averaging
probably explains why their arrays show less correlation
than the Christensen and Hofmann arrays. Their model
has less frequent remelting than the Christensen and
Hofmann model, which is why larger isotopic ages are
observed. A rough rule of thumb for less frequent
melting (Tnei=1-2 Ga) is t44;=0.757 (Fig. 5a). The
rule works reasonably well at estimating the pseudo-
isochron ages they found, but the simple constant melt
rate formula of Eq. (8) does not actually apply in this
case. To do a more accurate comparison we need to
examine carefully the distribution of ages the Xie and
Tackley model produces.

In Fig. 5¢c and e of [8] the integrated crustal pro-
duction and crustal production rate are plotted against
time for a 7,=4.5 Ga run. We can use this information in
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Fig. 6. Plot of cumulative distribution function O (t) = [; gm(7)dt
for a Xie and Tackley [8] numerical simulation. The solid line shows
the observed age distribution (their Fig. 10a), where residue and basalt
tracers have been lumped together. The dashed line is a calculated age
distribution (Appendix G) based on their observed integrated crustal
production (solid line of their Fig. 5¢). The dotted line is a calculated
age distribution based on their observed crustal production rate (solid
line of their Fig. 5e), although note that this rate is actually an average
over three slightly different runs. The three age distributions are very
similar. Using Egs. (4) and (5), the age distributions correspond to
lead—lead pseudo-isochron ages 744; 0f 3.67 Ga, 3.58 Ga, and 3.76 Ga,
Sm—Nd pseudo-isochron ages T,q; of 3.00 Ga, 2.88 Ga, and 3.06 Ga,
and mean ages T,, of 2.81 Ga, 2.67 Ga, and 2.86 Ga respectively.

our statistical box model to predict the distribution of
ages (Appendix G). Fig. 6 shows there is good
agreement between these calculated distributions and

Table 1
Age calculations for varying melt rate Y e1i(T) = €""/Tmel; (compare with
Table 4 of [8])

Constant H Hd
Tmelt 46 92 138 46 92 138 46 92 138
Ttotal 2.87 3.56 3.84 1.82 2.54 296 1.67 2.31 2.72

T 1.89 2.07 2.13 1.81 239 2.64 1.67 227 2.58
Tpai [SM-NA] 228 2.44 2.50 2.09 2.66 2.89 1.92 2.53 2.82
T4 [Pb-Pb] 3.72 3.77 3.78 329 3.69 3.81 2.97 3.54 3.73

The three cases are constant (v=0 Ga '), H* (v=0.62 Ga '), and H*d
(v=0.74 Gaﬁl). The present day crustal production rate b/Tyer=1/
46 Ga ' in all cases. 5=0.1, 0.2, and 0.3, and hence Tye=4.6 Ga,
9.2 Ga and 13.8 Ga. 7,=4.5 Ga and all ages are quoted in Ga.

the age distribution observed (Fig. 10a of [8]). Using
Egs. (4) and (5) we can use these age distributions to
calculate pseudo-isochron ages. The integrated crustal
production gives a lead—lead pseudo-isochron age of
3.58 Ga, the crustal production rate an age of 3.76 Ga,
and the observed age distribution an age of 3.67 Ga.
These estimates are all slightly greater than the observed
pseudo-isochron age of 3.39 Ga (Fig. 8a of [8]). The
small differences may be due to various factors,
including differences in line fitting, the effects of
binning and windowing, and the small value of N used
in their simulations.

Xie and Tackley discussed the effect of greater rates
of melting in the past on pseudo-isochron age. To
examine this they introduced a box model and calculated
amean parcel age for three different scenarios. Using our
statistical box model we can go further and calculate not
only the mean age but also the age distributions and
pseudo-isochron ages. Their three different scenarios
were (1) melt rate constant, (2) melt rate proportional to

Constant H2 H3d
— Tmet=4.6Ga — Tmen=4.6Ga — Tmer=4.6 Ga
; . - - Tmen=9.2Ga =+ - - Tmen=9.2Ga = - - Tmer=9.2Ga
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Fig. 7. Plot of probability density function gy, (). The melt rate is given by Yme(T)=€""/Tmer and the three cases are constant (v=0 Ga '), &
(v=0.62 Ga™ "), and H?d (v=0.74 Ga™ ).
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the square of mantle heating rate (referred to as H*), and
(3) as H? but also proportional to depth of melting
(referred to as H*d). Mantle heating rate was assumed to
decay with a half-life of 2.247 Ga. This corresponds to an
exponentially growing history of melt rate Y,,cic (1)=€""/
Tmelt Where v=(2 log 2)/2.247=0.62 Ga ! and 7, is
the melting time scale at the present day. We have
approximated the H’d case by a similar exponential
growth with v=0.74 Ga™'; only a small discrepancy in
the mean ages results from this approximation. The age
distributions are plotted in Fig. 7 and the mean and
pseudo-isochron ages are given in Table 1.

