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Perspectives from global modeling of terrestrial Pb and Nd
isotopes on the history of the continental crust*

by Jan D. Kramers', Thomas E Nigler' and Igor N. Tolstikhin?

Abstract

Transport balance modeling has been carried out to reconstruct present day Pb and Nd isotope data of the main ac-
cessible terrestrial reservoirs (upper mantle and continental crust). Models start from solar system initial ratios giv-
en by meteorite data and assume a start of Earth accretion at 4.55 Ga. The growth of the continental crust, as well as
its partial recycling into the mantle, through geological time are sensitive parameter sets, which can therefore be con-
strained. The best fit solution shows the crust to grow from zero at 4.4 Ga to 75% of its present mass by 1.6 Ga, with
slower net growth thereafter. A marked increase in the rate of crust-mantle recycling, from c. 10% of the crust pro-
duction rate to c. 50%, is indicated to have occurred between 2 and 1.5 Ga. It is speculated that this results from in-
creased erosion after sufficient atmospheric oxygen made an ozone layer, and therefore land life, possible.

Keywords: Pb, Nd, isotope, Earth accretion, continental crust, recycling rate, modeling.

Introduction

In efforts to reconstruct the history of the Earth,
radiogenic isotopes are extremely useful, as initial
isotope ratios can be derived from meteorite data,
and the well known isotope abundances in the
Earth’s main reservoirs are time integrated func-
tions of the complete geochemical history of those
reservoirs. In forward modeling, the consequences
of given scenarios are explored by describing their
mass and trace species transport and fractionation
processes as a set of balanced equations and then
solving these while progressing through geologi-
cal time. If present day data can be arrived at in
any number of plausible ways, the system is un-
derconstrained and the exercise is trivial. It is
however useful if the range of resulting successful
scenarios is limited. The larger the number of
data, and the more types of data are used to con-
strain a model scenario, the better. A solution in
forward modeling is a set of geologically realistic
parameters that describes the evolution of a sys-
tem from start to finish and allows to reproduce all

present day observations. In this paper the solu-
tion to forward modeling of the terrestrial
Th-U-Pb and Sm-Nd parent-daughter sets, fur-
ther constrained by siderophile element data, is
considered.

Problems of global U-Th-Pb and Sm-Nd
evolution

The two paradoxes of the Th-U-Pb trio are both
well known. The first is the observation that the Pb
isotope compositions of both MORB (represen-
tative of the depleted upper mantle) and pelagic
sediments (proxies for the average eroded conti-
nental crust) plot to the right of the isochron de-
fined by chondritic meteorites in 27Pb/2%Pb vs
26Pb/2Pb space, the "future domain"; hence it is
often referred to as the "future paradox” (e.g. AL-
LEGRE, 1982). Unless the Earth as a whole was
formed > 100 Ma later than meteorites this means
that there is a significant Pb reservoir in the Earth
with isotope ratios plotting to the left of the me-
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teoritic isochron. This could be the core, the lower
mantle or the lower continental crust. The second
Pb paradox concerns the 2%Pb/2%Pb and
206Pb/2%4Pb ratios of the MORB source mantle.
These portray time integrated Pb isotope devel-
opment in an enviroment with Th/U = 3.8, where-
as the actual Th/U ratio of the upper mantle is
2.6-2.7 (O'NniONs and MCKENZIE, 1993). This
means that the upper mantle is an open system
with Pb derived from an external source. These
paradoxes are both very fundamental, they can-
not be considered in isolation from each other,
and a solution for them must entail improved un-
derstanding of the history of the Earth.

Nd isotope evolution of the upper mantle-con-
tinental crust system in its broad sense has long
been qualitatively understood and presents no ap-
parent paradoxes. Through melt extraction lead-
ing to continental crust formation, the upper man-
tle acquired a high average Sm/Nd ratio which led
to an &y, vatue around 10.5 (BLICHERT-TOFT and
ALBAREDE, 1994) in today’s upper mantle, where-
as the continental crust is heterogeneous (mainly
because of a lack of homogenization mechanisms
and hence its heterogeneity in age) with ey values
down to —50. While the present day situation is
well established, the gy, history of the upper man-
tle is a subject of controversy linked to varying
views on the history of the continental crust. Indi-
cations for mantle g,y values up to +4 at > 3.5 Ga
(BENNETT et al., 1983; BOWRING and HOUSH,
1995) have been interpreted by some of these au-
thors (BOWRING and HoUSH, 1995) as evidence
that an amount of continental crust roughly equal
to its present bulk had been formed on the early
Earth within c.200 Ma after its accretion, in agree-
ment with the "freeboard" concept of ARM-
STRONG (1981). The validity of these indications
has been strongly contested by others (MOOR-
BATH et al., 1997) who argue that the high appar-
ent gy, values in the early Archean are artefacts of
later Sm—Nd mobilisation in the systems. Apart
from its input into this controversy, a forward Nd
model for the Earth should provide an gy, evolu-
tion curve for the upper mantle, to serve as a ref-
erence in obtaining Tpy model ages.

