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Abstract

Radioactive disequilibrium of 233U nuclides is com-
monly observed in young lavas and has often been
used to infer the rates of melting and melt migra-
tion. However, previous calculations do not actu-
ally include melt transport. Here we explore the be-
haviour of short-lived radionuclides in a new calcu-
lation that includes the fluid dynamics of melt seg-
regation. We emphasize that 233U series disequilib-
rium results from the differences in residence time of
parent and daughter nuclides. Unlike previous mod-
els, contrasts in residence times are controlled by dif-
ferences in transport velocities caused by melt sepa-
ration and continued melt-solid interaction through-
out the melting column. This “chromatographic” ef-
fect can produce larger excesses of both 23°Th and
226Ra within the same physical regime compared to
previous cal culations which do not include melt trans-
port. Using this effect to account for U-series ex-
cesses leadsto radically different inferences about the
rates of melt migration. Where previous models re-
quire rapid melt extraction, our calculation can pro-
duce larger excesses with slow melt extraction. Nev-
ertheless, reproducing the large (?26Ra/?3°Th) activ-
ity ratios observed in fresh mid-ocean ridge glassesis
till problematic if the residence times are controlled
solely by bulk equilibrium partitioning. While it still
remainsto be shown conclusively that the large 22°Ra
excesses are produced during melting, our calculation
only requiresdifferencesin transport vel ocitiesto pro-
duce secular disequilibrium. Thus we speculate that
other processes, such as crystal surface interaction,
may also contribute to the production of the observed
EXCESSES.
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Figure 1:  Activity ratios of (**°*Th?**®U) and

(*?°Ra*3°Th) for axial mid-ocean ridge basalts from the
East Pacific Rise (squares), Juan de Fuca Ridge (triangles)
and Gorda Ridge (circles). Measurements are made using
aphacounting [3-5] (solid symbols) and mass spectrometry
[6] (open symbols) and are shown with 20 error bars. The
activity ratio of any two elementsistheratio of their decay
rates eg. (B*°THZ8U) = App[2*°Th]/Av[>*8U] where
sguare brackets denote atomic concentrations and \ is the
decay constant. In general, young mid-ocean ridge basalts
show excesses of both 22°Th and 225Ra with little apparent
correlation between the two activity ratios. The grey circle
marks the reference activity ratios of (**°Th/?%3U)= 1.1
and (>?°Ra/*3°Th)= 2.25 that appear in subsequent contour
plots.

1 Introduction

238U decays to stable 2°5Pb via a chain of short-
lived intermediate nuclides which includes 23°Th and
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226Ra. Inaclosed system, such adecay seriesevolves
to a state of secular equilibrium where the decay rate
(activity) of each intermediate nuclide equals its pro-
duction rate due to the decay of its respective parent
element. Therefore, in secular equilibrium theratio of
activities of any two nuclides in the chain are unity.
If such a system is disturbed, excesses (activity ratios
> 1) will relax towards unity on atime scalethat is of
the order of the half-life of the daughter nuclide. The
half-lives of 230Th and 226Ra are 75,380 yr and 1600
yr respectively, which makes them particularly use-
ful for investigating melting and melt migration pro-
cesses. Moreover, these nuclides are short-lived rela-
tive to time-scales of mantle evolution so that a man-
tle source is very likely to be in secular equilibrium
before melting commences. Thus, unlike most geo-
chemical systems, the 238U seriesnuclideshave awell
constrained source composition and provide informa-
tion about the rates of geophysical processes.

Secular disequilibrium is commonly observed in
fresh lavas from mid-ocean ridges, arcs and ocean-
islands (see [1, 2] for reviews). Here we discuss a
range of processes that can occur in all magmatic set-
tings, however, we will focus principally on 238U
series data from mid-ocean ridge basalts because
the physical parameters controlling melting beneath
ridges are best constrained. Figure 1 shows the avail-
able data for samples of axial ridge basalts where full
U-Th-Ra isotope systematics have been measured by
either apha counting [3-5] or by mass spectrometry
[6]. While the data show considerable scatter, all
points show both 239 Th and 226 Ra excesses (within er-
ror). The principal problems posed by these observa
tions is how to explain the apparent fractionations of
very incompatible elementsin large degree melts and
how to preserve large 226Ra excesses given its short
half-life of 1600 years.

This paper explores a range of processes that can
cause secular disequilibriuminyoung lavas. Previous
calculations have suggested that 23°Th excesses can
be produced by slow equilibrium melting and instan-
taneous melt extraction [7, 8]. Other models have in-
voked rapid disequilibrium melting [9]. While these
previous cal culations have been used to infer the rates
of melting and melt extraction, it isimportant to note
that none of these model s actually include thefluid dy-
namics of melting and transport. The principal pur-
pose of this paper istoillustrate how melt transport af -
fectsthe behaviour of radiogenic nuclidesand canlead
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Figure 2: A schematic diagram to illustrate the effect of
melt transport with continuous melt-solid i nteraction on par-
ent and daughter activities, (c,) and (cq), in a steady-state,
one-dimensional melting column. The important prop-
erty of this calculation is that different elements can travel
at different velocities due to the “chromatographic effect”
(e.g. [10, 11]) and therefore have different residence times
in the column. The vertical arrows show the distance each
element travels before afixed percentage decays. The short
curved arrows denote thisdecay. Inthe unmelted region be-
low the solidus, both parent and daughter travel at the same
velocity and can maintain secular eguilibrium by decaying
at the samerate. Inthe melting column, however, the daugh-
ter is less compatible and travels faster than the parent. In
this case, the origina daughter nuclides that enter the bot-
tom can be extracted before they decay. Thisinitial daugh-
ter, however, will be augmented by the decay of its parent,
which spends more time in the column. This processisin-
dicated by the increasing width of the daughter arrow. Thus
thetotal concentration of the daughter at the surface will be
enriched relative to the concentration at the base (here by a
factor of ~ 3).

to significantly different interpretations of the data.

2 Description of the model

The specific model we consider, calculates the melt-
ing, transport and decay of a series of dements
238y 22137 230Th 2 226Rg) in a one-dimensiondl,
steady-state upwelling column where we explicitly
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calculatethe flow of melt and solid. Themodel and its
behaviour are shown schematically inFig. 2. Theele-
ments are assumed to be in secular equilibrium when
they begin melting. If all the elements continued to
travel together as a closed system, they would decay
at the same rate and remain in secular equilibrium.
However, once the nuclides enter the partially molten
region, they travel at different velocities due to the
“chromatographic effect” described by many authors
(e.g.[10, 11]). Because of their different transport ve-
locities, each element has adifferent residencetimein
the melting column. If the parent spends moretimein
the column than the daughter, it will have more time
to decay and thus will produce an excess of daughter
nuclide. Herewe devel op the simplest quantitative de-
scription of thisconceptual model toillustrate the fun-
damental effects of transport.

We begin with the general equation governing con-
servation of mass for each parent-daughter pair in a
decay series of radioactive elements

0
E [pf¢+ Ps(l -

where w is the one-dimensional melt velocity and W
isthe solid velocity (see also [18]). Theterm

P() — psWOdFmaz (4)
is the constant melting rate in the column. Equation
(4) approximates melting by adiabatic decompression
by setting the melting rate proportional to the mantle
upwelling rate, Wy. F},4. isthe maximum degree of
melting attained at the top of the column (i.e. at height
z = d). Here the melting rate is constant, but these
equations can be readily extended to include variable
melting rates (see Appendix A).

