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Abstract—Lead isotopes are compared in two equivalent diagrams. With a range in U/Pb, a closed system
that evolved its radiogenic Pb in a single stage yields data that define a line of exactly the same age in the two
presentations. This strict reproducibility (within a few 1¢ yr, at most) is the crux of the concept of
Pb-isotope synchronism. In contrast, an open system produces data that disperse variably in the two diagrams,
yielding ages which are often different by>10" yr. However, because an age-calculation reconciles
uncertainty in the age with the degree of dispersion in the data, a highly disturbed system yields false ages
(from both diagrams), which nevertheless overlap within the calculated errors.

This dichotomy (tightly reproduced linearity of a closed system vs. loosely correlated dispersion of an open
one) is exploited in a new procedure, terndéfferential Pb correlation. This procedure allows filtering the
data, so that an imperfect isochron may be improved or an invisible one may be identified within a dispersion
field.

Applying the synchronism method to the whole rock Pb isotopic data on thHésAggneisses results in
their resolution into three synchronous lines, yielding the single-stage ages of 4.42, 3.74 and 3.45 Ga. In an
attempt to reconcile this observation with geology, the mechanisms which may have produced these lines
(multi-stage lineation) are explored. In addition, the possibility that the 4.42-Ga line is an actual isochron, and
that vestiges of an ancient terrestrial crust of that age exist, are contemplated in some detail.

The utility of the method is further demonstrated by application to meteorites as well as terrestrial rocks.
Isochrons of crustal rocks intersect with each other as subgroups in multiple places (that is, at multiple Pb
isotope values). This indicates the apparent existence of terrestrial reservoirs distinct in isotopic composition
from each other. One of these reservoirs, characterized by a o)) = 4 may represent a depleted
complement to the U-enriched source(s) of the ocean-island basalt (OIB). If so, then the so-called “Pb
paradox” may no longer exist.Copyright © 2003 Elsevier Ltd

1. INTRODUCTION *(2"PbPPb) = (1/137.88) [(&" - 1)/(€"—1)] (1a)

In this report Pb isotopic data are presented and discussed, . o ) ) i
concurrently using two of the three types of diagrams: type |, Where *€°PbF°®Pb) is the in-situ radiogenic daughter ratio,
206pyPO4pYy s, 207PpRo%PD: type I, 22PbPO%Ph vs. 2°7Pb/ determined from either the slope or the intercept of the line
206ppy: and type 111,2°PbPO7Ph vs.2°%PbP°7Ph. Type | is the (depending on the type of diagram used) defined by the data.
familiar conventional Pb-Pb diagram. Type Il was introduced andA are the decay constants %¥U and**%, and 1/137.88
to facilitate presenting the highly radiogenic lunar data(Tera iS the present-day ratio of the former isotope to the latter.
and Wasserburg, 1972a) and to allow direct correlation with a Although algebraically fully redundant, the three Pb isotope
modified concordia diagram (Tera and Wasserburg, 1972b). diagrams (mentioned above) are shown to yield three different
Type IIl was included for the evaluation of terrestrial Pb *(*°'PbF°Pb) ages for an imperfect isochron. These ages, which
contamination of meteoritic samples (Tera et al., 1997). Here are often grossly false, are by necessity always in agreement
the concurrent use of these diagrams is aimed at an aspect ofwithin errors. This non-diagnostic concurrence of ages from the
the Pb systematics which hitherto has not been addressed:three diagrams is inherent in the calculation of an isochron-age,
namely an inherent unique potential in the dual U-Pb clock to Where the magnitude of uncertainty in the age is in reality a
identify closed-system samples in the midst of open-system guantification of the degree of dispersion of the data. What is
ones. Such potential derives from a consistent linear projection diagnostic is the magnitude of disparity between the ages, which
of closed-system data, and variably modulated dispersion of (@s mentioned earlier) stems from the fact that the patterns of
non-linear, open-system data, on the Pb-Pb diagrams. dispersion of open-systems are variably modulated in the three Pb

A basic aspect of Pb isotope systematics is the ability to diagrams. A procedure described in the text allows for the filtra-
measure the age of a closed system (e.g., a rock) from the Pbtion of the modulated patterns, so that the line of the closed-system
isotopic composition of its components (e.g., the minerals) data may emerge. Thus the determination of an accurate isochron
without having to determine the concentration of the parent for a disturbed system may not only be possible, but also practical.
isotopes?**U and?38U. Applying the equation of radioactive Synthetic as well as natural examples are given to show that
decay, the ages is calculated from the relationship under favorable, but not uncommon conditions, filtering of
disturbed data leads to convergence of the ages from the
diagrams on a&ynchronous date of the same numerical value
* (tera@dtm.ciw.edu). and with uncertainty of no more than a fewS1yr.
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Fig. 1. (a) Synthetic Pb isotopic data (see Table 1) for a 3.000-Ga
system which experienced a disturbance at 2.000 Ga when some of the
components experienced U loss or gain (relative to Pb). The ranges of
the trgjectories of dispersion on the x-axis and y-axis of type | diagram
(dashed arrows) are lopsided, resulting in a pronounced dispersion of
disturbed samples. (b) Same data plotted on atype Il diagram. Here the
ranges of the trgjectories of dispersion are comparable, leading to the
suppression of shifts off a best-fit line, which yields a false age.

F. Tera

2. SYNCHRONISM
2.1. System-Errors

In Figures 1la and 1b are shown the data for a synthetic
system which is 3.000 Ga old, and which was disturbed 2.000
Ga years ago when U and Pb were mobilized in some of the
system’s components. In other words the data shown (see Table
1), simulate amix of rocks, some of which evolved their in-situ
radiogenic Pb in a single stage (according to Egn. 1b and 1c)
and others, which evolved theirs in two stages (according to
Egn. 2a and 2b).

(206Pb/204pb)5am — (206Pb/204pb)1 + o X (e\T_ 1) (1b)

(207Pb/204pb)5am — (207Pb/204Pb)1 + le X (e)\’ T __ 1) (1C)

(P°PD/2Ph) sy = (P°PDPPh), + p, X (€7 —€Y)
+ uz X (e'=1) (2a)
(P"POIPb) s = (PTPOIPD), + ' X (€17 €V
+ u's X (€'=1) (2b)

where Sam = sample; | = initial; w is present-day 238U/?**Pb;
(w/p') = 137.88 , numerals 2 and 3 respectively stand for the
second stage (duration 7 or T — t) and the third stage (duration
t). The first stage (not addressed here) would in general be an
idealized scenario where initial Pb evolved from a primordial
composition (Tatsumoto et a., 1973) in a single stage of the
duration T — 7, where T is estimated to be 4.55 Ga. Note that
Egn. 1aresults from the division of Egn. 1c by 1b, after minor
rearrangement.

Figures 1laand 1b yield two ages of 2.55 and 2.46 Ga, for the
same data. The two ages are concurrent within the calculated
errors of =0.500 Ga. However this concurrency is of limited
value in view of the large uncertainty. Thus in search for a
narrowly constrained, potentialy true (i.e., synchronous) age,
one should not be misled by the agreement between the two
diagrams, when errors are >>10° yr. In a modern geochemistry
lab, the errors in each of the two ratios 2°"Pb/?**Pb and 2°°Pb/
209ph are << 2%o, and would result in age-uncertainties of afew
times 10° yr.

By definition, the data under consideration (being synthetic)
have no experimental errors. Even errors arising from the decay
constants are cancelled, as the isotopic make-up of each syn-
thetic sample is concocted on the basis of the same decay
constants used to establish the age-table. Thus the range in the

Table 1. Parameters of simple synthetic systems.

Initial Pb?
Date Used in figure 206/204 207/204 T t s [
4-Ga isochron® 7 10.467 12.169 4 0 3,5, 6, 8,10, 12, 16 Not applicable
3-Ga isochron® 1,2,3,4,56,7 12.337 13.804 3 0 Same as in line above this Not applicable
2-Ga isochron® 56,7 14.168 14.502 2 0 2,4,7,9 11, 13, 17 Not applicable
2-Ga disturbance® 1,2,6 12.337 13.804 3 2 (4,5,75,11, 7, 12, 16)¢ (16, 25, 28, 20, 4.5, 9.7, 6)¢
0.5-Ga disturbance® 3,4 12.337 13.804 3 0.5 Same as in line above this Same as in line above this

aEvolved from primordia Pb (Tatsumoto et al., 1973) with u, = 7, for the duration (T — 1), and T = 4.55 Ga.

> Ph evolved from initial Pb in a single stage according to Egn. 1b and 1c.

¢ Post initial lead-incorporation, Pb evolved in two stages according to Eqn. 2a and 2b.

9 1n al examples of disturbance, u, and s combinations are: (4 and 16), (5 and 25), (7.5 and 28), (11 and 20), (7 and 4.5), (12 and 9.7), (16 and 6).
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ages and the uncertainties exhibited in Figures 1la and 1b are
due to varied configurations of the data in the two diagrams.
This is aso inferred from the different correlation coefficients
in the two figures. Although varied, these projections are spe-
cific of the data presented; thus age-errors associated with them
are termed system-errors, to differentiate them from experi-
mental errors. Generaly, the latter errors are too small to result
in gross deviation (>=>10° yr) from synchronism.

Variable dispersion of the data in the two diagrams is inher-
ent in the structure of each of them. Thus while in the conven-
tional 2°5Pb/2°*Pb vs. 2°Ph/2°**Pb diagram (type |) the plotted
pattern results from a mutual projection from the two U-Pb
clocks, in amodified versions (say, type 1), leads (*°7Pb/?°Ph)
from the twin clocks are referenced to one of the two. Such
referencing amounts to superposition of additional modulation,
relative to the conventional diagram. Thus in the example
given, only perfectly closed-system-data can produce synchro-
nous ages from the two diagrams, because they are always
reproducibly projected as a line.

2.2. The Search for a Filter

A corollary to recognizing variable modulation, is recogni-
tion of its potential as a tool for objective filtration of Pb
isotopic data of a disturbed system. Idedly, such filtration
should result in elimination of system errors (section 2.1) and
the convergence of the filtered data on a synchronous age,
characterized by the same extremely narrow degree of uncer-
tainty.

Logically, a method of filtration would have to exploit the
disparity in the values of the decay constants of 2*°U and 234U,
reflected in a large difference in the production rates of 2°’Pb
and 2°®Pb. Procedurally, the requirement (in the author’ s mind)
was to contrast the disparity in the production rates, rather than
to conventionally merge their effect in a Pb-Pb diagram. With
this realization, the idea of differential Pb correlation as a
diagnostic tool and a means of filtering disturbances (or un-
scrambling superimposed events) became self-suggesting. This
is the subject of the next section.

3. DIFFERENTIAL CORRELATIONS

3.1. Filtration by Differential Disparity

Here, as shown in Figure 2, the traditionally coupled ratios
208ph/294ph and 2°7Ph/?**Pb are uncoupled, where each ratio is
separately plotted against the difference between the two. The
data points in each of the two figures belong to the same
synthetic samples shown in Figure 1. The contrast between the
patternsin Figures 2a and 2b is striking but, on hindsight, is not
surprising for the reason of low production of 2°“Pb in systems
which are 3 Ga and younger. In addition, the y-axis of Figure
2b is expanded by a factor of 5, thus resulting in a degree of
visual exaggeration.

In Figure 2a, line A is the best-fit line for al the data
Because the two diagrams have the same x-axis, it is possible
to draw a series of vertical guideposts (dotted, marked 1, 2 and
3), in one of the figures and easily duplicate them at the
corresponding identical positions in the other. In Figure 2a
guidepost 1 is made to pass close to a cluster of three data
points. In Figure 2b, it is seen that this cluster appears more
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Fig. 2. (a) 2°Po/?**Pb differential corrlation for a3-Gasystem which
was disturbed at 2 Ga (see Table 1). Because of the almost linear
production of 2°®Pb, the data generally define a coherent line despite
strong U-Pb fractionation in the disturbance. Size of the symbol cor-
responds to ~*+5%o. (b) In contrast, the same data appear quite dis-
persed on the 2°"Pb/?**Pb differential correlation because of the lower
production rate of 2°’Pb over the past 3 Ga, and because of expansion
of the y-axis by a factor of 5. Dotted vertical lines are guideposts
plotted at positions identical in both figures. Note the resolution of the
clusters of data and the emergence of line A’, which is exclusively
defined by all the closed-system data (indicated by a superimposed X).
These evolved their radiogenic Pb in a single stage with ., ranging
from 3 to 16. Samples falling on line A" are characterized by F = 1
(i.e, np = ps ) while those on the left and the right of it are charac-
terized by F < 1 and F > 1, respectively (where F = us/u, ). Thusin
aglance, the disturbed samples are identified. u, + u; combination is
shown for each of the seven disturbed samples. Size of the symbol
corresponds to ~ = 3%o.

dispersed. Similarly, the two data points on guidepost 2
appear more dispersed in Figure 2b. Although expansion is
a factor in the contrast, the correlation coefficients indicate
that the data are actually more dispersed in Figure 2b than in
Figure 2a.This fact becomes abundantly clear when the three
data points to the right of guidepost 3 are considered: In
Figure 2a they are aimost co-linear with the datum on
guidepost 3 (in an upward direction) while in Figure 2b they
are distinctly scattered downwardly from it. This contrast is
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consistent with U gain (relative to Pb) at a time when the
production rate of 2°’Pb was much less than that of 2°°Pb.
Quantitative estimate of U gain and loss is expressed by the
fractionation factor F, defined as

E= (238U/204Pb)3/(238u/204pb)2 (3)

where the numerals denote second and third stage.