Recent modeling and its results

Recently forward modeling of Earth history, tar-
geting present day terrestrial data, was carried out
by KRrRaMERs and TOLSTIKHIN (1997) for
Th-U-Pb, and by NAGLER and KRAMERS (1998)
for Sm—Nd. The model used in both these efforts
is identical. The reservoirs considered, and fluxes
between them, are summarized in figure 1. The

Earth accretion - core formation scenario used
is constrained by siderophile element data
(KRAMERS, 1998). This includes a variable accre-
tion flux during the first 100 Ma, accompanied by
conteporaneous core formation, with a small core
formation flux continuing for 50 Ma after accre-
tion has effectively ceased. During accretion and
the main core formation period, one silicate man-
tle reservoir exists in the model (a prerequisite for
the removal of metal from the whole mantle), but
after c. 150 Ma the upper and lower mantle are
largely isolated from each other and have a mass
ratio of c. 1 : 3. Oceanic crust is continuously gen-
erated from the upper mantle (melting zone mfin
Fig. 1). Its destruction ("subduction") occurs in
part as a bulk transfer back to the upper mantle,
and in part via a mixing-fractionation zone (sf) in
which the oceanic crust is mixed with a larger
component of upper mantle, and proto-continen-
tal crust (of probably andesitic composition) is
generated as a partial melt. This material is further
fractionated (cf) into 50% "upper" and 50%
"lower" crust. Melting and fractionation are treat-
ed as batch processes for simplicity. Recycling of
continental material into the mantle can occur via
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Fig. I Reservoirs and fluxes used in the Th-U-Pb and
Sm-Nd modeling. mf = mantle melting zone giving rise
to MORB (and core in early history). sf = mixing-frac-
tionation ("subduction") zone. ¢f = Zone fractionating
upper and lower crust. Thin arrows: Mass fluxes without
fractionation; thick arrows: Mass fluxes with fractiona-
tion. Stippled arrows: fluxes only important during first
150 Ma of Earth history.



Pb AND Nd ISOTOPES AND THE HISTORY OF THE CONTINENTAL CRUST 171

erosion, which transports mass and trace species
from the upper crust into the oceanic crust reser-
voir, or via a delamination process, which trans-
ports lower crustal material directly into the up-
per mantle. Both processes are accompanied by
mass fluxes designed to keep the upper and lower
crust masses equal, and by corresponding trace
species fluxes. Both processes also obey a law
favouring destruction of younger over older con-
tinental crust, i.e. the erosion law of ALLEGRE and
RousseAU (1984) which enables the reconcilia-
tion of Nd isotope data of crust and upper mantle.
The upper and lower continental crust reservoirs
are both divided into equal portions labeled "old-
er' and "younger"; the operation of the erosion
law then generates the age differences. Surface
erosion is a chemically fractionating process,
transferring U to the ocean floor in preference to
Pb and Th once a sufficiently oxygenated atmo-
sphere allows the mobile uranyl ion to exist
(STAUDIGEL et al., 1995). Mass and species trans-
port equations and details of intrinsic parameters
such as effective partition coefficients used are
given and discussed by KRAMERS and TOLSTIKHIN
(1997), NAGLER and KRAMERS (1998), and
KRAMERS (1998).