Equations (2) and (3) show that the melt and solid
fluxes simply balance melt production and vary lin-
early with height in the column. In particular, Eg. (2)
shows that the melt flux increases with z but at any
height, the product of porosity and melt velocity is
fixed. If wenotethat F' = F,,..2/d isthe degree of
melting at height z, then Egs. (2) and (4) can be com-
bined to show that the relationship between melt ve-

O)Dil ] + V- [prov + ps(1 — ¢) DiV] dloeity and porosity in steady state is

N1 lpré+ ps(1 = ¢)Dia] el _y — Nilpso + ps(1 — g)g%ﬁ?ﬂ ®)

Here p¢, p, are the densities of the melt and solid re-
spectively, ¢ isthe volume fraction of melt (porosity),
v isthe melt velocity and V isthe solid velocity. For
eachelement i = 1,2,3... inthe decay series, D; is
its bulk partition coefficient, ¢/ isits concentration in
the melt and \; isits decay constant. Additional pa-
rameters and notation are given in Table 1. The first
nuclide in the decay chain, 238U, has no parent and
therefore \y = 0. For simplicity, Eq. (1) neglects dif-
fusion, and assumes that the concentration of element
7 inthemelt and in the solid can alwaysberelated by a
bulk partition coefficient D;. Equation (1) states that
changesin thetotal massof element ; depend onvaria-
tionsin the fluxes of melt and solid and on the balance
of production by its parent (element i — 1) and itsown
decay.

Of the principal unknowns in Eq. (1), the poros-
ity and the melt and solid velocities are readily cal-
culated given a mass-conservative theory of magma
migration [12-17]. Appendix A shows that for a one-
dimensional, steady-state melting column, the flux of
melt and solid asafunction of height, z, in the column
can be written

pf(bw = Tz (2)
ps(1— )W = p,Wo—Toz ©)

préd

If the melt does not separate from the solid (w — W)
then the porosity will be comparable to the degree of
melting (¢ ~ F). Very efficient melt extraction (w >
W) implies that the residual porosity must be very
small and ¢ < F. Once F(z)/¢(%) isknown at any
height, the melt velocity is determined.

To determine ¢(z) requires an additional functional
relationship between porosity and melt and solid ve-
locities. Herewe use asimplified form of Darcy’slaw

o(w — W) = %wu —$)pg (©)

to govern the separation of melt from solid. &y con-
trolsthe permeability and depends upon the spacing of
melt channels[19], 1 isthe melt viscosity and n isthe
power law exponent in the permeability that reflects
the microscopic geometry of the melt distribution. If
the melt isdistributed in tubesn ~ 2. If itisin veins
or sheetsn ~ 3 (e.g. [20]). Throughout this paper we
usen = 2, although calculationsusing n = 3 produce
nearly identical results. Given Egs. (2),(3) and (6) the
porosity as afunction of height is given implicitly by

F’HL(Z.’I,‘ z

d
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Table 1: Notation

Varigble  Meaning Values used Dimension
c{ concentration of component ¢ in melt mol kg~
c{o initial concentration of component ¢ in melt (= ¢3,/D;) mol kg1
c = c{ /cif0 dimensionless melt concentration none
s dimensionless melt concentration for a stable element none
c; concentration of component 7 in solid mol kg—1!
d depth to the solidus m
D; bulk partition coefficient of element ¢ none

s diffusivity of element 7 in solid (10~ 14-10-18) m2s!
D/ diffusivity of element i in melt (10-10-10-11) m2s!
F = F(z) = Fmax(, degree of melting at height = 0-0.25 none
Frax maximum degree of melting at top of column 0.25 none
g accel eration due to gravity 9.81 m s~ 2
kg permesbility = ko¢™ m?
ko permeability constant m?2
n exponent in permesability 2 none
t time s
ti/2 half-life s
te critical extraction time = 6.64¢, /5 S
U; =Inc] none
\% matrix velocity m s~ !
v melt velocity m s~}
w one-dimensional matrix velocity m st
w one-dimensional melt velocity ms~1
Wo initial solid upwelling rate 107341 m yr—!
wsz effective velocity of component i ms~?!
z vertical cartesian coordinate (height) m
a; = c{ /chl. enrichment factor over batch melting none
r melting rate kg m~3s~1
T constant melting rate kg m—3 57!
¢ = z/d dimensionless height in the column none
i decay constant of element i s1
I melt shear viscosity (2-10) Pas
Py density of melt 2800 kg m~3
Ps density of matrix 3300 kg m—3
Ap =ps — ps 500 kg m—3
P = pyd + ps(1 — ¢) mean density kg m~3
70 mean density at porosity ¢maq kg m—3
0] porosity none
Pmaz maximum porosity in column 0.001-0.25 none
Peq equilibration volume (porosity) for dynamic melting 0-0.25 none
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where
1
(]- - ¢mam)2 |: - 1:|

and ¢4, 1S the maximum porosity at the top of the
column. By combining Darcy’slaw with general mass
conservation, we need only choose ¢4, and Fq.
to determine the porosity and melt and solid velocities
throughout the column. (see aso[18, 21])

Equation (1) can now be rewritten in a more
tractableform using Egs. (2), (3) and (7). For simplic-
ity we use constant bulk partition coefficients and as-
sume that the solid is initially in secular equilibrium
before melting begins. Thisinitial condition is

ﬁOFmax
Pr (bmaa:

(8)

n—1
max

)\ichDi
D; 4

—1 ©)

f
)‘i—lc(iﬂ)o

We scale the concentrations of each element in the
melt to the initial melt concentrations (i.e. ¢}
¢! /¢t), and scalethe distanceto the depth of the melt-
ing column. With these considerations Eq. (1) be-
comes
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Figure 4: Activities of 23®U and 23°Th in both the solid
and the melt from Fig. 3b plotted on a conventional equi-
line diagram. The tragjectories show the changes in activity
as a function of height in the column. F' = 0 is the bot-
tom of the column, F' = 0.25 isthetop. The activity ratio
intheinitial solid lies on the equilinewhile (33°Th/238U) in
thefirst liquid is the ratio of parent to daughter bulk parti-