For the three samples under consideration, F > 1. They are
so identified in Figure 2b and are contained within a dotted
large square. From the remaining pattern a distinct linear trend
emerges, particularly when two more data points falling far off
the general trend are also sequestered (dotted small squares).
Almost self-suggesting, line A’ is drawn in Figure 2b to pass
through seven data points and miss two. It could be shown from
Table 1 that the samples falling on line A’ are all the closed-
system data, and those falling off it are all of the open-system
type. Despite the y-axis compaction, line A’ is reproduced in
Figure 2a, as the systematics would require.

Discussed next is the case of a system similar to that dis-
cussed above in every aspect except that the disturbance oc-
curred at 0.500 instead of 2.000 Ga (datain Table 1). Because
of the late date of the disturbance, the unfiltered datayield ages
that are less deviant from the “crystallization” age. Specifically
these ages, from type-I and type-1l diagrams (not shown) are
3.10 and 3.01 Ga. The difference of 9 X 107 yr between the two
ages is an indication of open system behavior. This becomes
even clearer from a combined consideration of the differential
correlations of such system (Figs. 3a and 3b). With the help of
the guideposts, the shift of open-system data points (shown
inside dotted sguares in Fig. 3b) off a linear trend A’ is
projected. Because of the young age of the disturbance, two
samples with F = 0.64 and 0.81 (labeled “open” in Fig. 3b)
remain too close to the closed-system line to be filtered out.
This may not be viewed as a failure of the filter, because the
shift of these two pointsis on the order of the size of the symbol
of a datum (*=2%o). For the same reason, line A" could not be
drawn in Figure 3a because it is barely resolved from line A
(which is the best fit for all the data). The isochron-age of the
partialy filtered datais 3.004 Gathat is synchronous within =2
X 10° yr, and deviates from the true age by 4 X 10° yr (see
Figs. 4a and 4b).

3.1.1. Unscrambling of Multiple Isochrons

A superimposed event can be powerful enough that it may
re-homogenize the Pb isotopes of multiple samples into a new
initial Pb, as a starting composition for further Pb evolution.
Such re-homogenization need not apply to the elements (e.g.,
U/Pb), a circumstance that may result (with time) in the super-
position of an additional linear growth. The synthetic example
given hereisfor atwo-isochron system of 3.000 and 2.000 Ga.
For simplicity at this stage, the system is chosen to be free of
open-system behavior. This mixture of data (see Table 1) yields
non-synchronous (thus false) ages intermediate between the
two actual ages, and disparate by 78 Ma (no figures). The
duality of the system isreadily exposed through the differential
correlations, shown in Figure 5. With the help of a mere three
guideposts, the best-fit line in Figure 5a is resolved into two
linesin Figure 5b. These two lines correspond, of course, to the
two isochrons (not shown) of the system under consideration.
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Fig. 3. (a) Differential 2°Po/?°*Pb diagram for a 3-Ga system, which
was disturbed at 0.5 Ga. Line A is best fit for all the data. Guideposts
1, 2 and 3 help in tracking shifted datain Figure 3b. (b) The y-axisis
expanded by afactor of 4, resulting in visual exaggeration of the shift
of open-system data (some are enclosed in dotted squares) off the linear
trend A’ defined by the rest of the data. Because of the “young” age of
the disturbance, two samples with F = 0.64 and 0.81 (labeled “open”)
remain too close to the closed-system line, that they could not be
filtered. For the same reason, line A’ could not be drawn in Figure 3a
because it is barely resolvable from line A. Closed-system data are
indicated by X, superimposed on the filled circles. u, and p; combi-
nations are the same as shown in Figure 2b.

A more realistic variation on the theme is a dual system
like the one mentioned above, with one added complication:
open-system disturbance of some samples at 2.000 Ga (see
Table 1). Figures 6a and 6b are the differential diagrams of
the example. It is seen that the adherence of the 2°°Pb/2°*Pb
data to a coherent linear trend is maintained. The dispersion
in 297Pb/2°*Pb correlation appears complex, but the two
figures concur on the linear association of the data on
guideposts 1, 2 and 4. These are connected (in Fig. 6b) by a
heavy solid line, which is seen to be co-linear with four data
points to the left of it. The resulting linearity is indicated as
a dashed line. The seven data points defining the trend yield
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Fig. 4. (a) Isochron-age from type | diagram, for the data shown in
Figure 3. Out of seven open-system data, only five could be filtered
(open circles). Because complete filtration of disturbed data is not
possible, the age obtained is 2 X 10° yr older than the actual age. (b)
Because of varied modulation of open-systems, same partialy filtered
data plotted on type Il diagram yield an age that is5 X 10° yr older than
thetrue age. Failure of thefilter is associated with open-system samples
where the effect of the disturbance on the isotopic budgetsis negligible.
Thus the resulting blemished isochrons (from Figs. 4a and 4b) are
synchronous at 3.0035 = 0.0015 Ga.

an age of 2.000 Ga, on the age-producing diagrams (not
shown).

By isolating (in dotted squares) two data points dispersed at
wide angles from the 2-Gatrend in Figure 6c, a second pattern
of enhanced linearity emerges. This second line is defined by
six points, which on age-producing diagrams (not shown) yield
an age of 3.000 Ga.

In summary (see Fig. 6¢), with some trial and error, two
isochrons are identified and their validity is established through
synchronism. Four of the six leftover samples are explicitly
deviant and two appear dightly deviant (Iabeled “?”). In practice,
some situations may be too complex to resolve completely.

3.2. Resolution by Differential Coincidence

For systems older than 3 Ga the contrast of behavior on the
two differential diagrams (demonstrated in the above exam-
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Fig. 5. (a) Differential 2°Pb/2**Pb correlation for a hypothetical
example of atwo-isochron system: one is 2 Ga and the other is 3 Ga.
Despite the large difference between the two ages of the mix, the data
still appear to cluster rather coherently around a best-fit line. This is
largely a consequence to nearly linear production of 2°°Ph relative to
negligible build up of 2°"Pb. (b) Differential 2°’Pb/?**Pb correlation for
the same data. With the help of the guideposts the systemic duality of
the mix is revedled, as is indicated by the two dashed lines. On the
age-producing diagrams, the data of each line would of course syn-
chronously produce one of the ages, 2.000 and 3.000 Ga (hot shown).

ples) becomes less marked and practically disappears in
~4-Ga systems. This is because in these systems the con-
tribution of 23U to the Pb budget may not be negligible.
Figure 7 isanillustration of mixing three isochrons of 4.000,
3.000 and 2.000 Ga (solid, dashed and dotted lines in Fig.
7b, respectively). The non-conformity of the data to a fa-
miliar single best-fit line in the 2°°Pb/?°*Pb differential
diagram is obvious. For the case on hand, the two diagrams
are similar in their clear resolution of the 4-Ga isochron
from the rest of the data. For the two younger isochrons, the
dichotomy in resolution is clear and is a reiteration of the
demonstrations in the preceding sections. Even for a more
complicated system, a diagnostic feature is that an ancient
isochron (perfect or not), ~4 Ga and older, will stand out as
a separate trend in both differential diagrams. This condition
of differential coincidence is characteristic of extreme an-
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Fig. 6. (a) Differentia 2°®Pb/?**Pb correlation for a synthetic ex-
ample, which is a variation on the theme of the scenario of Figure 5.
Besides mixing two perfectly closed systems of 2.000 and 3.000 Ga
ages, some samples became open-systems in the 2-Ga event, as pre-
scribed in Table 1. Still, linearity is generally preserved. (b) Differential
207pp/204ph correlation of the same samples. The pattern appears com-
plex but three of the guideposts (1, 2 and 4) draw attention to three
co-linear data points (connected by a solid line). These, in turn, appear
co-linear with four less radiogenic samples (connected by a dashed
line). When extended in the opposite direction the other dashed section
barely misses a datum (labeled “?"). At the other end is another sample
that just misses the line. On an age-producing diagram, the seven
samples forming the trend yield an age of 2.000 Ga. (c) With prelim-
inary identification of a 2-Ga line, another general linear trend is
recognized, which is enhanced by isolating (in dotted squares) two
samples faling at wide angles of dispersion off the general trend. Now
a second line, well defined by six more samples, becomes more
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Fig. 7. (a) 2°°Pb/2**Pb differential correlation for a synthetic mixture
of three isochrons, 4, 3 and 2 Ga old. (b) 2°’Pb/?®*Pb differential
correlation for the same isochrons. Note concurrence (from both dia-
grams) on the resolution of the 4-Ga isochron. This is termed differ-
ential coincidence, which may be useful in retrieving vestiges of
isotopic imprints associated with very early planetary differentiation
(see section 5.2.5). The 3-Ga and younger isochrons may be resolved
on the 2°’Pb/2**Ph correlation.

tiquity (or simulations of it, see section 4). A natural exam-
ple for it is given in the application section.

3.3. Modified Differential Correlations

Among the varied reactions to the method of differential
correlation isaview that the relationship asillustrated in Figure
2 isunique and unusual enough to warrant in-depth theoretical
and mathematical elaboration. In truth, the specific relationship
shown (Fig. 2) is one of multiple ways of expressing an aspect
of the subject; that is, the shown correlation is not the crux of
a concept.

If there is a cru, it is non-mathematical, namely the projec-
tion of the ratios 2°°Pb/?**Pb and 2°"Ph/>**Pb independent of

perceptible. Thus two isochrons are identified. Four samples are ex-
plicitly identifiable as disturbed, and two (labeled “?") are suspected of
being disturbed. An open-system datum (see Table 1) isindicated by a
+ symbol superimposed on afilled circle.
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Fig. 8. (8) Same synthetic samples as in Figure 2a, plotted on a
modified differential diagram. (b) Same synthetic samples as in Figure
2b, plotted on amodified differential diagram. Note preservation of the
contrast between (a) and (b).

each other. Almost inherent in this concept of “differential
projection” isthe procedural necessity to use the same x-axisin
the two projections. Here, a specific choice is largely a matter
of persona preference. For example, instead of the difference
between the ratios (see Fig. 2), one could use 2°°Phb/?°’Pb on
the x-axis. The synthetic samples in Figure 2 are re-plotted on
such modified differential correlation in Figures 8aand 8b. The
figures exhibit patterns, identical in their contrast to those in
Figures 2aand 2b. Again, with the help of the guideposts or any
other appropriate procedure, the open-system data could be
filtered out, to leave behind the closed-system line.

In terms of familiarity, Figure 8b entails a correlation be-
tween isotopic ratios, in a manner akin to the situation in an
age-producing diagram. The linearity (line A") in such corre-
lation isthe result of well-understood algebraic manipulation of
the equation of radioactive decay.

As before, the amplification of dispersion beyond the effect
of axis expansion in the 2°’Pb/2**Pb correlation is attested to by
the large difference between the values of the correlation co-
efficient in the two diagrams (Figs. 8a and 8b). That this
amplification is directly related to the large decay constant of

235 (that is, the non-linear production of 2°“Pb) is easily
testable by constructing hypothetical dual clocks in which the
difference in the decay constants of the isotopic parents brack-
etsthe actual case. The contrast in dispersion will decrease with
the convergence and increase with the divergence of the decay
constants.

4. MULTI-STAGE LINEATION, A HAUNTER!

Tight agreement on a single age, from different types of
Pb-Pb diagrams, is not exclusively specific to isochrons. For
example, data of a perfect mixing line are perfectly synchro-
nous. Furthermore, under a variety of peculiar fractionation-
circumstances synchronous linearity may develop, which has
interpretation other than being a conventional isochron. That is,
and as the illustrations given next show, systemic alteration of
an evolving Pb-Pb isochron, which does not destroy linearity, is
theoretically possible. If it occurs, such multi-stage lineation
can be a source of temporal misinformation. As indicated
below, the conditions of such ateration are stringent. Yet,
contrary to expectation, the phenomenon may be wide spread in
metamorphic terrain (section 5.2). This is a weakness in the
method as a geochronological tool.

4.1. Arrested Isochrons

Consider the case of an old system (say 3 Ga) whose closed-
system components define an isochron at the present. Assume
that at some early time (say 2 Ga ago) the system experienced
a disturbance, which resulted in the complete loss of U from
some of its components. In these disrupted components Pb
isotopic evolution is frozen, and constitutes today a spectrum of
initial leads. Because these initial leads evolved under a closed
isochronous condition before the depletion of U in the distur-
bance, they would fall today on a line, which amounts to an
arrested isochron, also known as paleo-isochron. In this sce-
nario (tested numerically, but no figure is shown), the arrested
isochron can pass as an ordinary isochron yielding a synchro-
nous, yet false age, which is “older” than the system that
produced it. The failure hereis not of concept or of algebra but
of interpretation. More specificaly, it is afailure of not know-
ing (or ignoring) the uniform U depletion relative to the sam-
ples of the 3-Ga isochron.

The linearity of the arrested isochron derives from its two
end-member constituents: (1) initial lead (*°"Pb/?°°Ph), that
existed 3 Ga ago when the Pb was originally homogenized, and
(2) radiogenic lead * (**"Pb/?°®Pb), formed in the interval (7 —
t) by radioactive decay, where 7 is the crystallization age of the
true isochron and t the age of the disturbance (in which U was
depleted). As with a conventional isochron, the value of
*(297Pp/2°5Ph), of the arrested isochron is obtained from the
slopeintype-l or from theintercept in type-11 diagram. In terms
of calculation, the mistake would arise from the application of
Eqgn. 1 to the arrested isochron, instead of the proper equation
for radiogenic initia Ph, given by

* (V7Pp/2%pp) = (1/137.88)[(€" " — ')€" —€eY)].  (4)

When 7 is known or assumed, the only unknown t is calcu-
|ated.
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Fig. 9. (a) A uniform fractionation factor, in a disturbance, produces
aline with afalse single-stage age. For example F = 2 at 3 Ga, results
in the apparent clock-wise rotation of a 3.73-Gaisochron (solid circles;
same parameters as given in Fig. 10a) to yield a 3.46-Ga line (open
circles). F = 0.2 at 3 Ga, results in a 4.40-Ga line (open triangles).
Note convergence on a single true initial Pb. (b) For F > 1 (see case
of F = 2), the younger the disturbance the more advanced is the
“isochron.” For F < 1 (seecase of F = 0.2), the younger the event the
less retarded is the “isochron.” Also, the more retarded the “isochrons’
the less readily they are resolved. All the lines shown converge on the
same initial point given in (a) above.