The Th-U-Pb modeling, in conjunction with
siderophile element work, shows that terrestrial
Pb isotopes are surprisingly insensitive to the
length of the Earth accretion — core formation in-
terval (KRAMERS and TOLSTIKHIN, 1997), in con-
trast to the results of previous models (HALLIDAY
etal.,1996; GALER and GOLDSTEIN, 1996) and that
the Earth’s core is a highly unlikely reservoir to
account for the first Pb paradox, While the age his-
togram of the continental crust, with a mean age
of 2 Ga, is approximately known and was used as
a given parameter set, the total mass of continen-
tal crust existing at any time, M_(t), turned out to
be a critical free time dependent variable. Two as-
pects of the way in which crustal growth and recy-
cling affect the fit achieved by the modeling are il-
lustrated in figure 2. The M_(t) curves shown in
figure 2a reflect, from A to E, an increasing
amount of continental crust present 150 Ma after
the start of Earth accretion. Of these, variant E
(the constant crust model) cannot provide any fit
to terrestrial Pb and Nd isotope data (KRAMERS
and TOLSTIKHIN, 1997; NAGLER and KRAMERS,
1998). The reason is that the large amount of
crustal recycling needed in this scenario to pro-
duce anything approaching the present day age
distribution of the continental crust destroys the
separate isotopic identity of the upper mantle.
Variants A to D can reproduce isotopic data, but
for B to D this is achieved at the cost of a pro-
gressively worse fit to geochemical data: The Th/U
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Fig. 2 (a) Five variants of M,(t) (continental mass vs
time) curves examined in modeling, which differ from
each other principally in the amount of crust present at
150 Ma after the start of Earth accretion. Note that E
(similar to the contant crust model of ARMSTRONG
(1981) does not give isotope fits either for Pb or Nd. (b)
Effect of early crust mass on present day Th/U ratio of
the upper mantle for best fits of Pb isotope ratios in
these reservoirs (in the case of A-E), compared to data
(O’N1ons and McKENZIE, 1993). (¢) Similar for the Nd
concentration of the continental crust resulting from fit-
ting the Nd isotope composition of the upper mantle and
crust reservoirs. Note large discrepancy between con-
centration estimates of TAYLOR and MCLENNAN (1995)
and WEDEPOHL (1995).
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ratio of the upper mantle (Fig.2b) and the Nd con-
centration of the continental crust (Fig. 2c). Only
variant A produces reasonably close fits to all geo-
chemical as well as Pb and Nd isotope data of up-
per mantle and crust (see Fig. 3 for the case of Pb).
The key to the solution of the first Pb paradox is
the low U/Pb ratio of the "old lower crust" reser-
voir, which causes its Pb to plot well to the left of
the meteoritic isochron. The second paradox is re-
solved through preferential transport of U over
Th (and Pb) in the crust-to-mantle recycling
process.

Thus Pb and Nd modeling have imposed simi-
lar constraints on the crustal history scenario:

1.4
=
o
12 e Crust formation flux
L
10 48
X
=
08 -8
b
=
0.6 -
04 - —
Crust v"~___
a i ] Ty
02 - destruction i b
_ \_ !
e N Time (Ga)
0 = T T T T L T T
0 1 2 3 4
- 158 207 204
17 Py " P P
Model b
15.7  7erosion mix"
15.6 A
15.5 A
| Model
15.4 - upper
206 204
mantle . Ph/ Pb
T o T T T
17 18 19 20

Fig. 3 Top: Crust formation and destruction fluxes for
the best fit scenario (A in Fig. 2). Bottom: 27Pb/2Pb vs
206Pb/24Pb plot with MORB (grey diamonds) and pelag-
ic sediment data (black triangles) and their averages and
standard deviations. See KRAMERS and TOLSTIKHIN
(1997) for data references. M: meteoritic isochron. Pb
evolutions for upper mantle and "erosion mix" (consist-
ing of older and younger upper crust) shown for best fit
model with 200 Ma time intervals. Note "erosion mix"
must plot above the mean of pelagic sediments because
these contain a hydrothermal MORB Pb component.
Large arrows explained in the text.

Very little sialic crust, or none at all, existed im-
mediately after Earth accretion; the growth of
continental crust was fast during the Archean and
slowed down after c. 2.5 Ga ago. Further, in suc-
cessful scenarios crust destruction takes place en-
tirely or almost entirely through upper crust ero-
sion; if delamination of lower crust amounts to
more than 3% of the continent recycling flux all
fits worsen dramatically, and it was concluded that
lower crust delamination is unimportant (KRA-
MERS and TOLSTIKHIN, 1997). This conclusion does
not affect ideas on the delamination of the sub-
continental mantle.

The mass of continental crust at any time in
Earth history is a function of both preceding crust
formation and crust-mantle recycling, so that a
given M_(t) curve does not uniquely define crust
history. The constraints on the "fine structure” of
continent history from Pb isotope data and mod-
eling (KrRaMmERS and ToLsTIKHIN, 1997) are
sketched in figure 3. Fluxes in and out of the con-
tinental crust (pertaining to the best fit M.(t)
curve A of Fig. 2a) show continent recycling into
the mantle in the early part of Earth’s history
amounting to no more than 10% of the rate of
continent building, and a very much increased ra-
tio of destruction to formation in the last 1600 Ma,
with both fluxes agreeing with the estimates of
REYMER and SCHUBERT (1984). How this history
is constrained is shown qualitatively from the ef-
fect of deviations. Increased crustal recycling in
the early part of the Earth’s history (grey arrows
[a] in Fig. 3) destroys the difference in 27Pb/**Pb
between crust and upper mantle (which can only
have been generated in the Archean, when the
B5U/28U ratio was still sufficiently high) as well as
the solution to the first Pb paradox. In contrast, re-

‘duced recycling in the last 1600 Ma (black arrows

[b]) produces a highly radiogenic upper crust and
an unradiogenic upper mantle. The small amount
of crust-to-mantle recycling in the Archean found
from the Pb modeling is a robust result, and is in
accord with the conclusions from Lu-Hf studies
(PATCHETT et al., 1984).