An important distinction should be drawn between
the two mean ages given in Table 1. Xie and Tackley [8]
calculated the mean mantle age Ty, which includes all
parcels, and in particular it includes the primordial
parcels which are assigned an age of t,. This is a
misleading mean age to relate to the pseudo-isochron
ages, since for the pseudo-isochron ages it is only the
parcels that have passed through the melting region
which matter. Hence of greater interest is 7,, = E T
which is a mean age that only includes the parcels that
have passed through the melting region. It can be
formally shown that the pseudo-isochron ages must be
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Fig. 8. Plot of probability density function g, (). Two cases are shown
which both yield a lead—lead pseudo-isochron age of 2.0 Ga. The
solid line has constant melt rate Y e1(7)= 1/Tmer; Where Tpe:=0.45 Ga.
The dashed line has varying melt rate Ypee (T)=€"/Tmex Where
v=0.62 Ga ! and T,=145 Ga. While the lead—lead ages are
identical for the two cases, the parent—daughter and mean ages are not.
Sm-Nd 7,3;=0.64 Ga and 1.10 Ga, and 7,,=0.45 Ga and 0.90 Ga
respectively. Note that in both cases the very old (>3.0 Ga)
heterogeneity has been essentially eliminated.

greater than or equal to T,,, but there is no such constraint
0N Ty,. Indeed Table 1 shows pseudo-isochron ages
both greater than and less than Ty,

Note that the smallest Pb—Pb pseudo-isochron age in
Table 1 is 2.97 Ga, so none of the scenarios are compatible
with the measured MORB data. Furthermore note that
more frequent remelting in the past can have the effect of
both increasing and decreasing the pseudo-isochron age
(e.g. Tmet=13.8 Ga in Table 1). This is due to two
competing effects: if melting is more rapid in the past it
can mean a lot of the early heterogeneity is destroyed, but
it can also mean that a lot of heterogeneity is created early
on. For v=0.62 Ga~ ' and v=0.74 Ga™ ' to get lead—lead
pseudo-isochron ages of 2.0 Ga the present melting time
scale Ty must be 1.45 Ga and 1.83 Ga respectively.

6. Conclusions

The key results of this work are the simple pseudo-
isochron Egs. (4) and (5) which relate in a straightfor-
ward way melting history and pseudo-isochron age. The
equations are similar to those examined by previous
authors but differ in certain important details. In the case
of constant melt rate these relationships can be
expressed in terms of just two unknown parameters:
the age 7, at which you begin the model, and 7,,.;; the
melting time scale. The natural choice for 7, is the age of
the Earth, but the unmodeled process of continent
formation motivates younger choices for 73 such as
3.6 Ga [7]. To produce the observed lead—lead pseudo-
isochron ages of 2.0 Ga values of 7,,;=0.45 Ga (for
7s=4.5 Ga) or T,=0.52 Ga (for 7,=3.6 Ga) are
needed. If the melt rate is not constant but is instead
greater in the past, then slower present day melting time
scales may be needed, for example 7., =1.45 Ga found
earlier when the rate of melting was proportional to the
square of mantle heating rate. Fig. 8 plots the cor-
responding probability density functions for a constant
melt rate case and a variable melt rate case.

There is quantitative agreement between the predic-
tions of this simple statistical box model and the much
more complicated mantle convection calculations that
have been done by previous authors. This helps justify
some of the key assumptions that are made in the sta-
tistical box model, and in particular the neglect of the
particular details of the underlying flow. Statistical box
models are still in their infancy, but they seem to provide
a powerful way of approaching the problem of isotopic
heterogeneity in the mantle. A great advantage is that
general analytical results can be derived which can lead
to better understanding of the problem without the need
to run lots of numerical simulations. However, mantle
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convection simulations still have an important role to
play; of most interest for the pseudo-isochron problem is
knowing the kinds of melting history that they can
produce. Future simulations should investigate further
the validity of these simple analytic relationships bet-
ween melt rate and age distribution, and between age
distribution and pseudo-isochron age.

An important caveat to bear in mind when using this
model, and indeed in the convection simulations as well,
is that no attempt is made to model continent formation.
This is an important process to consider as early
heterogeneity may become locked up in the continents
and not be recycled into the mantle. It is this idea which
prompts the use of younger values of ;. The multi-
reservoir statistical box models of [6] have made some
attempt at addressing this issue, although as is remarked
it is somewhat difficult to see through the myriad
of parameters used in that model. A key problem in
modelling continent formation is that it requires
modelling properly the mean lead isotopic evolution
of mantle, which in itself is still not clearly understood.
There is still yet to be any consensus on the resolution of
the various lead paradoxes.