4.2. Retarded and Accelerated (Transposed) I sochrons

From considerations of the eguation of a straight line, it
becomes apparent that an arrested isochron is a special casein
afamily of straight lines that could be constructed on the basis
of Egn. 2a and 2b. The condition for these lines is that
el uo = F must have the same value for al member samples.
For an arrested isochron the ratio is uniformly zero, but avaue
(any uniform value) different from O produces a line just as
well. That is, the constancy of F in a disturbance results in a
linear transposition, which mimics a true isochron. This cir-
cumstance is shown in Figure 9a where it is aso seen that
relative to a bonafide isochron, constant F < 1 causes trans-
position in the counter clock-wise direction (older, or retarded
isochrons) and constant F > 1 transposes the lines clock-wise
(younger or accelerated isochrons).

The above regularity-artifact is understood from Eqn. 2a and
2b, which could be reduced to

*(PD) = pp * (€' —€) + fup X (- 1) (20)
*UPD) = o (€T —e) Hiup X (€ -1 (20)

where f is a constant factor. Consequently, the third stage
contribution (say in %) relative to the total atomic budget
remains unchanged, irrespective of the magnitude of w,. That
is, *(*°"Ph)/?°®Ph) of the three-stage samples is changed to a
new single value, irrespective of the magnitude of w,. This
condition, coupled with the samples’ same initial Pb results in
their defining aline. The commonality of initial Pb dictates the
convergence of transposition-isochrons (both retarded and ac-
celerated) on it (see Fig. 9a).

Asis particularly illustrated in Figure 9b, transposition is a
function of timing and fractionation magnitude. Thus a condi-
tion of severe fractionation at a later time can produce a line
that nearly coincides with one produced by milder fractionation
at an earlier time. This circumstance is illustrated in Figure 9b
by the casesof F = 0.02 at 2 Gaand F = 0.2 at 3 Ga, with the
corresponding “ages’ of 4.40 and 4.38 Ga, respectively.

4.3. Trandlocation-lsochrons (Trans-Chrons)

This special type of three-stage lineation is characterized by
the addition of the same number of Pb atomsin the third stage.
That is, wg is the constant in this case (see Fig. 10a). This
condition (if it ever occurs) would cause rotation (relative to the
true isochron) exclusively in a counter clockwise direction, on
type | diagram. That is, a translocation-isochron (or simply
trans-chron) invariably yields an “age” older than that of the
corresponding true isochron.

One point cannot be trandocated, that for which w; = w,.
Thisisa“dual point” common to both lines (see Fig. 10a). This
is also the point around which a trans-chron appears to revolve:
points to the right of the dual point “retreat” with F < 1, and
points to the left “advance” with F > 1. As aresult a trans-
chron does not converge on initial Pb (compare with Fig. 9). A
difficult requirement for this lineation is preservation of the
heterogeneity imprint of the second stage, upon which is su-
perimposed a uniformly homogeneous (in U/Pb) third stage!

4.3.1. Trandocation by Terrestrial Contamination

For radiogenic meteorites (e.g., some ordinary meteorites,
angrites and high-temperature inclusions in the carbonaceous
meteorite Allende) translocation by terrestrial contamination
may be possible. The reason isthat as a component, indigenous
initial Pb is often negligible, thus upon contamination with
terrestrial Pb, the blank (or a homogenized composite of blank-
meteoritic Pb) can become a de-facto end-member in an artifact
mixing line. Troilite separated from ordinary chondrites (Un-
ruh, 1982) often hasisotopic composition that is very similar to
the modern terrestrial lead (MTL) of Stacey and Kramers
(1975). This strongly suggests contamination of meteoritic
troilite either by scavenging of terrestrial Pb or through isotopic
exchange between initial meteoritic Pb (presumably initially
present in the troilite) and the environment. If the latter is the
case, then initial Pb in other phases (minerals and chondrules)
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Fig. 10. (8) A uniform p5 produces a line with a false single-stage
age. For example, 3.73-Ga samples which experienced a change to a
single value for u; at 2 Ga will define a line (a trans-chron) with an
apparent single-stage age of 4.4 Ga. The point of intersection with the
true isochron (of the undisturbed samples, filled circles) is a dua point
characterized by w, = n5 . Trans-chrons of the same disturbance have

0 0.01

may be also susceptible to contamination through exchange;
that is, being radiogenic is not a guarantee for being free of
contamination.

In Figure 10b it is seen that the less radiogenic Allende
inclusions (data of Chen and Wasserburg, 1981) fall on a
PAT-MTL mixing line. (PAT, the nick-name of the late Claire
Patterson, has long been used to denote Primordial Pb, which
he discovered [Patterson, 1956], and which was confirmed and
refined by Tatsumoto et al. [1973]). Within error, however,
these data points define with the more radiogenic samples an
excellent line (' coefficient of correlation = 0.9998 ), corre-
sponding to an age of 4.566 Ga.

In contrast to Allende inclusions, with a trajectory far to the
right of PAT, two angrite samples (from the work of Lugmair
and Galer, 1992) are co-linear with PAT at the younger age of
4.558 Ga (Fig. 10c). The two lines intersect at a Quasi Dual
Point around which theinclusions' line might have rotated as a
result of contamination with MTL. If so then the 4.566-Ga age
isinvalid. This matter is addressed in section 5.5.2. Suffice it
here to point out the similarity (in effect) to translocation
through geochemical fractionation in a disturbance (compare
Fig. 10a with Figs. 10b and 10c). Figure 10d is discussed in
section 5.5.2.

4.4. Chronoplane

This term is applied to a spatio-temporal plane, which may
unfold as a result of the superposition of a translocation-
disturbance (see section 4.3) on a contained system, in which
the imprints of both events (crystallization and disturbance)
co-exist. | included this peculiar dual mode after realizing it
appears to apply to the magma of Hawaii.

Consider the case of a contained source, S (a magma cham-
ber or amantle cell), say 4.55 Gaold, which was differentiated,
once strongly at 3.25 Ga, and once mildly at 0.9 Ga. The two
dates are chosen on the basis of observations discussed in the
application part (sections 5.6.2 and 5.6.4). The scope of the
3.25-Gaevent isthe entire system which if thoroughly sampled
(as the example assumes), its present day Pb-Pb data would
extend symmetrically on either side of the parental source
(filled circles, Fig. 11a).

the same “age,” that is, they are paralel lines. Trans-chrons are always
“older” than the true isochron. Also, the older the disturbance the older
is the trans-chron. As with al synthetic isochrons in this work (see
Table1) u, = 7; u, values are shown. (b) Contamination of radiogenic
samples (e.g., Allende inclusions) with modern terrestrial lead (MTL)
may result in a linear translocation. The line of Allende inclusions
passes through MTL, suggesting contamination. Also, its extension
(not drawn) passes to the right of PAT, which is forbidden by the
systematics, unless the inclusions predate accretion of planetary bodies
and thus contain primordial Pb that is more primitive than PAT. In this
case passing through MTL is accidental. (c) Two angrite samples fall
on a line consistent with PAT, that intersects the line of Allende
inclusions at a Quasi Dual Point (QDP) around which the Allende line
might have rotated to an older age. However, in this case the three
samples to the left of QDP (filled circles) should have lagged behind.
(d) Adding further to the ambiguity is the fact that the Allende inclu-
sions' points may fall on two lines, one is consistent with PAT, and the
other passes to the right of it, suggesting a more primitive “Pre-PAT”
initial. That is, Allende inclusions may be both older (4.568 Ga) and
younger (4.488 Ga) than the angrites and the chondrites (see section 5.5
and Fig. 29).
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Fig. 11. () An idedlized, two-event chronoplane. S is an ancient
parental source, which was partially fractionated, once at 3.25 Ga (solid
lineA, filled circles; u; = 7; u, rangesfrom 9.28 to 9.84) and a second
timeat 0.9 Ga(solid line B). These two lines (with far more data points
than depicted) may be identified through filtration by the differential
correlation procedure. The second event is characterized by bipolar
fractionation, possibly through U enrichment in a mobile accessory
phase that itself is enriched in one domain (u; = 11.3 ), leaving the
other depleted (u; = 8.1). Being mild, the second event does not erase
Pb isotopic heterogeneity in the major rock-forming minerals. This,
combined with the bipolarity of us, results in the unfolding of a
chronoplane, the longitudinal borders of which are two mirror-image
translocation isochrons (large dashed lines C). Each line is broadened
(%£2%o0) to alow for additionally superimposed minor complications.
The latitudinal borders of the field (dashed-dotted lines) run parallel to
line B, and their separation is a measure of the degree of fractionation
in the A-event (assuming thorough sampling). (b) The Hawaiian Pb
data are seen (or possibly imagined) to fal into three resolvable
clusters, each of which is possibly a “demi parallelogram.” These are
contained within an encompassing parallelogram 1, 2, 3, 4. In theory
(seetext), the two flank-clusters were derived at 0.9 Gafrom the central
cluster, which is the product of a 3.25-Ga event.

For the purpose of factualism in the model, the Hawaiian
Pb-Pb data (original authors cited in Zindler and Hart, 1986)
are shown in Figure 11b, together with the model’s two im-
printing isochrons (3.25 and 0.9 Ga), plotted to intersect each
other in the center of the field. The premise of the model is that
the scatter of the data in Figure 11b is controlled by a mech-

anism that approximately replicates the pattern of the ancient
event (3.25-Ga trend) along the trgjectory of the superimposed
event (0.9-Gatrend). As aresult a chronoplane in the shape of
a parallelogram unfolds (outlined by points 1, 2, 3, 4 in Fig.
11b). With some imagination the data appear to fall in three
clusters, each constituting a demi-parallelogram within an en-
compassing one. If so, the apparent replication observed in the
Mauna Kea lava on the micro-scale (section 5.6.4) may be
extended to the macro scale of an entire hot spot!

The scenario is expressed quantitatively in Figure 11a by a
central isochron, flanked by two translocation-isochrons (filled
triangles). Translocation-lineation (section 4.3) requires that
the flank-isochrons appear “older” than the central one; specif-
ically their slope corresponds to a false 3.56 Ga age. The
existence of two translocation-isochrons requires that U-Pb
fractionation in the disturbance event be bipolar. That is, the
extent of U-enrichment (to a single u.5 value) in some samples
(linearly shifted to the right in Fig. 11b) is at the expense of
depletion in others (shifted to the l€ft).

The survival of the two imprints (3.25 and 0.9 Ga) need not
be contradictory and may be affected through the mild nature of
the second event, which mobilizes, say, a susceptible (U-rich)
accessory phase without affecting serious re-equilibration in
the major minerals. Thus the isotopic heterogeneity of samples
fractionated in the crystallization stage is largely preserved.
Being of uniform chemical composition, the mobilized phase
may haveasingle w, andif itisU rich, it may impart itsimprint
to the host. Asto the bipolarity of u; (see Fig. 118), it may be
achieved through uniform enrichment of the accessory phase
into one domain ( effective u; = 11.3), at the expense of its
depletion from another ( effective u; = 8.1).

As a consequence to hipolarity (mentioned above), the re-
sulting translocation-isochrons (large dashes) would become
the longitudinal borders of a chronoplane (Fig. 11&). The high-
est and lowest ., values of isochron “A” would fall on the
latitudinal borders of the plane. These are lines (dashed-dotted,
possibly imaginary), which bracket and run paralléel to isochron
“B.” The net result is a symmetrical chronoplane with the
source being located at its center. In Figure 11a, the 3.25-Ga
isochron and its translocation images are plotted each within a
band corresponding to £2%. error on the x-axis. This is to
alow coverage of system errors (section 2.1) in an actua
system. Interestingly, when superimposed on the isotopic field
of Hawaiian lava, 84% of the data fall inside the plane, and the
majority of the points fall within the three envelopes of Figure
11a (detail in section 5.6.4).