Geological perspectives: Internal or
surface factors?

The solutions to the Th-U-Pb and Sm-Nd mod-
eling outlined above are at variance with influen-
tial literature on the Archean, which stresses high
rates of early crustal recycling (e.g. DE Wit et al.,
1992; BOwRING and HOUSH, 1995). It is therefore
necessary to assess the geologicai realism of these
solutions. Two possible reasons why crust-mantle
recycling rates could have increased sharply in the
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mid Proterozoic are discussed below. The first is a
suggestion that mountain belts were eroded less
in the Archean and early Proterozoic than subse-
quently, and the second is related to the notion
that the first extensive colonization of land by life
forms occurred in the mid-Proterozoic.

On the basis of diminishing heat flow, SANDI-
FORD (1989) proposed that in the relaxation of
orogenies, collapse and normal faulting played a
more important role in the earlier history of the
Earth compared to later, when erosion and uplift
dominated (the latter is thought to be the more ef-
ficient means of exhuming rock units from great
depths). It would be expected that an increase in
the role played by erosion in exhumation since the
Archean should be reflected by generally increas-
ing peak P/T ratios in metamorphic terrains from
the Archean to the present, accompanied by a
change in retrograde P-T paths towards a more
clockwise character. While it is true that no very
high pressure rocks are found in Archean oro-
genic belts, a review of granulites by HARLEY
(1989) does not reveal a significant or consistent
difference in peak P-T conditions or the character
of the retrograde path between provinces of dif-
ferent metamorphic age (Fig. 4). Further, meta-
morphic rocks are ubiquitous and clastic sedi-
ments abound in Archean and early Proterozoic
provinces, pointing to uplift and mechanical ero-
sion. It is therefore not clear how this could be a
major factor to explain significantly less crust-
mantle recycling in the Archean than at later
times.

173

Rock weathering leading to soil formation and
ultimate erosion of land surfaces (irrespective of
relief) appears to be greatly enhanced by biologi-
cal activity in the soil. The direct action of organ-
isms in weathering as well as the important role of
humic and fulvic acids in silicate mineral break-
down have been amply demonstrated in experi-
ments and field studies (e.g. ROBERT and BERTHE-
LIN, 1986; DREVER and VANCE, 1994). Various ge-
omorphological observations also provide indica-
tions. First, the rate of subsoil rock weathering on
slopes increases with decreasing soil thickness,
while uncovered bedrock appears to weather very
much more slowly than buried rock (HEIMSATH et
al., 1997); these variations coincide with differ-
ences in biological activity. Second, there are indi-
cations that denudation rates in arid environ-
ments are significantly slower than those in non-
arid environments regardless of mean tempera-
ture {SMALL et al., 1997).

A ready explanation why biologically-promot-
ed erosion should be limited to the last 1500- 2000
Ma is provided by the history of the atmosphere.
Although life and photosynthesis may go back to
the age of the oldest rocks, and there is evidence
for some free oxygen in the atmosphere since
3 Ga ago (OHMOTO, 1996; WATANABE et al., 1997),
life on land requires a UV shielding ozone layer,
and clear evidence for abundant atmospheric oxy-
gen exists only for the time from c. 2 Ga onwards
(KASTING, 1993). Interestingly, the solution of the
second Pb paradox uses the same premise (see
above).
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Fig. 4 Summary of peak p-T conditions and retrograde p-T paths of granulite occurrences reviewed by HARLEY
(1989) broken down according to age categories. (a) Peak metamorphic conditions, (b) occurrences with near-iso-
baric cooling paths, (c) near-isothermal decompression paths. Note that different age groups do not appear to show
significant overall differences in peak conditions or in the character of retrograde paths.
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In summary, it appears likely that biological
activity on land may be a more significant cause
for a sharp increase in the rate of crust-mantle re-
cycling in the last third of Earth history than tec-
tonic factors. This highlights in a striking way the
interaction between different parts of the Earth
and, indeed, their interdependence, with surface
processes and biological activity profoundly af-
fecting mantle geochemistry and therefore, ulti-
mately, heat flow and geodynamics.
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