dc’ ) (D; — 1)F, / ) ¢ ]tion coefficients (here Dy /Dy, = 1.33). As the degree
—i = ’ S+ hid | B(¢)—— — —— | 61@)elting increases up the column, elemental fractionation
g D; + (1 — D;)F42€ Werr  Wesr |of U and Th becomes insignificant and so the (2*3U/?32Th)
Where ratio of the melt rapidly approaches that of the initial solid
(grey square). The (23°Th/232Th) ratio, however, increases
D;[Di—1+ (1 = D;_1)Fpnaz(] inboth melt and solid as?2®U decaysto produce2°Th. This
B() = Di_1[D; + (1 — D;)Fnax(] (1) “ingrowth” of >**Thisevident in the equiline diagram. The
' ' v mar corresponding decay of 233U is not apparent only because
and { = z/d isthe fractional height in the column atomic concentrations of 238U are always over 4 orders of
(i.e. ¢ = 0 at the base of the column and ¢ = 1 at the magnitude greater than those of 22°Th (e.g. in secular equi-
top). Equation (10) forms a system of ordinary differ- librium [***U/**°Th] = Arn/Av = 5.9 x 10%). Thusthe
ential equations that can be solved for the concentra- number of decays of ***U over melting time scales has neg-
tions of each element in the decay series using stan- ligible effects on uranium concentrations but large effectson
dard numerical techniques [22]. Thefirst term on the *°Th abundances. The process of ingrowth_ of ®Thisthe
right hand side is the change in concentration due to same asthat demonstrated in [7, 8] t?Ut hereis controlled by
. . . transport processes rather than melting processes (see Sec-
melting. The second term is the change in concentra- tion 4).
tion due to the difference between production and de-
cay of the daughter element. The radiogenic produc-
_tlo? term depends pr!marlly on the “effective veloc- than the porosity (D; > ¢) travel near the solid ve-
ity” of each element : (e.g. [10, 11]) locity. Very incompatible elements (D; < ¢) travel
; prow + ps(1 — ¢)D;W D; + (1 —Dy) emelt velocity. Thus, aslong as melt separates
Wepr = pré+ ps(1— ¢)D; =Wo D; + (p;/ps —1T9pthe solid, elements with different solid/liquid
1 ~ partitioning will travel at different velocities. While
~ W+ 15 Di/o (w—W) Eqg. (10) appears somewhat complicated, this calcula-

which isaweighted combination of the melt and solid
velocities. Elementswith partition coefficients greater

tion has fewer free parameters than previous models
because it provides the important coupling between
melting, porosity, and the velocity of each element.
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Figure 3: Solutions for porosity, concentrations of 233U, 239Th, 225Ra and activity ratios (23°Th/238U), (**Ra/?*°Th) as a
function of height in the melting column (d = 50km). In this particular solution, the maximum porosity is ¢ma = 0.005,
the upwelling velocity is Wy = 0.05 myr~! and the maximum degree of melting at z = d is Fjae = 0.25. The effective
bulk partition coefficients used are Dy = 0.0086, D1, = 0.0065 and Dr, = 0.0005. (a) Profile of porosity with depth. (b)
Concentrations of 238U, 23°Th and 22°Rawith depth. The solid lines show the natural log of the melt concentration normalized
to the initial melt concentration ¢§/D. The dashed lines show the concentrations expected if there was no radioactive decay
(which isthe same as expected with batch melting). (c) The excess concentration of each element with respect to batch melting,
«; (see Eq. 14). Each curve showstheratio of the element concentration to the concentration of a stable element with the same
partition coefficient (e.g. the curve marked Thisthe 22°Th/232Th ratio normalized to its source ratio). The enrichmentsin both
230Th and 22°Ra arise from the decay of the parent element that is preferentially retained in the column. (d) Activity ratios as
afunction of depth. In thisinstance, (**°Th/?%8U) = 1.13 and (**°Ra/**°Th) = 2.3 at the surface.

3 Behaviour of the system

This section describes the behaviour of Eg. (10) toiil-
lustrate the consequences of melt transport in the sim-
plest system. Figure 3 shows one solution of these
equations for a set of parameters that can produce
230Th and 226 Ra excesses comparabl e to the reference
values in Fig. 1. This figure (and Fig. 5), however,
should not be taken asamaodel for MORB. In particu-
lar, anumber of partitioning experiments suggest that
the assumption of a single set of constant bulk parti-
tion coefficients inherent in Eq. (10) is inadequate to
describe MORB genesis [23-28]. Nevertheless, all of
the important effects of melt transport are contained
in the simplest calculation and more redlistic sets of
parameters can be added without changing the basic
nature of the solution (see Discussion and Appendix).

Furthermore, previous cal cul ations have al so assumed
single stage melting and theresultsof all of themodels
can bereadily compared for the same parameters. Af-
ter we discusstherange of processesthat can affect U-
seriesdisequilibriumwewill consider additional mod-
elsthat are more relevant for MORB genesis.

Figure 3ashowsthe porosity asafunction of height
in a melting column of depth d = 50km where the
mantle upwells at W, = 5 cmyr—!. In this calcula
tion, the solid undergoes 25% melting by the time it
reaches the top of the column. The maximum poros-
ity, however, is only 0.5% and thus the melt moves
approximately 50 times faster than the solid (Eq. 5)
and takes ~ 20,000 yrs to traverse the melting col-
umn. Figure 3b showsthe natural log of the concentra-
tion normalized to the concentration of the initial lig-
uid (U; = Infe! /cf,]) for 238U, 230Th, and 220Ra. For
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comparison, the dashed lines show the concentrations
expected if the elements were non-radiogenic (i.e. if
A; = 0 for al elements). Inspection of Eg. (10) shows
that if changes in concentration are due only to melt-
ing, then the concentration of each element inthe melt
would be

d = D
! D7,+(1 _Di)FmazC

(13)

which is identical to the concentrations expected in
batch melting even though the porosity is small and
the melt moves relative to the solid. This result has
been noted before (e.g. [15]) and arises directly from
the assumption of continuous re-equilibration of solid
and liquid. Fractional melts are produced only if the
solid does not re-equilibrate with the melt that passes
through it (see Appendix A).

Short-lived radioactive nuclides, however, do not
behave like stable elements, and the concentrations
of 230Th and 2?6Ra in the melt can be greater than
the concentration of a stable element with the same
bulk partition coefficient (i.e. Eq. 13). For the exam-
ple shown in Fig. 3b,c the amount of 23°Th in the melt
at the top of the column is ~ 13% greater than if it
were a stable element. Figure 4 shows the evolution
of 230Th (and 232Th) in both solid and liquid plotted
on a standard equiline diagram [29]. 22Ra shows an
increase of ~ 250%, even though the melt takes over
ten half-lives of 226Rato cross the column. These re-
sults show that more daughter material is actually be-
ing produced in the column than was brought in at the
bottom. It isthis new ingrown material that accounts
for the excess activity ratios calculated at the surface
(Fig. 3d).

This effect can be explained simply in terms of the
relative residence times of each of the elements as
was illustrated schematically in Fig. 2. Because in-
dividual elements have different transport velocities,
they spend different amounts of time in the melting
column. Here, 238U travels more slowly than 23°Th
which is slower than ?26Ra and the additional resi-
dencetimesleadto excessesof daughter nuclides. The
effects of transport can be separated from those of
melting if we rewrite the melt concentrations as

¢ = a;cy, 14

where ¢5, isthe batch melt concentration expected for
astabledement (Eg. 13), and «; isthe enrichment fac-
tor dueto radioactive decay. Substituting Eq. (14) into

Eq. (10) yields the smpler equation

Cfio‘i = \d [O‘ji - ] (15)
¢ Wepp  Wers

which showsthat the enrichment dueto decay depends
only on therelative velocities of the parent and daugh-
ter nuclides. Equation (15) can be solved for «; di-
rectly, however, it is numerically more stable to solve
Eq. (10).