5. APPLICATIONS
5.1. Answering Questions With Questions?

In dealing with isotopic data one is often (in fact to a degree,
aways) dealing with an interpretive component, a circumstance
that may result in controversy. An aspect of a controversy may
stem from imperfect data that permit varied subjective percep-
tions. In general, one expects good data-filtration to weed out
subjectivity and thus lessen controversy. This has been an
objective of the proposed methodology. Yet its application to
the Amitsoq gnei sses appears to have increased the controversy
surrounding their true age. Instead of deciding “the age,” three
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distinct ages are indicated. Furthermore, two of these ages
differ widely from anything published earlier on the topic. One
of the ages is so old (4.42 Ga) that, if taken literaly, suggests
the potential survival of a piece of a very ancient terrestrial
crust, faintly recalling a lunar scenario. Alternatively, in a
reconciliation scenario these ages are considered artifacts. That
is, the exotic mechanisms of “multi-stage lineation” discussed
in section 4 may not be at all exotic. In either case, instead of
narrowing the controversy surrounding “the age” of the Amit-
soq gneisses, it could be argued that the author expanded it.
Similarly, applying the filtering procedure and the synchro-
nism concept to OIB appeared for a short while to decide the
issue of ocean-island magma generation, in favor of one model,
that of Chase (1981), who argued that the Pb-Pb linear arrays
of OIB are more reasonably interpreted as secondary isochrons
than as mixing lines. That the corroboration may not be that
simple became apparent from examination of the high-preci-
sion Pb data on Mauna Kea (Abouchami et al., 2000) which
appear to define a highly organized pattern of dispersion. Over
85% of the data fall on four distinctly resolved parallel lines.
Three of the lines yield the same “age” of 3.23 = 0.03 Ga!
With this in mind, re-examination of the large body of data on
Hawaii (original authors are in Zindler and Hart, 1986) re-
vealed apparent existence of the linear parallelism, but on a
coarse scale (see Fig. 11b). In its coarseness each of the linear
“ribbons”’ could be seen as a miniaturization of the shape of an
encompassing field, a parallelogram. Tentatively, the encom-
passing parallelogram is interpreted as a spatio-temporal plane,
representing a geometric unfolding, caused by the superposi-
tion of two families of isotopic trgjectories (each being the
expression of an isochron, or a simulation of it), thus the term
chronoplane (see section 4.4). Here again, the search for an
answer seems to have opened the door for new questions.
Other examples of enlarging the “interpretive component”
areto befound in the “ observation” of alow-pu crustal reservoir
(section 5.3), and in the inference to the existence of ancient
(~4.4 Ga) profiles in some of the zircons data (section 5.4).
It is possible that the applications presented raise more
questions than they provide answers. It is aso possible that
intensification of ambiguity is transiently inherent in finer res-
olution, and with replication of phenomena and increased ca-
pacity to sort out, advancement will be the eventual outcome.

5.2. Filtered Isochrons of Crustal Rocks—Ages and
Errors

In this section some of the filtered isochrons, used in the
tentative identification of aU-poor crustal reservoir (see section
5.3), are presented. The Vikan gneiss of North Norway (Taylor,
1975) acquires special importance in the present presentation,
as its inferred isochrons participate in multiple intersections.
This ubiquity could be accidental, an ambiguity that extends to
the very concept of inferring a reservoir on the basis of a given
group of isochrons. What is shown is merely a group of
synchronous lines, which are found to intersect at a point. That
the point of intersection gives the present-day composition of a
common parental source is amatter of faith that such regulated
condition is not an accident.

Asto the synchronous isochrons shown, it should be pointed
out that for synchronism to be an objective criterion for filtra-

tion, it has to be the singular defining factor; thus no conse-
quential a priori assumptions have been made regarding the
quality of the data under consideration. Concerning errors,
synchronism is subject to the general experimental condition
that precision is often not a measure of accuracy. Thus errorsin
synchronism may not be directly applicable to the calculated
age. The case of the synthetic data in Figure 4 may serve to
illustrate the point. Here the age-line contains two unresolved
open-system data points, resulting in a synchronous age of
3.0035 Ga that is imprecise by +1.5 X 10° yr. This range of
uncertainty, however, does not cover the actual age of 3.000
Ga

In this report age calculation and error estimates were ob-
tained from Isoplot/Ex (Ludwig, 2001), using the uncertainties
which have long been adopted in this laboratory. These are
+0.11% and +0.17% for 2°°Pb/?**Pb and 2°"Pb/?**Pb, respec-
tively. In all cases the calculated “Isoplot-age” of a given data
set agrees with the “synchronism-age” to within a few 10° yr,
but the errors in the former are typicaly over an order of
magnitude larger than in the latter. Being applied to filtered
data in which the filter removes “system errors,” the age errors
from the I soplot method may be exaggerated (by afactor of 5?).
However, unless it is shown that a developed state of synchro-
nism is free of artificial lineation, or a method is developed to
guard against it (when present), the tight reproducibility of a
synchronism-age remains a mere procedural criterion for the
quality of filtration.

Occasionally, synchronism alows the apparent unscram-
bling of superimposed events in a disturbed geologic terrain.
Three examples of unscrambling are presented in this report:
the Vikan gneiss of Norway (data of Taylor, 1975), the Lewi-
sian gneiss of Scotland (data of Chapman and Moorbath, 1977)
and the Amitsoq gneiss of Greenland (data in Kamber and
Moorbath, 1998). In al three cases each of the resolved isoch-
ronsis reproduced (in multiple Pb-Pb diagrams) to within afew
million years. Y et, since independent validation of the reported
multiple events is not immediately possible, the reported ages
may be taken with reservation.

5.2.1. The Vikan Gneiss, North Norway

The differential diagrams of this gneiss are shown in Figures
12a and 12b, on the basis of which five data points (shown in
boxes) are filtered out. The filtered data are found to yield a
synchronous age of 3.401 Ga (not shown). Apparently this
single age is not unique, because closer examination of the
207pp/2%4pp differential correlation shows it to be compatible
with resolution into two lines (Fig. 13a). Furthermore, the two
lines appear to be reproduced in an expanded 2°°Pb/?**Pb
differential correlation (Fig. 13b). The resolution implies a case
of differential coincidence (see section 3.2), tenuous as it may
be, because of the closeness of the ages and the convergence of
the daughters’ production rates at this region of the age spec-
trum. With minor change and additional correlated filtration,
the two ages of the Vikan gneiss are 3.761 and 3.391 Ga, which
are synchronous within 2 X 10° and 10° yr, respectively (Fig.
14a and 14b). The closeness of the age from the single-age
scenario to the younger age in the two-age scenario, appears to
suggest emplacement at 3.76 Ga and a superposition of an
event at 3.39 Ga. Thisisthe view adopted here. However, if the
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Fig. 12. (a) 2°Ph/>**Pp differentia correlation for the Vikan gneiss,
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(b) 2"Pb/?**Po differential correlation for the same samples. Line
through data is hand drawn to mimic the line in (a). Deviation of the
five data points (in boxes) is clearer. When these are filtered out, the
remaining data yield a synchronous age of 3.401 Ga (not presented).

steeper slope was produced by atransl ocation-disturbance (sec-
tion 4.3), the older age would not be valid. Knowledge of the
w values of the samples could elucidate the issue.

5.2.2. The Vredefort Dome, South Africa

Excluding the data on the Outer Granite Gneiss (OGG)
because of its younger age, the remainder of the data on the
Vredefort dome (Hart et a., 1981) are shown in Figure 15.
These are referred to by the original authors as ILG (Inlandsee
Leucogranofels) and SMZ (Steynskraal Metamorphic Zone). It
is seen that filtering out 28% of the data results in an age of
3.270 Ga that is synchronous to within < 10° yr. The simple
pattern of the data does not require the use of differential
diagrams.

5.2.3. The Lewisian Gneiss, North-West Scotland

The simple linearity of the data on this gneiss (data of
Chapman and Moorbath, 1977) requires no mediation by the
differential procedure for filtration. Dua Pb-Pb presentation,
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Fig. 13. (a) Careful examination shows that the Vikan gneiss data
may be resolvable into two trends in the 2°"Po/?**Pp differential dia-
gram. A rejected point in Figure 12b is part of the older trend here. (b)
Data within the dotted box in (a) are plotted on an expanded scale
where the 2°°Pb/2**Pb data appear to tenuously corroborate the reso-
Iution into two lines.

however (Figs. 16a and 16b), appears to suggest two superim-
posed events of 2.688 and 2.271 Ga. In theory, the older age
could bein error if its lineis atrand ocation-isochron. Taken at
faith value, these ages are synchronous (on all Pb diagrams),
each to within 10° yr or less. In contrast, the unfiltered data
yield ageson types| and Il diagrams that differ from each other
by 2 X 10”. The calculated age of the unfiltered data is 2.700
+ 0.092 Ga.

5.2.4. Broken Hill, Australia

Here, filtering out two data points out of 11 (data of Reyn-
olds, 1971) resultsin a highly reproducible line which, from all
three types of Pb-Pb diagrams, yields an age of 1.874 = 0.0004
Ga. Figure 17 is a partid illustration. The unfiltered data yield
an age of 1.659 =0.073 Ga. Including the two reject data points
results in a shallower slope, thus the younger age.

5.2.5. The Amiitsoq Gneisses, West Greenland

When whole-rock Pb isotopic data on the Amitsoq gneisses
(further expanded and summarized by Kamber and Moorbath,



Accurate Pb dating of disturbed geologic systems 3699

17

—~
[~}
~—

LU L L
[ Vikan gneiss, Norway
I Data of P. N. Taylor (1975)

207py, /204py,

-

o

2
T

—6— older option ]

—+— younger option H

4  reject (29%) [
Pypp————

15
n P BTSSR SO Rra |

152 16 16.8 17.6 18.4 192 20 20.8
206 204
Pb/“""Pb

T
(b) 1.25 ]
1.2} 4
a s
& 145 3
o
N -
~ L . -
& 1.1 | Vikan gneiss,
§ vosk Norway
"7 | —©— older option
t | —+— younger option
r . Data of P. N.
Y E|_ & reject (29%) | Taylor (1975)
re I r i T " 1 1 n i
0.0595 0.06162 0.06375 0.06588
204 207
Pb/“""Pb

Fig. 14. (3) On atype | Pb-Pb diagram the Vikan gneiss data appear
compatible with two isochrons. (b) The two isochrons are synchro-
nously reproduced on a type Il diagram. Calculated by the isoplot
program (see section 5.2.) the ages are 3.76 = 0.08 and 3.39 = 0.04 Ga.

1998) are plotted on types | and Il diagrams, they yield an age
of 3.54 Ga (no figure shown) that is non-synchronous by +1.5
X 107 yr. Elimination of a few samples does not correct the
disparity in the results. Thisis not surprising, as these are rocks
of different lithologies and are generally seriously metamor-
phosed and deformed.

Of particular significance is the visible dispersion of the data
on the 2°5Pb/2%*Ph differential diagram (Fig. 18a), suggesting
the existence of an ancient imprint far older than the approxi-
mate age of 3.54 Ga. Furthermore, 30% of the data (11 out of
37) fall on awell-defined linear trend (labeled A) at a distinct
angle relative to the rest. Line A appears reproduced in the
207pp/29%pp differential diagram (Fig. 18b), suggesting a con-
dition of differential coincidence, where the line is potentially
associated with an ancient discrete event (see section 3.2).
Indeed, when the data of line A are plotted on the age produc-
ing diagrams (Figs. 19aand 19b) they yield an age of 4.419 Ga,
which is synchronous within =1.5 X 10° yr. However, like any
other perfect line, the temporality of line A may be subject to
interpretations other than being a straightforward isochron.

The 2°°Pu/2°*Ph differential correlation for the remaining
70% of the dataiis shown in Figure 20a, where the points cluster
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Fig. 15. (a) Data on the Vredefort dome (excluding granites) are
shown on atype | diagram. (b) Same data plotted on atype 11 diagram.
The lines of the two diagrams are highly synchronous when 28% of the
data are filtered out. Standard age calculation for the filtered data
(section 5.2.), yields exactly the same age but with =0.051 Ga.

around a best-fit line ( coefficient = 0.996). In contrast, the
data are more scattered in the 2°’Pb/***Pb diagram
(coefficient = 0.962, best-fit line not shown). With the help of
duplicate guideposts (labeled 1 through 8) in the two diagrams,
aregularity in the pattern of dispersion in Figure 20b seems to
emerge. For example, at guideposts 2, 3 and 6, the data appear
to be resolved into two linear trends. The delineation of the
lower lineisfurther indicated by the shift of the two data points
of lines 7 and 8 toward it. There is a suggestion in both
diagrams that the point on line 5 is aberrant. Three additional
points are also suspected (open symbol).

Guided by the above indications from Figure 20, the data are
tentatively divided into two additiona groups: B and C (the
third group [labeled A] is shown in Fig. 18). These when
plotted on the age-producing diagrams indicate two ages of
3.454 and 3.738 Ga (Fig. 21), which are synchronous within
+5 X 10° and =2 X 10° yr, respectively. The following is a
summary of the scenario under consideration:

Line A (11 points) = 4.419 = 0.0015 Ga
Line B (13 points) = 3.738 + 0.002 Ga
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Fig. 16. (8) The Lewisian gneisses appear to indicate two events
occurring at 2.688 and 2.271 Ga. The age of the unfiltered datais 2.683
Ga, which is non-synchronous by =0.015 Ga (b) The presumed
isochronsin type | diagram are reproduced on type |11 within < 10° yr.
Within a few million years, the same ages are calculated by the
standard procedure, but with +0.08 and +0.12 Ga uncertainty in the
older and younger age, respectively.

Line C (9 points) = 3.4545 + 0.0005 Ga
Reject (4 points)

Multi-stage lineation was thought to be rarely operative, be-
cause of the stringent requirement of a uniform constancy in the
third stage (see section 4). This, in addition to over estimating the
significance of synchronism, led the author to consider the above
mentioned ages as valid (Tera, 2000aand 2000b). In thisreport an
explanation of lines A and C as being the result of multi-stage
linegtion, isbrought to thefore. In addition, at least asanintriguing
exercise, another scenario is presented in which the validity of
the 4.4-Ga age (of line A) is assumed. In both scenarios, line B
is accepted as atrueisochron. Its age of 3.74 Gafallswithin the
range of ages (3.65-3.85 Ga) considered for the Amitsoq
gneisses.

5.2.5.1. Areconciliation scenario. Two of the three dates men-
tioned above differ widely from the ages of these gneisses,
published over a period of three decades. Consequently one is
compelled to consider that lines A and C (Figs. 19 and 21) are
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Fig. 17. (a) Data of Broken Hill rocks on atype | diagram. Inclusion
of the two rejected samplesresultsin ayounger age of 1.661 Ga, which
is marginally synchronous by =5 X 10° yr. (b) Filtration of two data
points out of 11 resultsin aline of 1.874 Gathat is synchronous by all
three types of diagrams, within +4 X 10° yr. Calculation by the
standard procedure results in the same age but with +0.07 Ga.

not true isochrons. A reconciliation scenario outlined here
explores the possibility of deriving the artifact linesfromline B
(the only true isochron), via one or more of the mechanisms of
lineation discussed in section 4. The older “age” of line A
would require counter clock-wise rotation of the linear corre-
lation, on atype | diagram.