For isotopic ratios d/d’ for which the decay is
linearisable the outcome of the model we present here is
little changed from that described in [9]. In particular the
slopes in plots of one isotopic system against another are
unchanged ((5) of [9]). There thus remains the fundamental
inconsistency between the Pb isotopes and the Nd, Sr and
Hf isotopes. Furthermore, the value of T, ~0.5 Ga
inferred here from the lead—lead pseudo-isochron is a
factor of 3 different from the value of 7,.~1.7 Ga
inferred from the standard deviations of the Nd, Sr and Hf
isotopic ratios in [9]. In fact, 7,,; ~ 0.5 Ga provides a much
better match to the observed standard deviations of the Pb
isotopic ratios than T~ 1.7 Ga (in [9], model lead
isotopic standard deviations were around 3 times larger
than observed). Note that the pseudo-isochron is a much
more robust way of estimating T,,,.i; as it depends only on
the decay constants and start age, whereas the standard
deviation of isotopic ratios depends on all the parameters in
the model. It is still not possible in the model as it stands to
match both the Pb isotopes and the Nd, Sr and Hf isotopes
with a single set of parameters.

As outlined in the conclusion of [9] there are still
many possible generalisations of this model that might
prove useful. One particular generalisation that we are
interested in developing is to look at removal of species
from the box during a melting event. This could model
continent formation or the degassing of isotopes of
noble gases (such as *He and *He). Again, further
investigation is needed.
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Appendix A. Statistical box model

The model used is the simple statistical box model
described in [9] with three restrictions lifted: the decay is
no longer linearised, a steady state is not assumed, and
the melt rate may vary with time. There are three types
of parcel in our model mantle: melt parcels (parcels last
formed as melt in the melting region), residue parcels
(parcels last formed as residue in the melting region),
and primordial parcels. Melt and residue parcels have an
associated age of T when they last visited the melting
region. The distribution of parcel ages is given by a
random variable 7, which is defined so that those
parcels of age >t are primordial. Let g(t) be the
probability density function of 7. Thus a fraction
1- fg * ¢(7)dt of parcels are primordial.

We track the concentrations of a parent isotope p, a
daughter d, and a reference d’. G is the molar fraction of
a chemical species that enters the melt, and depends on
the melt fraction F' and the partition coefficients. The
corresponding concentrations of the three parcel types at
the present day are:

Pprim = D, (A1)
dprim = d, (A2)
dpim=d’. (A.3)
G
pmelt(T) = Fpl_)a (A4)
G- G,—G
Amete(7) = %d + PT" (&"~1)p, (A.5)
G —
1 en(T) = Fdd’. (A.6)
1-G,
pres(f) = 17;177 (A7)
I*Gd — Gp_Gd T —
= - =1 A.
dres(T) 1-F d -F (e )p, ( 8)
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1-G, -
dr,es(f) = 1_;d/7 (Ag)

where p, d, and d’ are the mean concentrations of the
isotopes in the box at the present day, and A is the decay
constant.

Appendix B. The asymptotics of averaging ratio
quantities

As before, we model sampling by taking a number N
of independent identically distributed (i.i.d.) samples
from our model mantle and averaging. Again, it is
important to note that we are interested in ratio
quantities. This section describes some important
general results on the asymptotics of averaging ratio
quantities.

Consider i.i.d. pairs of random variables {; y;},
i=1, 2,...N. Suppose y;>0. We are interested in the
asymptotic behaviour of the ratio of sums

ZZZ)AQ/ZJA’I' (B.1)

for N large. Let

L

== <)2—):Cjz), (B.2)
AN

=) (B.3)

P ==, :
y

where X = E(%),y = E(J). Note that E(X*) = E()") =
0. Note also that

) ¢ox & N
g X DE/N (B.4)
by L+ /N

It can be shown [17] that Zis asymptotically normal
for large N under appropriate assumptions (assumptions
which give the central limit theorem for > £ and give
the law of large numbers for ) 7). The condition y;>0
ensures that moments of Z are well defined, and Cauchy
distribution problems do not arise. By Taylor expanding
(B.4) and taking expectations the following expressions
for the asymptotic moments can be derived:

Hence the skew parameter 7, is

p E()-6E( )E(E?)
) NIPEE?)

cofih) o9

The kurtosis and higher order moments can be
derived similarly by expanding to higher orders.

In this work we are most concerned with plots of one
ratio against another. So consider two sets of i.i.d. pairs
of random variables {X,, y;}; and {X,, y;},, i=1, 2,...N.
Then the covariance of Z; and Z, is given by

Y1 =

cov(Z1,2,) = E(Z\~Z1)(Z,-Z>))

| B 1

with corresponding correlation

ryp = COI'(Zl,Zz) = COV( L 2) = (xl XZ)
0103 E(.)%;Z)E()"ZZ)
1 1
+0<ﬁ) = cor(£], %) + O(N) (B.10)

We are most interested in calculating the slope of a
regression line of one system against another. There are
many different methods for fitting regression lines to a
cloud of data points which make various assumptions about
the underlying data. Three commonly used estimates are

o, E@F%) <1)

— o 22 ol = B.11
.312 2 o1 E(fc’fz) N/ ( )
— 0 E(%5%) (1)

22 _ o-), B.12
b= =\Eay TO\w (B-12)
1o, E®? (1)

=——=_—"2°"10(—], B.13

Bar rnoy  EX] %) N ( )

where f3;, is the slope of the linear least squares regression
line of system 2 on system 1, and f3,; is the same line but for
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system 1 on system 2. 3 is the slope of the geometric mean
regression line, and following [3] it is this estimate of the
slope we will focus on here. Note that the sign of B is
chosen to be the same as 7, and that 3, < <p,,. If the
correlation is good all three estimates will be similar.