For a given degree of melting, the relative veloc-
ity of each element depends on the porosity, the up-
welling rate of the solid and the relative affinity of
each element for the solid phase, which in the sim-
plest case is given by the partition coefficients. Fig-
ure 5 shows how changing the two principal physi-
ca parameters, ¢,,.. and W, affects the activity ra-
tios (2*°Th/238U) and (226Ra/?3°Th) in the melt at the
top of the column. For a fixed set of partition coef-
ficients, the contours of the activity ratios have two
different behaviours. In some regions of parameter
space the activities depend primarily on the porosity
whilein othersthey depend primarily on theupwelling
rate. Thesetwo different behaviours are controlled by
whether the total extraction time of the daughter nu-
clideislong or short compared to its half-life. The ex-
traction time for any element is the time it takes the
element to traverse the melting region. The curvesla-
beled ¢, in Figs. 5a and 5b show an extraction time
equa to approximately six half-lives of the daughter
nuclide. After ~ 6 half-lives, 99% of a given nuclide
has decayed. Thust.. corresponds to the longest time
for which daughter nuclides present at the bottom of
the column will still be present at the top. Any solu-
tion with combined W, and ¢,,, .. that plots above the
curvet,., hasashorter extraction timeand nuclides can
be sampled from the entire column. In this regime,
activity ratios are sensitive to the upwelling velocity.
Pointsthat plot bel ow the curve (e.g. slower upwelling
rates), have extraction times longer than ¢. and only
nuclides formed in the upper part of the column are
sampled at the surface. For these solutions, the ac-
tivity ratios depend primarily on the porosity. Further
analysis of Eq. (15) shows this result is the expected
behaviour of the governing egquations (Appendix A).

The behaviour of 226Rais qualitatively the same as
that for 230Th, but because these nuclides have very
different half-lives and partition coefficients, they be-
have differently for the same vaues of ¢,,,, and
Wy. The rectangular boxes in Fig. 5 show a range
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Figure 5: Effect of upwelling rate W, and maximum porosity ¢ma. ON activity ratios calculated for melt at the top of the
upwelling column (contours). The maximum degree of melting for al calculationsis Fi,q. = 0.25, d = 50km, and the partition
coefficientsare Dy = 0.0086, D7, = 0.0065 and Dr, = 0.0005 (a) contoursof activity ratiosfor (*3°Th/?38U) (b) contours
of (**Ra/*3°Th). The thick shaded contours mark the reference activity ratios (**°Th/?*®U)= 1.1 and (***Ra/**°Th)= 2.25
shownin Fig. 1. Notethat for both 239Th and 2?°Ra there are two different regimes, one where the activity ratio is sensitive to
upwelling velocity, the other iswhere the activity is only sensitive to the porosity. The location of the two regimesis controlled
by the half-life of each daughter nuclide and the ratio of their partition coefficients to the porosity. In each plot, the vertical line
marks the solutions where the maximum porosity is equal to the partition coefficient. The bold curved line marks the extraction
timet. = 6.64t,,, (Seetext). The grey boxes mark values of Wy appropriate for moderate to fast spreading ridges and arange
of plausible porosities. In thisregion, the thorium and radium contours are roughly orthogonal. Thusasmall changein porosity
can causelarge changesin (*2°Ra/?3°Th) with negligiblechangesin (23 Th/238U) whichis consistent with observations (Fig. 1).

of porosities and upwelling velocities that are reason-
able for moderate to fast spreading ridges. In this
regime, 239Th excesses record ingrowth throughout
the column while 226Ra excess are sensitive only to
processes near the surface. Thus small variations in
porosity can cause large changes in radium activity
with negligible effects on the thorium excesses of the
erupted melt.

Examination of Fig. 5 aso shows how changing
the values of the partition coefficients affects the ac-
tivity ratios. Each plot has a maximum activity ra-
tio that occurs for slow upwelling and small porosi-
ties. This maximum is the ratio of the parent and
daughter partition coefficients. The positions of the
contoursin Fig. 5, however, are controlled by the ra-
tio of the daughter partition coefficient to the porosity
(Ddaught/Pmaz)- 1T theratios of the partition coeffi-
cients remain the same but all the elements are more
incompatible, then a smaller porosity is required to
produce the same activity ratio.

Because 2*°Th is both a daughter and parent nu-
clide in the decay chain, combined measurements of
(?39Th/?38U) and (?26Ra/?3°Th) place stronger con-
straints on the model parameters than either measure-
ment separately. However, because the 22°Th and
226 Raexcesses are produced in different regions of the
melt column, this calculation shows that it is possi-
ble to produce large 226 Ra excesses without requiring
melt extraction times that are short compared to the
half-life of 22°Ra. While the actual values of the ac-
tivity ratios are sensitive to the chosen parameters, the
important conclusion of this calculation is that melt
transport with melt-solid interaction can cause signif-
icant excesses of short lived isotopes.

4 Comparisonto previousmodels

The behaviour of the simplest transport model isread-
ily understood in terms of the relative residence times
of parent and daughter elementsin the melting system.
Previous melting models can al so be explained within
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the framework of residence times, and nearly all the
differencesin behaviour and implications of the mod-
els can be traced to differences in the processes that
govern the residence times of each element. This sec-
tion highlightsthe subtle differences between al of the
models and suggests that all else being equal, the cal-
culations that include melt transport with melt-solid
interaction produce the largest thorium and radium ex-
cesses in a physically reasonable system.

The earliest models (e.g. [30]) that attempt to ac-
count for 23°Th excesses actually have no difference
in residence times between uranium and thorium, and
simply explain the different activity ratios by instanta-
neous chemical fractionation of parent from daughter.
Chemical fractionation, however, only works when
the degree of melting F' iscomparable to the bulk par-
tition coefficients D. This mechanism is clearly not
viable at ridges where the average degree of melting
isat least an order of magnitude greater than all of the
partition coefficients of the 23U series nuclides.

More sophisticated “dynamic melting” models [7,
8] consider one-dimensional, steady-state melting
columns with a constant melting rate and a single set
of partition coefficients. In these respects, such mod-
elsare similar to ours. However, the dynamic models
do not includemelt migration and, furthermore, are ef-
fectively fractional melting calculations. Figure 6 il-
lustrates the behaviour of the dynamic melting mod-
els. These calculations assume that the entire column
hasaconstant porosity of melt that isin chemical equi-
librium with the solid. Any melt that is produced in
excess of this constant porosity is ‘extracted’ into a
second chemically isolated reservoir where it is as-
sumed to be instantaneously mixed and erupted.