The numerical exercisesin section 4.3 showed that a 3.73-Ga
system, disturbed by translocation at 2 Ga can produce a line
with the artifact-age of 4.4 Ga (see Fig. 10a). Assuming the
applicability of the mechanism, this fact specifies the same
disturbance time (2 Ga) for the Amitsog. This is because a
specific artifact-age due to translocation is dependent solely on
two parameters. the age of the system (given by the parent
isochron) and the time of the disturbance. Note that line A
could not be derived from line B by transposition (i.e.,
disturbance via constant fractionation factor F), because this
mechanism requires conversion of the two lines on a single
end point (see section 4.2), which is not the case here (no
figure).

In contrast to trandocation, an artifact-age produced by
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Fig. 18. (a) Differential 2°°Pb/?**Pb correlation for the Amitsoq
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precisely on line A; the rest of the data clustering around another line,
which is defined by additional six data points falling outside the range
shown. (b) Note coherent reproducibility of line A, suggesting a con-
dition of differential coincidence (see text).

transposition is dependent additionally on the magnitude of F.
For the Amitsoq’'sline C, the younger artifact-age suggests F >
1 (see section 4.2). If one assumes the same time for the
disturbance (2 Ga), then F = 1.7 . A characteristic of transpo-
sition is that irrespective of the magnitude of F or the time of
the disturbance, a transposition-line of a given system aways
intersects the parent isochron at the same point, which corre-
sponds to initial Pb (see Fig. 9). In fact, even in absence of a
true isochron, two transposition lines would intersect at a point
corresponding to initial Pb of the missing (i.e., obliterated by
transposition) isochron (see Fig. 9).

For the case on hand, lines B and C intersect at 2°°Pb/>**Pb
= 11.065 and 2°”Pb/?**Pb = 13.023. Subtracting primordial Pb
(Tatsumoto et a., 1973), one obtains for the first stage (the
interval 4.56-3.73 Ga) w, = 7.17, based on 2°5Pb/?**Pb. From
207pp/29%Ph one obtains w; = 7.55. The uncertainty in the
average (of 7.36 = 0.19) is 2.6%, and could be attributed to an
oversimplification in assuming the evolution of initial Pb in a
single stage. Specifically, the higher u, from 2°"Pb/2%*Ph in-
dicates that in its evolution (in multiple stages), the initial
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Fig. 19. (a) Dataof line A in Figure 18 plotted on type | diagram. (b)
Same data plotted on type |11 diagram. Standard age calculation results
in 4.416 *= 0.06 Ga

experienced an early period (less than the 0.8-Gainterval) with
W greater than the calculated w,. Asaresult, theinitial contains
excess 2°’Ph, related to the higher production rate of the isotope
in early times. In section 5.3 it is suggested that before the
formation of the ancient terrestrial reservoirs, the differentiat-
ing material had experienced strong Pb loss (relative to U) in
the first 0.06 Ga, resulting in a more evolved Pb than the
accepted primordial of Tatsumoto et a. (1973). This conclusion
isin aqualitative accord with excess 2°’Pb in the inferred initial
of the Amitsoq gneisses.

5.25.2. What if the 4.42-Ga age is real? Implicit in the ongo-
ing controversy about the age of the Amitsoq gneisses is a
discounting of the survival of an ancient crust much older than
~3.9 Ga. The prevailing view is that the earth’s evolution
records of the first 5 X 108 yr were lost because of efficient
resurfacing of the planet early in its history (e.g., Bowring and
Housh, 1995). Thus for the Amitsoq gneisses, the issue has
centered on two narrower options: (1) The complex contains
rocks of multiple ages, implaced in short-duration magmatic
events between 3.850 and 3.550 Ga (e.g., Nutman et al., 1996,
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2000), and (2) the rocks formed primarily in a single magmatic
event at 3.600 to 3.650 Ga (Kamber and Moorbath, 1998). The
first scenario is based on arange in the zircon ages. The second
is based on a model-influenced interpretation of the whole rock
data, from which a single age is inferred, and older zircons are
considered inherited.

In this section | consider the possibility that the 4.42-Ga age
is real. That the other clock-systems do not show the 4.4-Ga
age is not surprising. The conventional Pb-Pb method did not
show it either, despite being uniquely dual. Without the differ-
ential correlation procedure and the ability to sort out samples,
the effect might have remained masked. In this connection one
should mention that Harper and Jacobsen (1992a) reported the
existence of excess *°Nd in ~3.8-Ga metasedimentary rock
from Issua, Greenland. This was attributed by them to the
derivation of this rock from a mantle reservoir that was de-
pleted in Nd (relative to Sm) at a time earlier than 4.3 Ga
(***Nd is produced by the decay of the now extinct *°Sm
[half-life = 0.103 Gal). So far, however, no excess **>Nd was
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Fig. 21. (a) Amitsoq's left-over data (after removal of data defining
line A in Fig. 18(1) appear to fall on two lines, labeled B and C, which
intersect at a point possibly corresponding to initial Pb of the system
(see section 4.2). (b) Same data (except one) on expanded scales of a
type | diagram. (c) Same data on a type Il diagram. Conventional
calculation yields exactly the same ages but with =0.080 and *0.059
Gafor lines B and C, respectively.

detected in any sample from any other location (Goldstein and
Galer, 1992; Harper and Jacobsen, 1992b; Sharmaet al., 1996).

As to the argument against the 4.4-Ga age on the basis of its
absence in zircons, it must have lost some of its edge. While
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this work was in review, an article by Wilde et a. (2001)
reporting an age of 4.4 Gafor aspot in azircon (Jack Hills, NW
Australia) appeared in the literature. | have looked at the data
on ancient zircons with some care and tentatively arrived at
views which may be considered additions or alternatives to the
conventionally accepted ones. These are discussed in section
5.4.

5.3. Sources of Crustal Rocks

Consistent with the Pb isotope systematics, the intersection
of a number of isochrons at a single point may indicate the
derivation of their rocks from a single reservoir. The present-
day composition of that reservoir is given by the point of
intersection. Assuming the applicability of this algebraic de-
duction to terrestrial rocks, Stacey and Kramers (1975) arrived
at an average composition of 2°°Pb/2%*Ph = 18.70 = 0.1 and
207pp/2%4ph = 15.64 + 0.04 for what they termed “modern
terrestrial lead” (MTL). Subsequently, it was observed that
most of the Ocean Island Basalts (OIB) lie to the right of the
geochron (that is, an isochron passing through the primordial
Pb isotopic composition, PAT, and having a slope yielding the
age of the Earth). This indicates enrichment in U (relative to
Pb) in the sources of OIB. The apparent absence of compli-
mentary depleted terrestrial sources gave rise to the so-caled
“Pb paradox.”

With its potential of alowing the filtration of Pb isotopic
data, the concept of synchronism (section 2) was applied to a
large body of data on crustal rocks (including those used by
Stacey and Kramers, 1975). The results (not detailed in this
work) indicate multiple intersections, covering a wide range of
discrete compositions, suggesting that MTL is but one reservoir
among many. Some isochrons intersect at low values for 2°°Ph/
204ph and 2°7P/?®*Pb, a condition consistent with their deri-
vation from a U-depleted reservoir. If so, then the so-called “Pb
paradox” may have no existence outside the imagination.

One tentative indication to the existence of a U-poor reser-
voir (let's call it reservoir 1) is given by the intersection of the
Pb-Pb isochrons of the Vikan gneiss of Norway (older event),
the Vredefort basement of South Africa, and the Lewisian
gneiss of Scotland (all discussed in section 5.2). As Figure 22
shows, the intersection of these linesis at 2°°Ph/?°*Pb = 14.69
and 2°’Ph/2%*Ph = 14.78, values which are far less evolved
than MTL mentioned above (this section). Another potential
indication to aU-poor reservoir (let'scal it reservoir 1) isfrom
the intersection of the lines of: the Vikan gneiss (younger
event), Beartooth Mountains of Montana and Wyoming, USA,
and Broken Hill of Australia. The result is shown in Figure 23,
and indicates 2°°Ph/?®*Pb = 16.15 and 2°"Pb/?®**Pb = 15.38.

On the basis of the above, one may be persuaded to assume
the actual existence of U-depleted reservoirs within the earth. It
could be argued that in view of the evidence of disturbance and
superimposed events in ancient terrain, the specifics of the fine
resolution shown may be open to some doubt. However, the
fact remains that the isochrons shown infer reservoir-values far
less radiogenic than MTL.

The reservoir values in Figures 22 and 23 as well as an
average of both, indicate a peculiarity in the early Earth’'s
evolution: subtraction of Cafion Diablo primordia Pb (Tat-
sumoto et al., 1973) resultsin the high values of * (*°"Pb/?°®Ph),

(a) N T T T T ML A RAAE P o R
t A Uranium-Depleted
16 in 3.2 T
Reservoir? G -

o +
Qoissl 3.76 Ga " ]
& i 2.69 Ga ]
~ L 4

Fe] | Reservoir? ]
& 1sf \ .
< [ v g —=a— Vikan (older option) | ]
N - . AU, Y P! 4

b i 14.78 o Vredefort 1
145 ; —¥»— Lewisian gneiss
: Y + West Greenland
14.69
A 1 1 A o Lo o Uoo oo Ty o Ty a1 3
13 14 15 16 17 18 19 20 21
2 204
%pp / 2%pp
15.4_'1""1'." T TryrrrJrrrrrrrrrrrrr o
(b) I A Uranium-Depleted ]
152 Reservoir? 876 Gs 73 227
= 2% ]
s 16 1% Reservoir? 2.69 Ga
8 1 : 3
B 14.8 s ’ + - >14.78
o b +
S 14.6 o Y -
~ [ 14.69 ]
14.4F >/ —=— vikan (older option)
—O— Vredefort basement
—w¥— Lewisian gneiss
14.2 - [ T + West Greenland

13 13.5 14 14.5 15 156.5 16 16.5

206Pb / 204Pb

Fig. 22. (a) Filtered data of three isochrons for rocks from widely
separated places (Vikan gneiss, Norway; Vredefort dome, South Africa
and Lewisian gneiss, Scotland), result in their intersection at a single
point. This may indicate derivation of the rocks from a single source.
(b) An expanded section of (a). Note apparent affinity of the unfiltered
data of West Greenland (data of Black et al., 1973) with this group of
rocks.

equaling 0.833 for reservoir I, and 0.743 for reservoir Il.
Respectively, the corresponding calculated single-stage ages
are 4.98 and 4.82 Ga, an indication to the inapplicability of the
model. Variations of the two-stage model of Stacey and Kram-
ers (1975) result in inconsistency between the results from
208pp/2%4ph and from 2°7Pb/?**Pb, in a manner indicating ex-
cess 2°’Ph. For the two examples under consideration, the
results from the two isotope systems are reconciled by a three-
stage calculation, in which u, = 30 for afirst stage (duration
4.560—-4.503 Ga) and u, = 7.0 for a second stage (duration
4.503-3.760 Ga). For reservoir |, w; = 4.2 for the third stage
(3.760 Gato the present). A guidance from the model of Stacey
and Kramers (1975) provided the parameters of the second
stage in the present calculation. The choice of 3.76 Ga (rather
than 3.70 Gaof Stacey and Kramers, 1975) was dictated by the
necessity that the source cannot be younger than its oldest
isochron (see Fig. 22). Reservoir Il could be derived from
reservoir |, where with the same w; = 4.2, the third stage
duration ended at 3.39 Ga (age of its oldest isochron, Fig. 23).
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Fig. 23. (a) Intersection in a single point by another three isochrons:
The Vikan gneiss of Norway (younger isochron), Beartooth Mountains
(Montana and Wyoming, USA) and Broken Hill (Austraia). For
Beartooth Mountains (Wooden and Mueller, 1988), 91% of the data (31
out of 34 data points, not discussed in this work) form a line corre-
sponding to 2.74 + 0.01 Ga (error based on all three Pb-Pb dia-
grams).(b) An expanded portion of (&) clearly showing the point of
intersection.

Here cal culations from 2°°Pb/?®*Pb and from 2°”Ph/2**Pb con-
cur on u, = 6.30 for the fourth stage duration (3.39 Ga to the
present).

Thus in addition to indicating the existence of U-depleted
reservoirs the data as presented specify the timing of a very
early episode of severe >**Pb depletion (relative to U). Assum-
ing the general validity of the modification introduced to the
well-reasoned model of Stacey and Kramers (1975), the alleged
Pb depletion appears to have taken place within the first 6 X
107 yr of the earth’s existence. The severity of the depletion in
the first stage may be masked in the more evolved sources: for
example, the same three-stage calculation could be applied to
MTL with w, = 10.

It is perhaps worth noting that MTL lies distinctly away to
the right of the (single-stage) geochron, thus its Pb isotopic
composition cannot even come close to representing an average
for the Earth, more than the depleted sources, which lie closer
to the geochron (no figure). Implicit in the ubiquitous imprint-
ing of the “exterior” of the globe with the rather radiogenic
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MTL, is the anticipation of inaccessible U-depleted reservairs,
for which | tentatively suggest some evidence is provided here.

Assigning alower limit to the age of areservoir on the basis
of its oldest isochron, and associating inaccessibility of low
with depth of its sources, one might infer on the basis of Figure
22 a deep mantle convection for the first 0.8 billion years of
earth’s existence (4.56-3.76 Ga), followed by a shallower
mantle convection 3.4 Ga ago, when reservoir |l was formed
(Fig. 23). Related to this view of decreasing depth of convec-
tion with time (see Sun and Hanson, 1975) would be a question
regarding the mechanism by which pincreases with time. In
accord with the phenomenon is Pb loss (as ore deposits) from
the shrinking accessible silicate reservair, but this is a minor
contributing factor.