Appendix C. Calculating the asymptotic moments

Based on the general analysis of the previous section,
introduce new variables p*, d* and d’* defined by:

1 p
P —7,<p—§,d/), (C.1)
d* = ai” <d—%d/>, (C.2)
2 1 1T
d* == (d=d). (C.3)

In these new variables the different parcel types are
given by

p;rim =0, (C4)

" (€5)

dlim = 0. (C.6)
. P G,—Gy

pmelt(r) = ;, PF ) (C7)
* ﬁ G _Gd AT

dmelt(f) = jpT (e _1)7 (CS)
. G, F

den(1) = = (C.9)
* ﬁ G 7Gd

pres(r) = _j, f_F ; (CIO)
. pG,—Ga, ;.

d.(7) -5 i’fF (e""-1), (C.11)
. G, F

dig(r) = -4 (C.12)

Key moments are then

—N\ 2 _ 2 e
—\ 2 _ 2 rrg
b5 = (5) T [M@ e
(C.14)
N2 o 2 Ts
(C.15)

Let Z,=Y,d;/3,d} be the random variable giving
the distribution of isotopic ratios d/d" after averaging,
and Z,=>,p,/>_;d/ be the random variable giving the
distribution of isotopic ratios p/d’ after averaging. From
Eq. (B.6) we have that

N 1 e
varZ,~ NE(d 2)

~(P\(GGa) [* e 2
= (7) 7NF(1—F)/0 (e""=1)"q(r)dr, (C.16)
7~ Lp(p
varZ, Nz((p ) .
_ (2) GG [* 7)dt
= (d) ij(l_F)/o g(7)dr. (C.17)

Eq. (C.16) is the generalisation of (1) of [9]. A similar
generalisation for the skew (4) of [9] can be obtained
using Eq. (B.8).

Appendix D. Parent—daughter isochrons

It is convenient to introduce T, . this is the random
variable giving the distribution of parcel ages restricted
to those parcels that have passed through the melting
region. ¢m(t) = ¢q(t)/ [;° g(t)dr is then the proba-
bility density function of 7,,. Suppose we plot d/d’
against p/d’. Then the correlation is estimated by Eq.
(B.10) as

EdpY) _ ET1)
VE@EG?) EE@1).

Tpd ~ (Dl)

The slopes of the regression lines are estimated by
Egs. (B.11) to (B.13) as
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The parent—daughter pseudo-isochron age is related
to the slope of the regression line by
i = g, (D.5)

and thus using the geometric mean regression line (D.3)
the model parent—daughter pseudo-isochron equation is

(Fi—1)2 = E(e!Tm—1)2. (D.6)
Note that when the decay is linearisable (%m < 1/2)
Egs. (D.1) and (D.6) reduce to r,y = ET/+/ET, and
Toai = \/ET
Appendix E. Daughter—daughter isochrons
Now suppose we plot (d/d"), against (d/d"); for two

different isotopic systems 1 and 2. Key moments are
then

N2\
£ = (2) Bl [ @1 oo

B} d}) = (%) %) (Go=Gin) GG

x /O ® (1) (e 1)g(t)d, (E.2)

_\2 _ 2 pr,
E(dA;z) = (?2) (C;?pZ]—GIiz))/O (e2"=1)*¢q(r)dr.
(E.3)

The correlation is then given by
BT L) Ta)
\/E e Tn—1)2E(e2Tn—1)?
x sgn((Gp1=Ga1)(Gpa=Ga))-

Note that |[r1,| ~ 1 if the decay is linearisable ( 7, << 1/
A1 and 1/4,), which is why in Fig. 4 of [9] the model data

form almost perfect straight lines. However, when the
decay is not linearisable we will not get perfect
correlation. The slope of the geometric mean regression
line is given by

E(e” %mfl)z
E(ehTn—1)*

23 (E.6)

which is precisely (5) of [9]. Eq. (E.5) is the
generalisation of (5) of [9]. Hence for those isotopic
systems for which a linear decay approximation is valid
the slopes are unchanged from [9].