In these calculations, excess daughter is also pro-
duced by decay of the parent, however, the relative
residence times are controlled by the melting rate and
not by thetransport time. If the parent ismore compat-
iblethan the daughter, it will spend alonger timeinthe
solid beforeit is “pushed” into the liquid by melting.
If the melting rateis sufficiently slow to allow the par-
ent to decay, thelonger residencetimein the solid will
produce excesses in the same manner asin our calcu-
lation. Once the extracted melt enters the chemically
isolated reservoir, however, al elements travel at the
melt velocity and thus have the same residence time.
Any excess in the second reservoir that is produced
by slow melting can only decay back to secular equi-
librium. Because these dynamic melting models are

instantaneous
. mixing and
surface T extraction
‘dynamic ot
melting' region

(constant ¢, chemical
equilibrium)

Fﬁg)tlltaél%/ Y\chemically
region isolated
S ) S reservoir

solidus parent maximum
daughter enrichment
subsolidus
mantle

Figure 6: A cartoon illustrating the behaviour of “dynamic
melting” models. These models propose two reservoirs.
The first is the melting region where the solid maintains
chemical equilibrium with a small constant porosity .
Any melt that is produced in excess of this equilibration
porosity is ‘extracted’ into the second reservoir which is
chemically isolated from the solid. Physically, this second
reservoir could be aanetwork of veinsor dikesin which the
melt does not re-equilibrate with the solid (e.g. [19]). Inthis
second reservoir, any excess produced by slow melting can
only decay towards secular equilibrium. The simplest dy-
namic melting models [7, 8] do not include melt extraction
and simply mix the contents of the second reservoir from all
heightsin the column and assume instantaneous eruption at
thesurface. For small ¢4 (i.€. ¢eq < F) thesecalculations
areessentialy fractional melting cal culationsand incompat-
ible elementsare stripped from the melting region during the
first I ~ D; degree of melting. Thus nearly al of thein-
growth of daughter nuclides occurs at the bottom of the col-
umn and requires rapid extraction to be preserved to the sur-
face.

effectively fractional melting cal culations, the incom-
patible elements are efficiently stripped from the solid
withinthefirst few percent of melting. Thusnearly all
of the enrichment in both thorium and radium occurs
at the bottom of the column.

While the differences between our calculation and
the dynamic melting models may not appear to be
great, these models actually lead to very different in-
terpretations of the data. Our calculation produces ex-
cesses at al levels in the column, with thorium pre-
serving excesses produced at the bottom of the melting
region and radium recording shallow level interaction
and transport. Because the radium excesses are pro-
duced near the surface, our model actually places no
constraints on the minimum extraction time of melt.
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Figure 7: (a, b) Contours of activity ratios for models that assume instantaneous melt transport [7, 8]. This figure shows the
solution of the“ dynamic melting calculation” givenin [8] for the same partition coefficientsasused in Fig. 5. Inthiscalculation
the “equilibration porosity” ¢., is the small volume of liquid that remains in chemical equilibrium with the solid. ¢., is not
directly comparable to the porosity in the transport cal cul ations but has similar effects for radioactive disequilibrium when melt
transport isinstantaneous. (¢, d) The effects of adding melt transport to dynamic melting models. This calculation usesthe same
fluid dynamics as Fig. 5 but assumes that the solid melts fractionally and does not interact with the melt that passes through it
(see Appendix A). Purefractional melting correspondsto ¢., = 0 inFig. 7a,b and produces maximum radioactive disequilibria
in dynamic melting models. Once transport is included, however, any excesses that are produced by melting at the bottom of
the column decay during transit to the surface. Hence 7c,d shows smaller 23°Th and negligible ?°Ra excesses for the same
parameters as Fig. 5. The shaded grey contours are for the reference values, (>*°Th/2%8U)= 1.1, (***Ra/**°Th)=2.25 shown in

Fig. 1.
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The dynamic melting models, however, require rapid
extraction because nearly al of the significant ex-
cesses are produced at the bottom of the column, and
after fractionation are chemically isolated from their
source and can only decay during transport.

It should be reiterated that the dynamic melting cal-
culations assume instantaneous transport and mixing
of melts from all depths. With these somewhat arbi-
trary assumptions, the dynamic melting calculations
can produce average excesses that are comparable to
those produced in our model. Figure 7a,b shows the
activity ratios of the mixed melts using the same par-
tition coefficients, melting depth and overall degree of
melting asFig. 5. Qualitatively, the solutions are simi-
lar, but for agiven upwelling rate (melting rate) the dy-
namic melting calculation giveslower excesses. Even
these dightly smaller excesses are maxima, however,
since this solution assumes instantaneous extraction.

Using the fluid dynamic framework developed in
section 2, we can add the effects of melt transport to
the dynamic melting calculations (see Appendix for
details). Specificaly, Fig. 7c,d shows the activities of
melts erupted at the top of a column where the solid
has undergone pure fractional melting and the melt
that is produced segregates into a series of veins that
do not interact with the solid through which they pass.
The transport in these veins can still be described by
Darcy’slaw (see[19]) and so the melt transport times
in Figs. 5 and 7c,d are identical for a given porosity
and upwelling rate. Asis clear from Fig. 7c¢,d, once
transport times are calculated for fractional (or near
fractional) melting models, only small 239Th and neg-
ligible 226 Ra excesses can be preserved in melts at the
top of the column (see also [31]). Similar problems
were noted for the “ accumulated continuous melting”
model of Williams and Gill [8].

Figures 5 and 7c,d represent the end-member solu-
tionsfor one-dimensional melting columnswithtrans-
port and “equilibrium melting.” By equilibrium melt-
ing, we mean that thereis full volume chemical equi-
librium between the melting minerals and the instan-
taneous melts that are produced. Both “batch” and
“fractional” melting models are examples of equilib-
rium melting, the only difference between them is
the volume of melt that re-equilibrates with the solid.
Similarly, the only difference between Figs. 5and 7c,d
iswhether the melt and solid remain in chemical equi-
librium during transport. Figure 5 assumes that the
solid and liquid re-equilibrate throughout the column,

1

while Figure 7¢,d assumes there is no chemical inter-
action during transport.

The basic requirements for maintaining chemical
equilibrium during magma migration are discussed by
Spiegelman and Kenyon [19] who suggest that the
ability to maintain chemical equilibriumisvery sensi-
tive to the microscopic distribution of melt and solid.
It should be noted, however, that the scaling argu-
ment presented by Spiegelman and Kenyon represents
aworst case scenario which assumes that the melt is
distributed in veins or channels separated by regions
of pure solid. Given the low values of measured dif-
fusivitiesinmantleminerals(e.g. D* ~ 10716 m?s~!
at 1240°Cfor U incpx [32]), it does not require avery
large vein spacing before the interior of the solid re-
gions cannot communicate with the melt in the chan-
nels. However, because the diffusivity of trace ele-
ments in the melt is orders of magnitude larger than
that in the solid (D/ ~ 1071°—10~"' m? s~! [33])
even avery small volume of interconnected melt along
the grain edges can significantly enhance the effective
diffusivity of theinter-channel regions. Recent exper-
iments on two-phase aggregates [34, 35] suggest that
surface energy effects will maintain such a network
because nature abhors a dry grain edge. Spiegelman
and Kenyon did not account for such a melt network
intheir calculations. Furthermore, the effectsof defor-
mation in apartially molten upper mantle could possi-
bly increase the effective solid diffusivities over those
measured in astatic crystal. Thus abetter understand-
ing of the microscopic properties of melt-solid aggre-
gates is required before we can determine where the
transition from equilibrium to disequilibrium trans-
port occurs.