5.4. The Zircon Wilderness

Having assumed the validity of the 4.42-Ga age in one of the
scenarios for the Amitsoq gneisses (section 5.2.5.2), | attempt
here to reconcile this assumption with the data from zircons.
This requires showing that some of the 3.8- to 3.9-Ga zircons
are potentially much older. Thisis possible if radiogenic Pb of
the duration 4.4 to 4.0 Ga was almost (but perhaps not quite)
completely lost from the ancient zircons. In this connection |
take note of the fact that 40% of radiogenic *°’Pb (and 19% of
298ph) was produced at that interval. Could the ancient zircons,
formed within this period, have sustained consequential radia-
tion damage?

According to Pidgeon et a. (1966), other factors being equal,
azircon's susceptibility to Pb lossis proportional to the degree
of its radiation damage. On the other hand according to Mu-
rakami et al. (1991) and Nasdaa et a. (1996), the damage
resulting from recoil during a-decay and fission are only of
minor importance. It is my conjecture that major Pb loss was
mediated by radiation damage in association with early thermal
and intense bombardment events, in addition to possible hy-
drothermal processes.

If the Pb losswas > 90%, then the U-Pb data of these zircons
would cluster today close to the concordia curve, at regions of
much younger ages than 4.4 Ga. The superposition of meta-
morphism on top of that, in addition to Pb loss in recent times,
further adds to the complexities of the patterns of dispersion
and often to the deception of apparent younger ages. This is
because such loss, superimposed on sample clustering close to
concordia downward from the 4-Ga mark, creates trajectories
that are at shallow angles from the horizontal, which creates a
false sense of convergence on a younger age (see Fig. 24a).

5.4.1. Commonness of a 4.4-Ga Terrestrial Crust?

Making itsfirst appearance in an abstract three years ago, the
idea of a 4.4-Ga terrestrial crust had the status of a heresy
because the 4.4-Ga imprint was inferred via a new methodol-
ogy, which was introduced at the same time (Tera, 2000a,
2000b). The subsequent report on a concordant (U-Pb) datum
of the same age, for a spot in a fragment of a detrital zircon
(Wilde et a., 2001), provided a glimpse of evidence that is
perhaps less disputed. The emerging reality is still blurred, and
has yet to sink in, not to mention be put in the physical context
of an evolving terrestrial crust. In this report | provide further
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Fig. 24. (8)“SHRIMP” data on individua zircons (from an Acasta
gneiss) with Pb-Pb ages > 3.5 Ga. Note general trend of dispersion at
a wide angle relative to concordia. This may suggest recent U-Pb
mobility. (b) Within the dispersion field some data points (filled circles)
appear to define a coherent linear trend (5% range in 207/206), indic-
ative of a cord that intersects concordia at 3.57 and 4.41 Ga

“evidence” to the existence of such a crust in multiple places,
vastly separated from each other around the globe. The use of
quotation marks is to indicate the eguivocal quality of the
evidence at this stage. These may be taken as the elements of
a hypothesis posed to challenge our acumen to a concrete
resolution.

5.4.1.1. Western Save province, Canada. The SHRIMP (Sen-
sitive High-Resolution lon Microprobe) U-Pb data on individ-
ual zircons, in the Acasta gneiss SAB91-37 (Bowring and
Williams, 1999) are shown in Figure 24. For the sake of the
specific search for an ancient imprint, data with Pb-Pb ages <
3.5 Ga were excluded. A general, apparently dominant, and
nearly horizontal trending is obvious. This pattern is not incon-
sistent with recent extensive Pb mobility (mostly loss). If
present, vestiges of the ancient first-stage Pb (ancient upper
intersection) may be identifiable only in samples, which did not
experience isotopic disturbance throughout the second stage
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Fig. 25. (a) U-Pb data by SHRIMP on six (unaltered?) zircon cores
from two Acasta gneisses. Two cores deviate from a 3.48 to 4.35 Ga
cord, which the other four appear to define. (b) The rest of the
individual-zircon data scatter, possibly in events which may include
recent Pb loss and gain (dotted arrows). Thirty-five percent of the data
points fall on the cord.

duration (i.e., undisturbed lower intersection), including the
apparently pervasive recent Pb mobility. Out of some 30 sam-
ples of gneiss SAB91-37 on the horizontal trend (Fig. 24a),
eight are tentatively identified as potentially preserving an
ancient profile. This tenuous profile indicates upper and lower
intersections with the concordia curve at 4.41 and 3.57 Ga,
respectively. On an expanded scale in Figure 24b the eight
ancient-profile data are seen to appear coherently clustering
around the 4.41 to 3.57 Gacord, in isolation from the rest of the
data. For a three-stage evolution (free of recent mobility) the
upper intersection is a lower limit.

The above observation seems supported to a degree by the
data on six unaltered cores of zircons from two other Acasta
gneisses, from the Slave province, BGXM and SP-405 (Bow-
ring et al., 1989). The data are shown in Figure 25. Four of the
cores form aline, which intersects the concordia curve at 4.35
and 3.48 Ga. In the author’s opinion, this coincidence may not
be accidental, and may indicate once wide-spread existence of
an ancient crust (~4.4 Ga old) in Western Canada.
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In contrast to gneiss SAB91-37 (Fig. 24), the U-Pb data of
Acastagneiss SAB94-134 (Bowring and Williams, 1999) scat-
ter and overlap within a large dispersion field. However, influ-
enced by the possibility that an ancient crust did once prevail in
that region, one may realize that fully 50% of the data cluster
(within =1.5% errors on the x-axis) around a line which
intersects the concordia curve at 4.32 and 3.62 Ga (no figure is
shown).

5.4.1.2. Western Australia. In Figures 26 and 27 are shown the
pioneering work of Froude et a. (1983) and Compston and
Pidgeon (1986), applying the ion-microprobe SHRIMP tech-
nique to individual detrital zircons from Mt. Narryer and Jack
Hills belt, Western Australia. The original authors (Froude et
a., 1983) were impressed by the concordance (within large
errors) of three data points in the region between 4.1 and 4.2
Ga. On the basis of the directly determined 2°“Pb/?°®Pb they
assigned these as minimum ages of the zircons. My attention is
drawn to the seven spot-analyses of grain 34 (circles): Within
error bars of += 0.5%, four of the points define a line (filled
circles), which has an upper intersection with the concordia
curve at 4.48 Gal Is this an accident, or a greatly significant
result, which also indicates that the assigned U/Pb errors are
often exaggeratedly larger than the actual experimental errors?

The data of Compston and Pidgeon (1986) on Jack Hills
zircons appear to support the second possibility, namely the
existence of adiagnostic vestige of an ancient crustal imprint in
the zircons from Western Australia. In Figure 27a, fully 55% of
the data cluster around a cord which has an upper intersection
with the concordia at 4.4 Ga. Furthermore, the cluster appears
to stand well separated from the rest of the data which are more
dispersed. Interestingly, the evidence to antiquity in this data
set appears largely independent of the stringency of filtration.
Thus if only the six most deviant samples are filtered out, the
remaining data (67%) will define a cord which intersects con-
cordia at 4.62 Ga (Fig. 27b). While this excessively old age
does not represent a proof to antiquity, it could be thought of as
being due to aminor adulteration of an original profile, causing
an overshooting to the older age. In general then, the profilesin
Figures 27a and 27b appear in accord with the recent discovery
of Wilde et a. (2001) of a Jack Hills zircon with an age as old
as 4.404 Ga. It seems indeed conceivable that an ancient (4.4
Ga) crust prevailed in Western Australia as well.

Concerning the experimental errors in the SHRIMP-data, |
note occasiona striking reproducibility. For example in the
work of Williams et al. (1984), on a zircon from Mount Sones,
Antarctica, the 2%8U/?°Pb of the three measurements in a
single spot in one session was reproducible within +0.5%. One
of two measurementsin the same spot in another session agreed
with the earlier average within 0.7%; the other was deviant by
6% (These are al the measurements done on spot 1 of grain 7).
Similarly, two thirds (10 out of 15) of the “reconnaissance”
U-Pb data on a single zircon by the same workers fall on a
single line within ~1%.

5.4.1.3. Intermediate cases in Antarctica and West Greenland. It
is reasonable to assume that the earth was subject to the same
cataclysmic bombardment which the moon seems to have ex-
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Fig. 26. U-Pb data on detrital zircons from Mt. Narryer, western
Australia. Of the seven spot analysis on grain 34 (circles), four appear
to fall on a cord that intersects concordia at 3.85 and 4.48 Ga. The age
of the lower intersection suggest approximation to Pb evolution in two
stages.

perienced, and which terminated ~3.9 Ga ago (see for exam-
ple, Tera et al., 1974). Unlike the moon, the earth’s extended
differentiation can result in a range of lower intersections with
concordia at values <<3.9 Ga. Thus ancient zircons, >3.9 Ga
(which experienced the cataclysm, in addition to subseguent
metamorphism) may have evolved their Pb in a minimum of
three stages.

The effect of a strong third event (or higher order) on
samples deficient in first-stage Pb, is to shift the position of
their upper intersection further downward. This condition (or
an equivalent to it) may apply to the zircons of Antarctica
(Black et al., 1986), shown in Figure 28a. Even in cases where
the dispersion is most severe and association with younger
concordia-ages is “apparent,” vestiges of the ancient heritage
may still be inferred, abeit tenuously. The case of the Akilia
island of southern West Greenland (Nutman et a., 1996) may
serve as an illustration. In Figure 28b, 70% of the data are
shown to fit inside a parallelogram the width of which corre-
sponds to +5% in the U/?°®Pb ratio. The lengthwise median of
the parallelogram is part of a cord, which intersects the con-
cordia curve at 4.23 and 3.4 Ga. On that cord fall 23% of the
shown data (filled circle). The assumption here is that these are
probably the least disturbed of the zircons shown, thus exten-
sive spot analysis in them (as done in Wilde et al., 2001) may
reveal aspects of an ancient imprint.

5.5. A Single Accurate Age for the (Parent of) Ordinary
Chondrites?

It was concluded that the ordinary chondrites' data (of Gopel
et a., 1994) fal on alinein a Pb-Pb diagram, indicating an age
of 4.553 Ga for their parent body (Teraet a., 1997). Here, the
chondrites’ linear array (data of Gopel et al., 1994, and Unruh,
1982) are re-examined in the light of the concept of isotope
synchronism. Because the age is nearly synchronous, no filtra-
tion through the differential correlation procedure is needed. In
the conventional (type |) diagram, the data are co-linear with
both the blank and primordial Pb (no figure shown). This
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Fig. 27. (a) U-Pb data on individual zircons from Jack Hills, western
Australia. Fifty-five percent of the data points (filled circles) appear
compatible with a cord having an upper intersection with the concordia
curve at ~4.4 Ga. (b) A cluster containing 67% of the data yields an
upper intersection at 4.62 Ga. The excessively old age may be an
artifact resulting from including in the profile “extraneous’ samples
which experienced recent Pb loss (compare with [a]). The same cord is
obtained with 78% of the data (not shown).

circumstance disqualifies type | correlation in the search for the
condition of synchronism. In its place a type Il correlation is
used (Fig. 29b), where the blank falls off the line. In both
figures (Figs. 29a and 29b) the best fit line misses PAT into a
“forbidden” region. Such an artifact is in all probabilities
caused by terrestrial Pb contamination, which would aso dis-
perse the data

If contamination isthe only cause of deviation from PAT and
the only source of dispersion, then the data would fall inside a
dispersion field defined by three end-members: PAT, the blank,
and in-situ decay Pb, as is indicated by the partialy shown
triangle in Figures 29a and 29b. As seen in either figure, three
data pointsfall distinctly outside the field, and another three fall
just outside its borders. This indicates additional causes for the
observed dispersion, as for example open-system behavior
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Fig. 28. (a) Zircons of Antarctica granulites appear to show evidence
of an upper intersection at <<4.4 Ga. This could be the result of more
extensive Pb loss at a first stage (say 4.55-3.9 Ga period) followed by
more recent metamorphism. (b) A tenuous proposition that despite
severe disturbance, spot analysis on someindividual zircons (like those
of the filled circles) may reveal a modified (possibly ~4.4 Ga) ancient
history.

and/or multistage evolution. Inside the triangle, four additional
points appear dispersed. Filtering out the above mentioned 10
deviant data (out of atotal of 31 data points for 15 meteorites),
the results are shown in Figures 29a and 29b, to yield a nearly
perfectly reproducible age of 4.555 Ga which is synchronous
within +3 X 10° yr.

It should be pointed out that most of the deviant data (7 out
of 10) are repeat analyses for otherwise well behaving mete-
orites. Thus out of 15 meteorites studied only 3 (or 20%) are
deviant. This strict and encompassing synchronism cannot be
an accident. The 4.555 Ga age is taken to be the date of
possibly one of the earliest differentiation events in the Solar
System. This date is also a lower limit to the age of formation
of the parent body of the ordinary meteorites.

This view discounts attaching direct temporal significanceto
the range of ages (4.56—4.50 Ga) for phosphates in these
meteorites (Gopel et d., 1994). Basically, these are model ages
of individual minerals.
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Fig. 29. (a) The dispersion field of the ordinary chondrites (L5 and
6 and H; Unruh 1982; Gopel et al., 1994) is atriangle (partialy shown
on type |l diagram), the end members of which are: PAT, blank, in-situ
decay. Samples outside the field are most disturbed. Mgjority of the
data (70% of the points, 80% of the meteorites, solid dots) define a
best-fit line inside the field corresponding to 4.555 Ga age. (b) Same
data plotted on type 111 diagram, indicating that the age is synchronous
within =3 X 10° yr.