We are particularly interested in a special case of Eq.
(E.5). If the parent and daughter elements are the same,
and the reference isotope is also the same, then Eq. (E.5)
reduces to

This is the generalisation of (6) of [9]. The other
estimates of the slope of the regression line in this
special case are given by

Py | E(& 1) (Te1)

B ~ 2. T 3 ) (E.8)
P E(ehTn—1)

Pl Gl Vi

nOP E(ehTn-1)(enTn-1)

The daughter—daughter pseudo-isochron age is
related to the slope of the regression lines by

M Tddi—]

= 5. (E.9)

S

eMtadi—1

Hence, combining Egs. (E.7) and (E.9) the model
pseudo-isochron age t44; satisfies the simple relationship

(e)~27~'ddi -1 )2

(e)q Tadi— | )2

E(e?2Tn—1)?
= B (E.10)

Note that when the decay is l1near1sab1e (T < /44
and 1/4,) Eq. (E.10) reduces to t4g; = ET /ET (by
Taylor series expansion).
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Appendix F. Means

It is important to distinguish between different
definitions of the mean age of parcels. Since the hetero-
geneity we are interested in is generated by fractionation
on melting, an important mean age is T, = ET},, the
mean age of the parcels that have passed through the
melting region. Primordial parcels do not contribute to
the pseudo-isochron ages. The mean mantle age Ty 1S
often defined by including the primordial parcels and
assigning them an age of 7, and it is this definition that is
used in [8]. Hence Ty = T, We have

o = [ raaes (1 [Cama). @)

Tn = ETo = / " gm(7)dr. (F.2)
0

The parent—daughter pseudo-isochron age T,qi is an
example of a generalised mean [13]. A generalised mean
M, is defined by My(X) = ¢! (ﬁ(,b(f()), where ¢ is a
strictly monotonic function, and X is a random variable.
Commonly encountered examples include ¢(x)=x (arith-
metic mean), ¢(x)=x" (power mean), and ¢p(x)=log x
(geometric mean). In the case of the parent—daughter
pseudo-isochron Eq. (D.6), ¢(x)=(e™*—1)*. Generalised
means have a number of important properties, but of most
interest to us is the notion of ‘comparability’: whether
there is always an inequality between different means
regardless of the distribution of the random variable X. A
common example of comparability is the arithmetic
mean—geometric mean inequality. There is an important
theorem which states that if ¢y and y are monotonically
increasing functions, =y !, and ¢" >0, then My <M,
(Theorem 96 of [13]). By use of this theorem we find
the following inequalities are satisfied by the parent—
daughter pseudo-isochron age:

min 73, <7, <1/ ET;STPdi(il)STpdi(;Lz)S max Tm7
(F.3)

where 0<A;<A,, and min f"m and max f"m are the
smallest and largest ages respectively with any proba-
bility mass.

The daughter—daughter pseudo-isochron age 74q4; is
not a generalised mean as described by [13], but it is an
example of a generalised abstracted mean (Definition
2.4 of [14]). A generalised abstracted mean is defined by
My, ¢, (%) = (¢1/¢2) ' (E¢1(X)/E, (X)) where ¢/
¢, is a strictly monotonic function. In the case of the
daughter—daughter pseudo-isochron Eq. (E.10), ¢(x)=
(™ —=1)? and ¢,(x)=(¢™*—1)>. The generalised ab-

stracted mean shares many of the properties of the
generalised mean of [13], and under a suitable trans-
formation of the probability density function can be
written in the same form. However, for our purposes
what is of most interest is the inequality

‘dei(/lz) < ‘Eddi(/l] , )»2) <max7p,. (F4)

The above inequalities (F.3) and (F.4) are strict
inequalities unless all the probability mass is concen-
trated at a single age. In this case all the inequalities are
equalities, and all the means yield this single age.

Appendix G. Relating melt rate and parcel ages

Suppose melt rate as a function of age 7 is Pme1(7)-
Define 7, to be the melting time scale at the present
day, so that P1(0)=1/Tper. Let O(t) = P(T'<t) be the
proportion of material in the box with age less than
(the cumulative distribution function), with 1—Q(ty)
being the proportion of primordial material. QO(7)
satisfies

do(7)
dt

and thus

= Ymer (1) (1-0(1)),  0(0) =0, (G.1)

O(1) = l—exp ( /()Tymeh(r)dr>. (G.2)

Hence the probability density functions are

o) =2 — s @ewp ([l (63

_gq(r) 1 do(r)
qm(7) = 0(zy) = O(zy) dt . (G4)

In some cases it is more convenient to work with the
cumulative distribution function (cdf) rather than the
pdf. Note that if f(0)=0 (as it is for all functions we
consider) then

B (f) = [ F0)(1-Qn(0)e. (G.5)
where the cdf O, (7) is given by
0n(6) = [ aniriar = 2. (G.6)

Xie and Tackley [8] quote results from their
numerical simulations in terms of the crustal production
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rate given by byne(t), where b is their basalt fraction
(b=0.3 in their standard runs). Their integrated crustal
production (integrated forward in time) is given as a
function of age by

()= 1-exp(~ [ baloiac). (G.7)

which implies

oo o) ()" s

Hence the cdf Q,, (1) (and thus also pseudo-isochron
ages) can be calculated directly from their integrated
crustal production or their crustal production rate.