Grain scale processes also control the “disequilib-
rium melting” models that have been recently pre-
sented [9, 36]. While only Qin [9] has explicitly cal-
culated the behaviour of U-series nuclides, both mod-
els makeidentical assumptions about the microscopic
mechanics of melting. These two models assume that
the solid is composed of spherical grains where the
surface of each grain isin chemical equilibrium with
the melt phase but the interior can only equilibrate
with the melt by solid diffusion. Most importantly,
these models assume that the individual crystals melt
much like peeling layers off an onion. Such “onion
skin” melting leads to disequilibrium melting when
the crystal surface retreats faster than an element can
diffuse into the grain interior. All of the effects of
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thesemodel srest on thisassumption of how individual
grains melt, which again is unclear in an actively de-
forming mantle. Nevertheless, disequilibrium melting
model s provide auseful description of an end-member
process.

The principal conseguence of these disequilibrium
melting models is that the effective partition coeffi-
cients of all elements tend to unity because the melt
that is produced has nearly the same composition as
the crystal. Thus while the effective partition coeffi-
cient of incompatible elementsis much larger than in
equilibrium, the amount of fractionation between el-
ements diminishes unless they have significantly dif-
ferent diffusivities. Even so, the scaling parameters
in[9, 36] suggest that to produce significant disequi-
librium during melting requires that melting rates be
~ 2 orders of magnitude larger than those estimated
by Eq. (4). At these fast melting rates there is little
time for additional ingrowth of daughter nuclides and
this calculation is therefore analogous to the earliest
models (e.g. [30]) wherefractionation is purely chem-
ical. Thusthe principal effect of disequilibrium melt-
ing controlled by solid state diffusionissimply toraise
the effective partition coefficients.

5 Discussion

By comparing the quantitative results of the available
models, the previous sections show that melt trans-
port with interaction between melt and solid through-
out the melting region produces the largest radiogenic
excesses for the same physical parameters. However,
it is important to address how well our calculation
can explain the observed excessesin mid-ocean ridge
basalts.

The principal simplificationin all of themodelsdis-
cussed so far is that the bulk partition coefficients are
constant throughout the melting column. In order to
generate the radiogenic excesses observed in MORB,
the equilibrium melting models require that uranium
is more competible than thorium, which is more com-
patible than radium. Recent experiments show that,
of the major mantle minerals, only garnet can produce
significant 220Th excesses by equilibrium partitioning
(D" ~ 10D%," [37, 38]). Olivine and opx have
insignificant partition coefficients for U and Th [26]
while uranium is actually less compatible than tho-
rium in cpx [23-28]. Modeling of Lu/Hf systematics
also suggests that some melting occursin the presence
of garnet [39] during MORB genesis. Garnet, how-
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ever, isonly stable at depths greater than ~ 60km [40-
42] while the mgjority of MORB melting is thought
to occur at shallower depths. Thus at least two sets
of bulk partition coefficients are needed to adequately
represent the markedly different behaviour of U and
Th during MORB melting.

This additional complexity can be quantified by
simply extending the single stage melting cal culations
to a two-stage model where the melting column now
has two sets of partition coefficients that are consis-
tent with the new experimental data. Hence, the bot-
tom portion of the columnisgiven bulk partition coef-
ficients appropriate for melting in the garnet stability
field, while the upper portion is given bulk partition
coefficients suitable for melting in the spinel stabil-
ity field. The partitioning behaviour of radium is still
poorly constrained and will be assumed to be constant
with height. However, aslong as D, < 0.1D7y,
then its actual value makes little difference to the ra-
dium activity ratios as these are controlled principally
by the partitioning of thorium. Experiments on Ba,
used as an analogue for Ra, show that Dp,/Dry ~
0.1 [26, 28].

Figure 8 shows two end-member solutions for such
a two layer column where melting begins at 80 km
and the garnet-spinel transition occurs ~ 60km [40].
For simplicity the melting rate is assumed to be con-
stant throughout the column. Figure 8a shows the so-
[ution where the melt re-equilibrates with the solid
throughout the column. While this solution is some-
what more complicated than the one-stage model, the
essential behaviour is the same. Even though melt-
solid interaction in the upper layer will tend to drive
(?39Th/238U) activity ratios to values < 1, because
of the relatively long half-life of 239Th, any excesses
produced in the lower layer can be preserved to the
surface as long as the total extraction time is less
than t.. Only the very slowest extraction times will
produce activity ratios less than one. Radium, how-
ever, is dtill assumed to be more incompatible than
thorium throughout the column and records the rela-
tive residence times of 23°Th and 22Ra near the sur-
face. In contrast, Fig. 8b shows the solution for frac-
tional melting and “ disequilibrium transport.” Again
(*39Th/?38U) activities greater than one are produced
because nearly all of the 238U serieselementsare frac-
tionated within the first ~ 1% of melting (approxi-
mately thelowest 2-3 kmin the column) and therefore
are only affected by garnet partitioning. The radium
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Figure 8: A comparison of two end-member calculations for a two-stage melting column with equilibrium bulk partition co-
efficients consistent with recent partitioning experiments. In both calculations the melting column is 80 km deep. Partition
coefficients for the lower 20km are Dy = 0.00162, Dr, = 0.00074 (~ 10% garnet plus 10%cpx). The upper 60 km has
Dy = 0.0006, Drs, = 0.000975 (15%cpx). Dr. is still unconstrained and is chosen to be = 1075 for the entire column.
Shaded contours show the reference values (2*°Th/?38U)= 1.1, (**Ra/**°Th)= 2.25. (a) “equilibrium” transport calculation
with melt and solid interaction throughout the column. Because 23°Th can remember interaction with garnet, 22°Th excesses
can still be produced if the extraction time is less than ¢.. Only lower extraction will produce (*3°Th/?38U) < 1. Radium
behaves exactly as in the single-stage cal culation and only records the ratio of residence times near the top of the column. (b)
Fractional melting and disequilibrium transport produce smaller 22°Th and negligible 22°Ra excesses for the same parameters.
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excesses, however, are also produced at the bottom of
the column and will decay before they can be erupted
unless the melt moves sufficiently fast for the radium
to traverse 80km within its half-life (see below).

Between these two solutions lie a large number of
related models. In addition to varying the partition co-
efficients or the depth to the garnet-spinel transition,
we could aso vary the melting rate within the col-
umn, change the degree of re-equilibration of melt and
solid as afunction of height or even extend the cal cu-
lation to two-dimensional flow models. Appendix A
shows how to quantify these effects, but because of the
large number of adjustable parameters and scenarios,
we have not explored these more complicated models
in any detail. The important point to stress is that it
isonly differencesin the total residence time of each
element that controls the amount of secular disequi-
librium. Thusit isnot particularly difficult to produce
230Th excesses if some melting occursin the presence
of garnet asthe half-life of 22°Thissufficiently long to
“remember” the garnet field. The principal constraint
on all of these models is to produce both 239Th and
226 Ra excesses for the same physical regime.