5.5.1. Initial Pb of the Ordinary Chondrites

The high degree of synchronism exhibited by the filtered
data of the ordinary chondrites is an indication to the apparent
absence of system errors (section 2.1). Consequently, the Pb of
al these samples is made of the same two components. (1)
in-situ decay Ph, which evolved in a single stage and (2)
inherited initial Pb of a singular composition. The isochron in
Figure 29 shows that singular component not to be PAT. This
conclusion is more visible on the modified concordia diagram
for some of these samples (Fig. 30) where it is seen that the
U-Pb isochron intersects the y-axis at (*°’Pb/2°®Pb) = 0.855
instead of the PAT value of 1.1. This was indicated earlier on
the basis of al the data (more scatter), without the benefit of
filtration (Tera, 1983; Tera and Carlson, 1999).

The limited scatter in the filtered data in Figure 30 indicates
that recent U-Pb mobility is not a major factor in the exhibited
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Fig. 30. Ordinary chondrites filtered data define a line on the
concordia diagram that intersects the y-axis at a point which is far
below the PAT value. Conclusion: 2°*Ph in the samples is overwhelm-
ingly of terrestrial origin, perhaps acquired as the meteorites entered the
earth’s atmosphere (see text). Data from Gopel et a. (1994).

range of distribution. Thus the intercept value in Figure 30 may
be trandated to a corresponding “practical initial Pb” in Figures
29a and 29b, shown as a small square at the tip of the best-fit
line. The values inferred are 2°°P/***Pb = 18.1 and 2°’Pb/
204pp = 15.5. These values fall within the wide range of initial
Pb values (eg., *°Pb/**Pb = 16.2-18.3 for L5 and L6)
inferred from the troilite separates of L chondrites (Unruh,
1982). Although narrowly defined, the trouble with the “initial
Pb” inferred here, however, is that it is far too radiogenic, that
it would evolve in ~4.5 Ga from PAT. Additionaly, its cor-
responding w is 8.7, which is similar to that of MTL. Thus, a
plausible explanation of the patterns in Figures 29 and 30 is

1. The initial lead in 2°*Pb-“rich” chondrites is overwhelm-
ingly of terrestrial origin; perhaps permeated the rocks as
they entered the earth’s atmosphere. If one assumes 2°°Pb/
209ph = 18.5 for the terrestrial component, then it must
contribute ~95% of the Pb in the composite make-up of the
“practical initia” shown in Figures 29a and 29b. On the
basis of hisU, Th and Pb analyses of whole-rock and troilite
separates from seven L chondrites, Unruh (1982) suggested
that the excess radiogenic Pb in chondritic meteorites is
largely due to terrestrial contamination before analyses.

2. Applying the practical initial value to Ausson, the least
radiogenic meteorite defining the line in Figure 29a (or Fig.
29b), one calculates a meteoritic ratio of 2°°Ph/2**Pb = 49
for this meteorite instead of the literature value of 20. A
similar calculation for the most radiogenic sample, Knya-
hinya, yields a value of 287 instead of the reported value of
161.

3. However, it is possible that the most radiogenic samples are
relatively free of the terrestrial component. As such they
belong to the “preentry line” in Figures 29a and 29b, while
the affinity of the less radiogenic samples is shifted to the
“postentry” line. Because of the mutual convergence of the
two lines toward the in-situ point, resolving the more radio-
genic data into two categories is not possible.

4. The compactness of the above mentioned dispersion field
helped preserve the linearity of the data and the essential



Accurate Pb dating of disturbed geologic systems 3709

validity of the determined age. Correlated filtration of devi-
ant samples is another important factor. This case is a
demonstration of the fact that in Pb-Pb dating, the geometry
of the field of dispersion can be more important than the
magnitude of contamination.

5. The 11 most radiogenic samples are essentially compatible
with PAT, with which they constitute a line corresponding
to 4.552 Ga (no figure), afurther indication that the obtained
synchronous age (Figs. 29a and 29b) may indeed be valid
within a few 106 yr.

5.5.2. Comparison With Allende Inclusions

Assuming the validity of PAT as the initial Pb composition
of the Solar Nebula at the time of planetisimal accretion, no
valid Pb-Pb isochron (of Solar System materials) should plot to
the right of PAT, on a type Il Pb-Pb diagram. As shown in
Figure 10b (discussed in section 4.3.1), the Allende inclusions’
Pb data (of Chen and Wasserburg, 1981) define a line the
extension of which falls far to the right of PAT, a forbidden
region. Discounting on the basis of good evidence (by Chen
and Wasserburg, 1981) a variability in U isotopic composition,
this “violation” has one of two explanations: (1) Allende in-
clusions predate accretion and thus contain initial Pb that is
more primitive than PAT, or (2) the line is an artifact affected
through terrestrial Pb contamination.

The plausibility of the latter scenario appears strengthened
by the fact that the point of MTL (mentioned in section 5.3)
which is similar to the blank, fals on the Allende line. How-
ever, close examination of the diagram reveals a state of strin-
gent linearity inconsistent with the expected dispersion within
a three-component field; thus Tera and Carlson (1999) argued
for the possibility that the line defined by the inclusions is a
bonafide isochron independent of MTL. Another point to add
here in support of this view is the geometric impossibility of
shifting the three most radiogenic Allende inclusions (filled
circlesin Fig. 10c) from the “pristine ling” to the “translocation
line,” via mixing with MTL. The dictum derives from the fact
that a contamination-translocation line is an artifact in which
the higher intercept value is inferred. Such inference becomes
possible only from translocation of data points falling to the
right of the Quasi Dual Point (see Fig. 10c). If present, data
pointsfalling to the left of QDP have a contamination trajectory
that lags behind the affected rotation, and should cause disper-
sion instead of confirming the line (as the case on hand appears
to show).

A third scenario is permitted by the data under consideration:
As shown in Figure 10d, they seem to fal in two groups, one
of which is consistent with PAT at a younger age of 4.488 Ga,
and the other suggesting a“ PrePAT” initial, and an older age of
4.568 Ga. Although this scenario does not appear inconsistent
with the analytical precision of the data, elaboration on it may
not be fruitful until the Pb isotopic composition of the inclu-
sions is determined at the newly attained level of higher pre-
cision. At present, ambiguity prevails.

5.6. Ocean Idand Basalts (OIB)

It may seem on the surface that the concept of synchronism
could not be applied to Ocean Island Basalts (OIB) because

these are bodies, which were brought to the surface recently in
a molten condition. Although long-term isolation of magma
reservoirs has long been accepted and evidence for it been
provided (seefor example Sun and Hanson, 1975; Brookset al.,
1976; Hart, 1984; Zindler and Hart, 1986), one might envision
the molten state as inducing mixing and open-system behavior,
a condition which may strongly disturb or erase preexisting
isochrons. In addition, having a convecting mantle as the
source adds a potential eraser of whatever vestiges of isoch-
ronism that might have survived for a while. On top of that is
the possibility of assimilating exogenous materials along the
pathway of a given magma. On the other hand these and other
obstacles to the application of synchronism to OIB need not be
completely preclusive, because the concept is applied to data
that are filtered. Thus the only criterion of suitability is the
survivability of some samples. However, because the singular
measure of survivability is the defining of a line that is repro-
ducible in various Pb-Pb diagrams, such a line could result
from the accidental alignment of a few points in a chaotic
dispersion field. To guard against this, a line based on a few
data points (say, <20% of a “representative” population) may
be viewed with suspicion.

With the above in mind, Pb data on five ocean islands were
filtered. They were found to produce, each, what appears to be
a temporally synchronous line. However, only two with large
bodies of data (Hawaii and Iceland) are discussed here. Al-
though not prompted by the concept of “mantle isochron” put
forward by Brooks et al. (1976), the effect discussed here
appears as a fine-scale extension of it.

5.6.1. An Iceland Isochron?

The Pb data on Iceland (by Hanan and Schilling, 1997) are
shown on all three age-producing diagrams (Fig. 31) and yield
ages ranging from 1.1 to 1.8 Ga, clearly indicating pervasive
open-system behavior. On the conventional diagram (Fig. 314),
the field of Iceland data reveals a scatter from the best-fit line
which is dominated by large shifts (often in the percent range)
aong the x-axis, accompanied by <*1.5%o shifts along the
y-axis. This pattern is characteristic of disturbance in very
recent times (<1 Ga), where the production of 2°’Pb is negli-
gible. Ontypelll diagram (Fig. 31c), thisfractionation scenario
results in the opposite effect, i.e., magjor shifts along the y-axis
associated with minimum shifts along the x-axis.

Under a condition where 2°’Pb production approaches zero,
U-Pb fractionation amounts to gain-loss of 2°®Pb aone. This
condition would result in shifts on the x-axis and y-axis of the
type Il diagram, which are uniformly correlated and non-
dispersive. In other words, data of the disturbed samples would
merely dide up and down along the length of the isochron
defined by the closed-system data; i.e., very recent disturbances
(<1 Ga) scatter the data on types | and |11 diagrams, but may
not register on typeIl. This appearsto be the case of the Iceland
data, where it is seen that the scattered data in Figures 31a and
31c (coefficient of correlation ~ 0.7) are falling coherently on
alinein Figure 31b ( coefficient = 0.995 ).

On the basis of the above analysis and rationale, | tentatively
concluded that

1. The date of 1.06 Ga in Figure 31b may be a close approx-
imation to the true age of the source of Iceland basalt
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Fig. 31. (a), (b) and (c) The patterns of Iceland data (Hanan and
Schilling, 1997) indicate primary control by loss-gain of °®Pb alone.
This could result from a very recent disturbance. Because of correlated
trajectories in Figure 31b such disturbance may not affect the age in
this diagram.

2. This ~1.0-Ga system was disturbed in very recent times
(<1 Ga), which resulted in extremely small gain-loss of
207%.

3. Because of the conclusion in point (2), filtration of the data
by the differential correlation method must be carried out on
an ultra-fine scale.
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Fig. 32. (a) and (b) Consequential disturbance of the Iceland data on
the per mill level in 2°”Pb/?°*Ph, requires filtration on the sub—per mill
scale. Filtering on the 0.4%o. level results in a synchronous age defined
by 35% of the data points (see Fig. 33).

The differentia correlations for Iceland data are shown in
Figure 32. Limited trial and error revealed that filtering at the
0.4%o level (see Figs. 32a and 32b) results in a synchronous
isochron of 1.058 + 0.0006 Ga (see Fig. 33). Thisageisindeed
the very same age obtained from the unfiltered data on type Il
diagram (Fig. 31b). It thus seems safe to conclude that the line
defined by the Iceland data (Fig. 33) is a bona fide isochron. In
addition, the high percentage (35%) of ordered data further
diminishes the possibility of it being an accidental line in a
chaotic field.

Assuming the general applicability of the model of Stacey
and Kramers (1975) to the evolution of radiogenic terrestrial
reservoirs (section 5.3), attempts were made to fit the Iceland
isochron to a least-modified version of that model. A near
perfect fit is achieved by decreasing the value of w, of the first
stage (4.56-3.70 Ga) by 3.4% from 7.19 to 6.945, and decreas-
ing w, of the second stage (3.70 Ga to the present) by 0.2%
from 9.74 to0 9.72. The result is shown in Figure 33c. The near
agreement with the model isin itself not a proof to the validity
of the age calculated from the data; the line could still be an
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Fig. 33. (a) Age of Iceland lava from type | diagram. (b) The same
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unfiltered data on type Il diagram (Fig. 31b). (c) The Pb-Pb isochron of
Iceland is compatible with the growth curve of atwo-stage model with
parameters (times and . values; see text) very close to those of Stacey
and Kramers (1975).

artifact. However, the accumul ated evidence appears to point to
an isochron condition.

Isochronism appears further substantiated on the basis of
Figure 34a, where both 2°®Pb/2°*Pb and 2°"Pb/?**Pb (X 2.48,
for convenience) are plotted vs. 2°°Pb/2°*Pb. In contrast to the
strong coherence of 2°"Ph/?°*Ph data, the scatter in 2°5Ph/2**Pb
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Fig. 34. (a) Iceland: both 2°®Pb/2**Ph and 2°"Pb/®**Pb (X 2.48 for
convenience) are plotted vs. 2°Pb/2%*Ph. The coherent linearity of
207ph is not matched by 2°®Ph. This seems to preclude the scenario of
a mixing line for two homogeneous end-members (see text). (b) Ha
waii: both 2°®Pp/°*Pb and 2°"Pb/?®*Pb (X 2.45 for convenience) are
plotted vs. 2°6Pb/2%Ph. Here too, the disparity between the patterns of
298ph and 2°Ph is apparent, even more pronounced.

data appears to preclude simple mixing between two homoge-
neous end-members. However, if the evidence of isochron
authenticity (mentioned above) is discounted, a mixing line
scenario is possible if one of the end-membersis alowed to be
heterogeneous in 2°®Pb/?**Pb (e.g., as a result of long-term
varied Th/Pb but uniform U/Pb). This dichotomy is not highly
probable. The physical scenario corresponding to isochronism
is that of a hot spot tapping a reservoir, which at 1 Ga was
homogenized and at about the same time was fractionated in
U-Pb on a smaller scale. This fractionation was preserved till
(or close to) the present.