For a constant melt rate Y e1(7)=1/Tmerc and Tis an
exponential random variable with parameter 1/7,,. The
corresponding probability density functions are

q(r) = eir/TmEIl/Tmclt; (G.9)

(1) = €/ ) (Tpep(1—€ /1)), (G.10)

and corresponding means are

Ttotal = Tmelt(l_eifs/rme"), (Gl 1)
A 1— 7Ts/fmelt 1 ‘me

T = BT = Ty (L+ 7o/ Tmer) (G.12)

1 7e_fs/fmell

1—e s/ Tmelt

l_e—n/rmcn(l + Tg/Tmert + % (15/7 1)2)
) s/ tmelt T 3 \ts/ tmelt
\VET = \/Efmelt\j '

(G.13)

Appendix H. Constant melt rate: Parent—daughter
isochrons

For constant melt rate the parent—daughter pseudo-
isochron equation is

Ts ( 2T 1\2 ,=T/ Tmelt
; e“™—1)%e dr
g2 — o : H.1
(e ) Tmelt ( 1 —e’Ts/Tmelt ) ( )

To gain some insight into the behaviour of this
equation we now consider some simple asymptotics.

H.1. Asymptotics when T,,.;; or T, <K 1/A

Since we often study slowly decaying isotopes, the
most important asymptotics are when Tp,e;; or 74 << 1/4.
In this limit the correlation becomes

1=/ ™e (1 4 T4 /Tonent)
\/Z(I_e—uﬁmc") (1—671»‘/1‘““ (l + Ts/‘cmdt + % (‘CS/Tmelt)2> ) ’
(H.2)

TYpd =

Furthermore, if Ty/Tme > 1 then 7,y ~ 1/ V2=0.71.
Alternatively if Ty/Tpe < 1 then 7,7 ~ V/3/2=0.87. For
linearisable decay r,; always lies between these two
values. It is important to note that there is thus never a
perfect correlation between d/d" and p/d’.

When 7T, or 1,<<1/4 the parent—daughter
pseudo-isochron age becomes simply tpq = \/57,2“,
which is given for constant melt rate by Eq. (G.13).
If T/Tmec>> 1 Eq. (G.13) simplifies to tpai ~ V2 Tmels
which determines the slope of curves near the origin
in Figs. 3b and 4b, and the asymptotes for large 74 in
Fig. 3a. On the other hand, if 7y/Ty << 1 Eq. (G.13)
simplifies to Tpq4 ~ 75/ v/3, which determines the slope
of curves near the origin in Figs. 3a and 4a, and the
asymptotes for large T, in Fig. 3b.

H.2. Asymptotics when T3 <K Tpep

When the decay is not linearisable, asymptotics
based solely on 73 < 7, can be found. The pseudo-
isochron Eq. (H.1) becomes

20t + 3—4e’Ts 4 20

7~Tpdi_1 2
(e ) 276

, (H.3)

which is independent of 7,,,.;.. This equation determines
the Thei=00 Ga curve in Figs. 3a and 4a, and asymptotes
for large 7,1 in Figs. 3b and 4b.

H.3. Asymptotics when T4 T,,0;

Eq. (H.1) has two regimes of asymptotic behaviour
when Ty/Tmer > 1. If ATme>1/2 then

27T )75 et

2/ Tpdi — HA4
¢ 2/ Tme—1 (H4)
whereas if AT, <1/2 then

) 2
(i1 = 2(ATmelt) (H.5)

( l_ifmelt) ( 1 _2/1Tmelt) .
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Note that Eq. (H.4) depends on 7, whereas Eq. (H.5)
is independent of ;. This is why in Fig. 4a curves with
Tmet < 1/24 flatten out for large t,, while curves with
Tmelts > 1/2A grow linearly for large 7, with slope 1—1/
2A-Tmelt-

Appendix I. Constant melt rate:
Daughter—daughter isochrons

The constant melt rate daughter—daughter pseudo-
isochron equation is

(e;»z Tadi— | )2

(e;ﬂ Tadi—| )2

J7(e27=1) e/ madr

= . I.1
I (eM17=1)%e~"/madr (L)

Again, insights into the behaviour of Eq. (I.1) can be
gained by some simple asymptotics, although linearis-
ing the decay is not as relevant here. We will assume
without loss of generality that A,> A4, for the subsequent
asymptotics.

L 1. Asymptotics when T3 <K Tpelt
When 71, << 1,0 the pseudo-isochron Eq. (I.1)
becomes

(e;»ZTddl—l)z B }vl ' 2/12‘53 + 3_461215 + eZ/lzrs
(e/llfddi—l)z B }"2 2/’LITS + 3—4eil’fs + ez;tl’fs ’

(12)

Note that this equation is independent of T, This
equation determines the asymptotes for large T,y in
Fig. 5b, and the tp,=o Ga curve in Fig. 5a.
Furthermore, if it is also the case that A1, << 1, we can
Taylor expand both sides to find

3 .
;—5(1 + (Aa=A1)Tagi + -..)
‘1
72 3(da=/1)
=21+ 2= ), I.
)&( t—y st (1.3)

and thus get the simple result that 744 ~ %ts, which
determines the slope of curves near the origin in Fig. 5a.
If instead At,>> 1 then we can approximate both sides
as

2y _ j»_lez(inl)rs, (1.4)
12

which demonstrates that the slope of the 7= Ga
curve in Fig. 5a will approach 1 for large ;.