The primary difficulty with the new partitioning
data is the very small values of the partition coeffi-
cients. With values as small as those suggested, it is
difficult for any of the mode!s to produce large 22°Ra
excesses using “reasonable” melting rates and porosi-
ties. Dynamic melting models require slower melting
rates to offset the efficient stripping of elements due
to fractional melting. These models, however also re-
quire very fast extraction rates to preserve 2Ra ex-
cesses to the surface. The combination of slow melt
production rates and fast extraction rates imply that
there can only be a very small residua porosity in
steady-state. Examination of Fig. 8b or Eq. (5) shows
that conservation of mass requires residua porosities
¢ < 10~* throughout most of the melting column
if the extraction time is required to be one haf-life
of 226Ra. Melt transport with melt-solid interaction,
however aso needs small porosities comparable to
the partition coefficient of thorium if the different ef-
fective velocities are controlled solely by equilibrium
bulk partitioning. At the small porosities required to
generate large 226Ra excesses, the melt velocity is
sufficiently high that full volume chemical equilibra-
tion may not be maintained if the effective diffusiv-
ity of the solid is small. These difficulties lead us to
several dternative suggestions to account for the ob-
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served 238U-series excessesin Fig. 1.

Perhapsthe simplest explanation for thelarge 22°Ra
excesses in MORB is that they are not primary mag-
matic features and it has yet to be shown conclusively
that the 226Ra excesses are not the result of near sur-
face contamination. Nevertheless, al of the analy-
ses shown in Fig. 1 were made on carefully picked
and processed, fresh MORB glasses. Furthermore, off
axial glasses show (??Ra/?3°Th) equilibrium that is
consistent with ages inferred from paleomagnetically
determined spreading rates [6]. Thus any contamina
tion would need to occur prior to quenching. Assimi-
lation of barite, which is precipitated from hydrother-
mal systems at ridge axes with extreme (*2Ra/?*0Th)
ratios (e.g. [43]), could account for the large 226 Raex-
cesses shown in Fig. 1. However, there are further
chemical signatures associated with barite assimila-
tion and a detailed study is needed to evaluate if such
parameters correlate with 22Ra excesses. Sinceit is
the combined thorium and radium datathat placesthe
strongest constraints on the rates of mantle processes,
if the radium is not coupled to the thorium, then much
of the fun in this system islost.

If the 226Raactivities are primary, however, we still
need a mechanism that can produce large 2?Ra ex-
cesses and still be consistent with the new partitioning
data. Itisimportant to stressthat though we have used
bulk partition coefficients to control the effective ve-
locities of elementsin these simplest models, the only
really important requirement for radioactive disequi-
librium is that parent and daughter nuclides travel at
different speeds. We suggest that other processes may
also produce differentia transport velocities that can
lead to secular disequilibrium. For example, one pos-
sibility isthat different degrees of surface adsorption
or interaction with crystal grain boundaries could also
cause variabletransport vel ocities. Whilethis sugges-
tionis admittedly speculative, it does have severa in-
triguing features that we feel merit some further dis-
cussion. First, unlike volume partitioning, surface or
grain boundary effects need not be isolated to a few
specific mineral phases but could occur on al melt-
solid interfaces. Thus even if the principal phase con-
trolling bulk partitioning is exhausted by melting, sur-
face effects could still operate. The quantitative re-
sults of section 3 show that large radiogenic excesses
do not require large amounts of melt-solid interaction
(i.e. effective partition coefficients do not need to ex-
ceed ~ 0.01). Second, if the residence time of ele-
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ments is controlled by surface processes, then these
effectswould only be noticeablein the ratios of short-
lived radiogenic nuclides which are sensitive to trans-
port times. Relatively small amounts of surface inter-
action could have a significant effect on radioactive
disequilibrium yet have a negligible effect on the ra-
tios of stable incompatible elements. Thusit may be
possible to produce secular disequilibrium in MORB
even if the mantle undergoes fractional melting asis
suggested by modeling of other geochemical systems
[44-46].

Another possibility for enhancing differential resi-
dencetimesis, if in addition to veins or channels, the
melt exists as a connected grain boundary phase as
was discussed in the previous section. In the simplest
calculations, it isassumed that all melt traveled at ve-
locity w and @l the solid traveled at velocity W. How-
ever, if there are actually two porosities, one govern-
ing the volume of melt in the channels and one gov-
erning the interstitial melt phase that travels near the
solid velocity, then it is possible for elementsto travel
at different velocities if there is some interaction be-
tween the veins and the interstitial melt.

These suggestions clearly need to be addressed
guantitatively. However, as long as the different el-
ements have different residence times, excesses will
result. At this point we acknowledge that the magni-
tude of these processes are unconstrained, largely be-
cause of our lack of information about the surface and
transport properties of aggregates of mantle minerals,
and of the microscopic physics of melting in adeform-
ing upper mantle. Further experimental evidenceisre-
quired to evaluate these suggestions.

6 Conclusions

We have shown that melt transport with interaction be-
tween the solid and liquid can have large effectson the
abundances of short-lived radionuclides by changing
the residence times of parent and daughter elements.
Aslong as the parent spends more timein the melting
system than the daughter, excess daughter will be pro-
duced. For the same parameters, the transport calcu-
lationswith solid-liquid interaction produce larger ex-
cesses than dynamic melting or disequilibrium trans-
port models and do not require rapid melt extraction.
For (favourable) conditions, our calculations can pro-
duce both 239Th and 226Ra excesses that are compa-
rable to those observed at moderate to fast spreading
ridges using physically reasonable transport veloci-
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ties. The melt transport models can be extended to
include the results of recent partitioning experiments,
but results suggest that additional processes may still
be required to fully explain the observations.
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A Appendix: Additional analysis

Section 2 presented the specific equations for a one-
dimensional steady-state upwelling column with con-
stant melting rate, equilibrium melting and transport
with a single set of constant partition coefficients.
This appendix shows how to generalize this model
to alow for variable melting rates, non-constant par-
tition coefficients and disequilibrium melt transport.
It aso presents a simple approximate solution to
Eqg. (15) to demonstrate that the numerical results are
correct.

A.l General equations for one
dimensional, steady-state columns

Conservation of mass for a two-phase system of melt
and solid is

ANo10) . (pyov) =T (10
ot
w + V- lps(1=¢)V]=-T (17)

where I is the melting rate which can be a function
of height and time (see Table 1 for notation; see [12]
for the derivation of conservation eguations). In one
dimensional steady-state melting columns, Egs. (16)
and (17) can beintegrated directly using the boundary
conditions at the base of the column (z = 0) that the
porosity ¢ = 0, and the solid upwelling velocity isW
to give

prow = /OZ Idz (18

po(1— &)W = p, W — / rd: (19
0

wherein steady-stateI" = T'(z) i.e. themelting rateis
only afunction of height. Equation (18) states that in
steady-state, the melt flux, psow at any height in the
column simply balances the total melt production up
to that height. Now, by definition, the degree of melt-
ing that the solid experiences in steady-state is

foz Tdz

F(z) = oo (20)
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which isthe ratio of the total melt production flux to
the flux of solid that enters the base of the column.
Therefore if T' is assumed to be constant throughout
the melting region and the maximum degree of melt-
ing at height d is F,,. then Eq. (20) shows that the
melting rate must be ' = p Wy F,4./d Which is
identical to Eq. (4). If the melting rateisvariable with
height, then Eq. (20) can still be used to derive the de-
gree of melting and Egs. (18)—(19) become

pf(bw = psWol' (21)
ps(l - ¢)W = psWO(l - F) (22)

and F' = F(z) (seealso[15]). Given any functiona
relationship between porosity and melt and solid ve-
locities, Egs. (21)—(22) can be solved to give the
porosity asafunction of height. Inthe simplest model
problem, we have used Darcy’s law driven solely by
the density difference between melt and solid with a
power law relationship between porosity and perme-
ability. For amore general set of equations governing
the separation of melt from solid in multi-dimensions
see [12-14, 16, 17].