12, Asymptotics when T4, T,

We have three different regimes of asymptotic
behaviour for Eq. (I.1) when 74> tere. If et 1/244
the pseudo-isochron equation is

2()-27)~1)Tddi . 2().2—/11)‘1:S Z)LITmelt_l
e —e A Tmel ™ L5
2/2Tmelt—1 ( )

if 11225 < Tumer< 1/22, then

AT
— 8(2/12 et L) e (12_/11 7:melt) ( 1 _2;“1 Tmelt) : (16)
(/11 Tmelt) (222 Tmelt— 1 )
and if 1,6 <1/21, then
(e =1)" _ Z5(1=A1 Tmet) (1-21 Tmer) w7

(eMma—1)? 23 (1=AaTmen) (1220 Tmett)

The most important feature of Eq. (I.7) is that it is
independent of 75, whereas in the other two asymptotic
regimes there is a dependence on 7,. This is why for
values of T,,.1<1/24, in Fig. 5a the curve flattens out
for large 7, whereas in the other regimes they grow
linearly for large 7, with slopes (42— 1/21Te1)/ (22— 41)
and 1 respectively. Eq. (I.7) can be further simplified if
ATmelt << 1. Both sides can be Taylor expanded to yield

72

)—i(l + (A2a=41)Tadi +--.)

! 72

= 3143001 e+ ), (L8)
1

leading to the simple result that 744~ 3Tyer, Which
determines the slope of curves near the origin in Fig. 5b.

Appendix J. Relationship to linear evolution models

There is an important connection between our
statistical box model and the pseudo-isochron equations
derived from linear evolution models by previous
authors [3,4,5]. Suppose we divide the box into two
based on parcel type. Let all the residue parcels and a
fraction 1 — F of the primordial parcels be called reservoir
1, and all the melt parcels and a fraction F' of the
primordial parcels be reservoir 2. These two reservoirs
do not change in size over time. Reservoir 1 is a fraction
1 —F of the box, and reservoir 2 a fraction F. At an age T
before the present all parcels are primordial and thus both
reservoirs have the same uniform isotopic concentra-
tions. The mean concentrations of p, d and d’ at the
present in each reservoir can be calculated by integrating
Egs. (A.1) to (A.9) over the age distribution of parcels.
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For the isochron calculation it is simplest to consider
instead the p* and 4" values. Let ﬁf be the random
variable giving the distribution of p” in reservoir 1, and
a’ 1, p> and d2 be defined similarly. Note that the
subscripts 1 and 2 now refer to the different reservoirs,
rather than the different isotopic systems as in earlier
sections. Integration of Eqgs. (C.4) to (C.12) yields the
mean values as

£ =200 [ o, (1)
Ed - —%% /0 * (e 1)q(2)dr, (1.2)
£ =55 [ o (1.3)
Ea?; = %Gp;Gd /Ors(e’lrl)q(r)dr. (J.4)

By multiplying these expressions by the fraction of
the box each reservoir occupies these can be converted
into molar values n* and m”™ (Eqgs. (21) and (22)) as

i = (-FIER =~ 2(6,Go) [ a0 03
m = (1 —F)Ea?*
=266 / (¢~ 1)g(c)dr. (1.6)

where n5=—n] and m>=—m]. Egs. (J.5) and (].6) are
solutions of Egs. (25) and (26), and are the backward
in time versions of (Al-4) and (A1-5) of [3] with
Afa)= 0. The number of moles of each isotope
species in the two reservoirs must be modelled by the
linear evolution Egs. (10)—(15); the only question is
finding expressions for the residence times. Here the
relaxation times for parent and daughter are both
given by 1/, Since they are both fractionated by
the same melting process on the same timescale. The
individual residence times for each reservoir are
determined by the fraction of moles G that enter the
melt for each chemical species as

1 1

7 = . — 1.7
GP'Ymelt ( I_GP)'\/melt ( )
1 1
0, = N S (1.8)
Gd"/melt ( 1_Gd)'Yme1t

Consider a pseudo-isochron defined where the two
reservoirs and the whole box lie on the isochron
diagram. The slope in the parent—daughter isochron
diagram is given by

(m/s),=(m/s),., _mi _ Jg'(e"~1)g(r)dr

(n/s),=(n/s),, — ni o q(r)d (1.9)
= E(e/Tn-1).

Hence the corresponding pseudo-isochron equations
are

elrpdu_l _ E(e)jm—l), (JIO)
-] E(e2Tn-1) (J.11)
ehtadii—] E(eilimfly .

which are just Egs. (D.6) and (E.10) with squareds
removed, and hence we will refer to these as the linear
pseudo-isochron equations.

An alternative reservoir representation is to consider
the box split into three reservoirs, one with all the melt
parcels, one with all the residue parcels, and one with
all the primordial parcels. These three reservoirs
change in size over time, with the melt and residue
reservoirs growing at the expense of the primordial
reservoir. This is analogous to model I of Jacobsen and
Wasserburg [18] where their depleted mantle reservoir
2 and crust reservoir 3 grow from a homogenous
undepleted mantle reservoir 1. Compare the statistical
box model result, obtained by integrating Eqs. (A.4) to
(A.9),

P GGy AT
="71-c, E(e 1), (J.12)

Edypy d 7G,~G )7
dA e“fi:ﬁ i a’E<eATm,1)7 (J.13)
Ed:nelt d'd’ Gd

with (19) of [18], rewritten using an integration by

parts,
Nd:/( 1) _Naa(7)
)

(TN G e oAb
r1\T) /s e)v(fs)_ L dvy
N“(T)Jj /0( < I)M,-(f) 4G dé.

)

(1.14)

Egs. (J.12) and (J.13) are equivalent to Eq. (J.14),
although note that Eq. (J.14) is written with 7 running



512 J.F. Rudge / Earth and Planetary Science Letters 249 (2006) 494-513

forward in time. The fractionation factors relate through
1 +f2:(1 - Gp)/(l - Gd) and 1 +f3: Gp/Gd~ The
corresponding probability density function of parcels
ages is (1/My(1))dMy(&)/dE (compare with Eq. (G.4)).
Note that the relationship between melt rate and age
distribution will be slightly different between the two
models, since there is recycling in the statistical box
model (a melt parcel may become a residue parcel and
viceversa), but not in model I. The pseudo-isochron
equations that result from where the three reservoirs
plot on the isochron diagram are also Egs. (J.10) and
J.11).

The linear parent—daughter pseudo-isochron age 7p4i1
is also an example of a generalised mean, with ¢(x)=
¢™—1. The linear pseudo-isochron ages satisfy

min fm SfmS‘Epdﬂ(il )Sfpdﬂ(}uz)sfddi](/ll s ),Z)Smax fm R
(J.IS)

where 0<1;<A,. For linearisable decay (f" m<<1/1) the
linear parent—daughter pseudo-isochron Eq. (J.10)
reduces to Tpgi=FE T, m=Tm, and the linear daughter—
daughter pseudo-isochron Eq. (J.11) to taqu=ET/ET m.
It can be shown that the linear ages are always less than
the corresponding quadratic ages, namely that g
(A) = Tpai(A), and 14qi(41, 22) < Taai(4A1, 42)-

For the case of constant melt rate the linear parent—
daughter pseudo-isochron equation is

il — ] = ()TS (3)'1— 1 )e‘f/fmcn dr
Tmelt( 1—e %/ Tmeh)
— ;LTmelt + (1_)L‘Emelt)e*‘fs/‘fmch_e(/lrmchfl)rs/rmch
- ( liﬂ’TmEII) ( 1 76715/rmell) )

(J.16)

which is the parent—daughter pseudo-isochron Eq. (A2—
4) of [3]. This should be compared with our Eq. (H.1).
The corresponding linear daughter—daughter pseudo-
isochron equation is

e2tai—] fors (eizr—l)e_f/fme"dr 1=21 Tmelt

B fOT"(eilf—l)e’f/Tmcltdr T 1= o Tmelt
(1_/12 Tmelt)e_rs/rmeh + ‘Emelt_e(iﬂme"_I)TS/Tmeu
(1_/11 Tmelt)eirs/det + A1 Tmety—e A emet 1)/ Tmeic”

(1.17)

/1 Tadil— |

which is precisely the daughter—daughter pseudo-
isochron Eq. (A2-9) of [3]. This should be compared

with our Eq. (I.1). Furthermore, when 7, < 75 and
ATmerr <1 Egs. (J.16) and (J.17) become

. ifmelt 1

/\-Tpdﬂ—l — " = i :——1 1_/1 mi ) J18
¢ e il = 71081~ 4mma), - (J.18)
e/aTadi— _ 22 (1=21 Tmett) (J.19)
e/ tadil—1 M (l_izfmelt) ’ '

which are the pseudo-isochron Egs. (A2-6) and (A2—
10) of [3], (31) and (32) of [4], and (7) and (9) of [5].
The corresponding equations in our model are (H.5) and
(I.7). The Tme <K 75 and ATy <1 limit is precisely the
same as the conditions for secular equilibrium in [4] and
[5]. [3] explores various other asymptotic regimes for
Egs. (J.16) and (J.17), as we have for our constant melt
rate equations in Appendices H and 1.
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