A.2 Equilibrium chemical transport
with non-constant bulk distribution
coefficients

Using Egs. (21)—(22) with Eqg. (1) and rewriting
Eq. (20) asT' = p, W, dF'/dz, then the genera equa-
tion for the evolution of radiogenic elementsin aone-
dimensional, steady-state column where the element
maintain chemical equilibrium at all timesis

dclf —cf d

= m%[Di+(1—D¢)F]+
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A.3 Disequilibrium chemical transport
with non-constant bulk distribution
coefficients

Equation (1) presumes that the melt and the solid
meatrix re-equilibrate instantly throughout the melting
column, i.e. the solid interacts with all the melt that
passes through it. This feature results in melt compo-
sitions that are equivalent to batch meltsfor stable el-
ements. At the opposite extreme it is straightforward
to derive equations for a system where the solid melts
to produce a melt that is locally in equilibrium with
the solid; however, the solid does not interact chem-
ically with melts that are produced lower in the col-
umn. Physically this correspondsto melt that can seg-
regate into chemically isolated channels or veins (see
[19]). In this case conservation of mass for trace el-
ement ¢ must be calculated in both the solid and the
liquid and the generalization of Eq. (1) is

I'ci
D;

0
Eps(l—d))Cf-Q-V-ps(l—(b)ch = -

I'e?

0 ’
apfqbc{—&—v-pquclf = ’ +pro [/\1'710{_1 - )\icﬂ (25)

D;

The first term on the right hand side of Egs. (24) and
(25) is the change in concentration in the solid and
melt due to the production of a melt in local chemi-
cal equilibrium with the solid (i.e. an instantaneous
fractional melt). The second term isthe balance of ra-
dioactive production and decay in the solid and liquid
respectively. Again, for one-dimensiona steady-state
melting columns, Egs. (24) and (25) can be rewritten
using Egs. (20)<22) to give
def ¢ (1—-1/D;)dF

3

dz 1—F dz Wo(1-F)

(1-9¢)

X1 lprd + ps(1 = d)Di1l ¢l — Ni[pgd + ps(1 — ¢)Dz‘]%f

psWo [D;i + (1 — D;)F]

where I, D; are now functions of position z. The set
of equations in (23) can be solved for cif by the same
numerical schemes used for constant melting rate and
partition coefficients (although in general it isusually
numerically more stable to solve for U; = In(c! /cf)
than to solve for the c{’s directly). Note also that if
theelementsare stable (A; = 0 for al ¢), then Eq. (23)
can be solved analytically to produce the equation for
batch melting (Eg. 13) independent of porosity or melt
separation.

s f
@D ) ar e

dz F dz ' psWoF

Comparing the last term in each of these equations to
the equationsfor w and W (Egs. (21) and (22)) shows
that elementstravel either at the solid velocity or at the
melt velocity but that in either reservair, the system
will tend towards secular equilibrium if unsupported
by melting. If F'(z), D;(z) and ¢(z) are known func-
tions of height, Egs. (26)—(27) can be solved numeri-
caly for the concentration of all elementsin the solid
and liquid as afunction of height in the column. Note

+ps(1=0) [Ni—1c]_1 — Nic} | (24

= + [)\i—lcf_l - )\ch](26)

el = x| @)
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again that for a stable trace element (\; = \;_1 =
0) with constant bulk partition coefficient D;, these
equations can be solved analytically to show that

= (1-F)/PD (29)

sz 1 r s D; 1/D;
7= F/o ¢idF = 2L |1- (1= F) } (29)
which are precisely the equations for a fractionally
melted solid and an aggregated fractional melt.
Equations 13 and 28-29 show that, for stable ele-
ments, there is a one-to-one correspondence between
the classic equations of batch and fractional melting
and the one-dimensional equilibrium melting columns
with melt transport. It should be stressed that in ei-
ther of these calculations, a small porosity or the sep-
aration of melts from solid does not a priori imply
that melting is fractional. The important parameter
is not the physical melt fraction, ¢, but the volume
of melt that can equilibrate with the solid (in the dy-
namic melting models, this volume is controlled by
¢eq)- If the solid re-equilibrates with all of the melt
that passes through it, one-dimensional columns will
produce small porosity meltswith the concentration of
abatch melt with degree of melting F,,,,... If the melt
and solid have no interaction during transport, the col-
umn produces integrated fractional melts. This result
isarather deep consequence of the strict conservation
of mass constraints imposed by the restrictions of one
dimensionality and steady-state. In two and three di-
mensions, additional effects can occur [47, 48].

A.4 Approximate solution for the en-
richment factor «;

One of the principal properties of the equilibrium
transport solution is that it shows two different be-
haviours depending on whether the extraction time of
the daughter element is slow or fast compared to its
half-life. To demonstrate that this is the expected be-
haviour of the governing equations, it isuseful to con-
sider an approximate solution to Eq. (15) for the en-
richment factor for 22°Th. Inthefull solution (Figs. 3—
5), the effective velocities are a function of height in
the column; however, much of the behaviour of the so-
[ution can be recovered if we assume that these veloc-
ities are approximately constant (but not equal). If we
also note that thereis little total decay of 238U during
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transport then we can set apy ~ 1 (Fig. 3c). In this
case Eqg. (15) can be solved analytically to show that at
the top of the column, the enrichment in thorium over
batch melting is

arp ~ (1 - t—U> exp [=Arntrn] + v (30)
trn 2
wherety = d/wY;; and try, = d/w!]; arethe aver-
age extraction times for uranium and thorium respec-
tively. and d is the depth of the melting column

Therefore, for extraction times that are long com-
pared to the half-life of thorium (A\rptr, > 1), the
enrichment goes to the ratio of the extraction times,
tu/trn = wlfy /oY ;. Examination of Eq. (13)
shows that this ratio is independent of the upwelling
rate Wy. For long extraction times, it is only the top
of the column that controls what can be measured at
the surface. Equation (13) shows that, near the top of
the column, theratio of the vel ocities depends only on
porosity and rangesfrom 1, when thereis no melt sep-
aration, to amaximum that isthe approximately thera-
tio of the partition coefficients Dy, / Dry,. These max-
imum enrichments occur for large degrees of melting
and porosities much smaller than the partition coeffi-
cients. Thisbehaviour can be seeninFig. 5. For short
extraction times, Eq. (30) becomes

arp ~ 1+ Apy [ty — trp] (31)

and depends on the difference in extraction time be-
tween parent and daughter. The difference in times
depends on the upwelling velocity but is independent
Of ppnqz fOr porosities much smaller than the partition
coefficients. For ¢, > D7y, the difference in ex-
traction times al so depends on porosity and decreases
rapidly as the melt separation becomes less signifi-
cant. Again, thisis the behaviour shown in Fig. 5a.
The behaviour of 226Rais similar to that of 23°Th but
the positions of the two behavioural regimes are dif-
ferent because of the differences in half-life and com-
patibility.