5.6.2. An Iceland-Hawaii Isochron?

Similarly, amost exactly the same observations and conclu-
sions could be said about the Hawaiian lavas. Here, 24% of the
data on the Hawaiian volcanoes (18 out of 74 points) are found
to be synchronous at an age of 0.913 = 0.0004 Ga (no figures
shown). Perhaps accidentally, this ageisin the neighborhood of
an age of 0.94 = 0.42 Ga based on unfiltered data on the
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Hawaiian volcanoes (Tatsumoto, 1978). Similar to Iceland but
more pronounced is the contrast between the coherence of
207ph/294ph and the dispersion of the 2°8Pb/?**Ph, when plotted
against 2°°Pb/?**Pb (see Fig. 34b).

Besides the closeness of the ages, the two isochrons (of
Iceland and Hawaii) are found to have superposed trajectories,
as shown in Figure 35. Unless the observation is an artifact of
geometry, the super position of the isochrons suggestsinitiation
of the linear Pb pattern (in each case) from the same initial Pb
composition at ~1 Ga ago. The vast geographical separation
between Hawaii and Iceland suggests that such an homogeniz-
ing event may have been a global thermal episode. Alterna-
tively, both Hawaii and Iceland could have been derived from
the same ancient “global” reservoir, which had been homoge-
nized at an earlier (possibly much earlier) globa event.

5.6.3. Cataclysmic Differentiation?

For either of the above interpretations regarding a single
initial Pb for Hawaii and Iceland to be generally valid, two
counter processes must be coupled: (1) isotopic homogeniza-
tion on a macro scale (thousands of kilometers of surface
distances) into a single initial Pb (or a single homogeneous
reservoir), followed by (2) establishment of wide spread
(globe-wide?) fixed elemental U-Pb heterogeneities on avastly
smaller scale (meters to kilometers?), at 1 Ga.

The coupling of two extreme counter effects operating along
mammoth dimensions suggests a catastrophic planetary pro-
cess. perhaps instantaneous “reservoir detonation” and forma-
tion of an unstable hydrous “broth,” which no sooner it had
been isotopically homogenized than it was instantaneously
dehydrated, leaving behind ranges of trace element heteroge-
neity. On the basis of a model discussed in section 4.4, this
event could have taken place at 4.55 Ga and again at 3.25 Ga.
Subseguent to the 3.25-Ga event, a state of organized convec-
tion entailing the slow mobility of coherent large blobs was
soon established. Within these blobs, parent-daughter hetero-
geneity (3.25 Ga old?) is generaly preserved. However, this
ancient imprint was subject to some modification by the super-
position of amilder event (largely within the blobs?) at ~1 Ga.

In this regard two items may be worth mentioning: (1)
calculations by Manga (1996) indicate that high-viscosity blobs
could survive in convective cells for geologically long times,
without substantial deformation or mixing with the surrounding
flow. Also, Zindler et a. (1984) argued for a mantle that is
heterogeneous on a kilometer or smaler scae; (2) Stein and
Hofmann (1994) and Breuer and Spohn (1995) proposed mod-
elsof catastrophic switching from layered convection to whole-
mantle convection, caused by the sudden sinking of accumu-
lated material of descending plates (at the 660-km seismic
discontinuity) into the lower mantle.

Other ocean idands with enough filtered data which yield
synchronous lines (not shown), are Pitcairn (0.8 Ga, data of
Woodhead and Devey, 1993) and Kerguelen and Cape Verde
(2.2 and 1.4 Ga, respectively; original referencesin Zindler and
Hart, 1986). If proven to be isochrons, they may indicate
repeated fractionation events coupled with long-term preserva-
tion of U-Pb heterogeneity in closed-system blobs.

It should be mentioned that the tight Pb-Pb trends for some
OIB discussed above, were found not to correlate with 87Sr/
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Fig. 35. Filtered Pb data of Hawaii and |celand appear co-linear. This
indicates similarity of initial Ph.

865 or *Nd/***Nd for these samples. Perhaps this should not
be surprising because correlation would require stringent be-
havioral parallelism between the different parent-daughter sys-
tems.

5.6.4. Do Magma Fields Define Spatio-Temporal Planes?

In Figure 36 are shown the high-precision Pb isotopic data
on the Mauna Kea volcano (Abouchami et., a, 2000). By
rejecting just 4 data points (out of 29), it is seen that the
remaining samples (86%) fall on four well-resolved, well-
defined paralel lines. In particular, lines A, B and C have the
same slope, and may serve as a verification of a stringently
systemic, fine-scale phenomenon. From border to border, the
four parallel lines are separated horizontally by a 7%. range in
206ph/294ph, ameasure of the remarkable resol ution attained by
the original authors (Abouchami et., al., 2000). Irrespective of
the eventual final interpretation of these lines, they appear to be
the result of a highly constrained phenomenon of replication.
One such phenomenon put forward here is transl ocation-isoch-
ronism (see section 4.3), which entails a mechanism possibly
applicable to the observation under consideration.

Considering the apparent existence of an 0.9-Ga imprint in
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Fig. 36. High-precision Pb data on Mauna Kea seem to revea a
process of line-replication (see section 4 on lineation).
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the Hawaiian data (see section 5.6.2), it may be reasonable to
assume that the observed translocation was mediated in the
Mauna Kea lava during that event. It may also be reasonable to
consider the occurrence of line-replication in the Hawaiian lava
in general. This possibility first arose from the apparent orga-
nization of the Hawaiian Pb data into three clusters (see Fig.
11b). Specifically, | pose the general question: Are the three
clusters largely the result of discrete U-Pb fractionation in a
mirror-image fashion, where U gain in one group of samples
(right cluster) is matched by U loss in another (left cluster)?
Implicit in this question is the assumption that the central
cluster is the original pattern from which the other two were
derived (see chronoplane concept, section 4.4).

On the basis of the Mauna Kea observation (Fig. 36), and a
0.9-Ga isochron for Hawaii (section 5.6.2) a synthetic chrono-
plane is constructed (Fig. 11a) which is superimposed here on
the Hawaiian data (Fig. 37a). Each of the three longitudinal
lines of the chronoplane is contained in an envelope that is
+2%o wide. It is seen in Figure 37athat > 70% of the datain
the central cluster fall within the borders of the central enve-
lope. For the two outer clusters > 50% of the datain each case,
fall within the borders of each of the two flank-envelopes (Fig.
37a).

Some inconsistency remains, however: the chronoplane out-
lined (Fig. 11a) was prompted by the apparent replication of a
3.25-Galine by the Mauna Kea data (Fig. 36). Self-consistency
would require the Mauna Kea data to be associated with the
3.25-Gaisochron in Figure 37a. Instead they appear associated
with the 3.56-Ga envelope, with expansion farther to the right
(Fig. 37b). It should be pointed out in this connection that
trandocation at a very recent time can cause a big shift asso-
ciated with a small change in the slope of the shifted isochron.
For example, translocation at 0.1 Gawith p = 25 can shift the
3.25-Ga line in Figure 37b into the center of the Mauna Kea
data while changing the age to 3.28 Ga. If valid, this scenario
requires that the Mauna Kea lava did not participate in the
inferred 0.9-Ga event, but its source experienced strong U
enrichment very recently.

In Figure 37c¢ the Iceland data are seen to spread to the right
beyond the Hawaiian chronoplane (solid lines). However, in-
creasing w5 from 11.3 to 13.3 is enough to expand the paral-
lelogram to enclose most of the Iceland data (see Fig. 37c). It
is adso possible that Iceland samples experienced additional
translocation in a recent event. Some of the data on Iceland by
Chauvel and Hémond (2000) fall far outside the expanded
chronoplane, indicating a more complex history, or serious
interlaboratory bias.

The potential difficulty with Pb isotopic data from different
laboratories is dramatically illustrated by the data on the South
Sandwich Islands from two laboratories (Cohen and O’ Nions,
1982; Barreiro, 1983), where the 2°°Pb/?°**Pb values for the
same samples in the two studies are significantly different (no
figure). In addition to such interlaboratory bias one must add a
potentially poor control of fractionation, which would further
contribute to the creation of artificial scatter. Thus the scatter in
OIB data, and the chronoplane of Hawaii, must be considered
with reservation. The need for high quality data as in
Abouchami et al. (2000) appears more timely than ever.
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Fig. 37. (a) The synthetic chronoplane of Figure 11a is superimposed
here on the Hawaiian data, which appear to be correlated with the model’s
three envelopes. The central cluster of the data appears associated with the
3.25-Ga isochron, where ~73% of the points fall within the +2%. width
of the envelope. For the right and left trand ocation-isochrons, the level of
association is on the order of ~58 and ~53%, respectively. Note location
of the point of the Hawaiian average close to the intersection of the two
true isochrons of the model. (b) Mauna Kea's association appears to be
with the right flank trandocation-isochron. While line D in Figure 36 is
congigtent with such association, the three other linesin Figure 36, as well
as the overflow of data further to the right in Figure 37b, suggest a more
complex evolution. (c) lceland data points plot mostly to the right of the
“Hawaiian chronoplane.” In a variation on the theme, the chronoplane is
extended to the right to cover the bulk of the Iceland data, by smply
rasing p, from 11.3 to 13.3. The large 2°"Pp/?**Pb scatter in the data of
Chauvel and Hémond (2000) is enigmatic.
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6. SUMMATION

This text is multi-thematic; thus a brief summation of the
main facets of the subject may bein order. For convenience, the
manuscript may be divided into three parts:

6.1. Theory: Three Concepts and a Procedure

Accurate dating of disturbed geologic systems using the
three Pb isotopes 204, 206, and 207 is not only possible, it is
practical. The same three isotopes can be used to construct
three equivalent Pb-Pb diagrams. With variable U/Pb, same
closed-system data define the same temporal linein each of the
diagrams. But same open-system data are generally projected
into variably modulated patterns. Thus while the three ages
(from the three diagrams) of a closed system are synchronous
within afew 106 yr, at most, those of an open system can vary
by > 107 yr (see Fig. 1). This dichotomy of age projection is
the crux of Pb isotope synchronism, which under favorable (but
not unusual) conditions can accurately date filtered disturbed
systems.

Thefiltration procedure, Pb differential correlation, relieson
separately plotting 206/204 and 207/204 vs. the difference
between the two ratios, and exploits the contrast. Because 2°°Pb
is produced essentialy linearly, while 2°’Pb in an “avalanche’
tailing off since 3 Ga, the correlation of the former is generally
alineirrespective of disturbance, while that of the latter ismore
of a dispersion field. A common x-axis allows tracking the
shifts of disturbed data (see Fig. 2). The above differential
disparity is used for filtering systems 3.5 Ga and younger.
Older systems are identified by differential coincidence, where
the two correlations concur in resolving (thus identifying) the
older systems (see Figs. 7 and 18).

Two-stage lineation is the result of a disturbance character-
ized by the uniformity of either w, (that is 22U/2%*Pb in the
third stage) or F (where F = ua/w, ). Lines resulting from a
singular F are termed transposition-isochrons (Fig. 9); and
those affected by constant u, are caled transocation-isoch-
ronsor simply trans-chrons (Fig. 108). Irrespective of the value
of constant w5, a trans-chron appears always “older” than the
true age of the undisturbed samples. Furthermore, trans-chrons
(resulting from a series of constant ;) of a given event, form
a series of lines (of the same “age”) that run parallel to each
other; that is, the slope of atrans-chronis dependent only on the
time of the disturbance. In contrast, the slope of atransposition-
isochron is dependent on the value of F aswell. F < 1 delays
isotopic evolution, giving rise to a retarded (that is, “older”)
isochron, while F > 1 leads to an accelerated (“younger”)
isochron. Interestingly, irrespective of whether accelerated or
retarded, transposition-lines of a given parent isochron con-
verge on each other and intersect in a single point. That point
of intersection is the actual initial Pb of the system (Fig. 9b).

The formation of a chronoplane (Fig. 11a) may be affected
through the superposition of a special form of disturbance
(bipolar) within a contained system (S), where the creation of
a domain with a constant u, that is >pug is attained on the
expense of a uniform depletion in another domain with 5 <
e As aresult, two parallel trans-chrons are formed, defining
the longitudinal borders of a chronoplane. Assuming symmet-
rical U-Pb fractionation in the predisturbance stage (partly due

to the containment of the system), the highest and lowest
207ph/29%Ph values of the undisturbed samples (of athoroughly
sampled system) would define the width of the chronoplane.
The isochron yielding the age of the disturbance is defined by
samples which fractionated in the disturbance, but escaped
fractionation in the prior event.

6.2. Observation

1. A synchronous Pb-Pb line yielding a 4.42-Ga age for some
of the Amitsoq rocks (Figs. 18 and 19).

2. Isochrons of some rocks intersect at a point less evolved
than “modern terrestrial Pb” (Figs. 22 and 23).

3. Ordinary chondrites define a single, highly synchronous
Pb-Pb line, from which a 4.555-Ga age is calculated (Fig.
29).

4. Preservation of ~1-Ga synchronous line in the filtered data
of both Iceland and Hawaii (Figs. 32, 33, and 35).

5. High precision Pb-Pb data on the MaunaKeavolcano fall on
four parald lines (Fig. 36).

6. Apparent organization of the Hawaiian Pb-Pb data in three
“parallel” clusters (Figs. 11b and 37a).

6.3. Interpretation

1. The4.42-Galineisgiven two possible explanations: (1) it is
an artifact, specifically a trandocation-isochron, resulting
from a2-Ga disturbance in a 3.73-Ga system. (2) It isatrue
isochron, indicating the survival of some vestiges of an
ancient crust. It is argued that tenuous evidence for that
ancient imprint appear to exist in some old zircons (Figs.
24-28).

2. The point of intersection of some filtered isochrons is ten-
tatively interpreted as a present-day Pb composition of a
U-depleted source. If valid the result may represent a (par-
tial?) solution to the “Pb paradox.”

3. Ordinary chondrites belong to a single parent body that is
4.555 Ga old.

4. Iceland and Hawaii experienced a 1-Ga event, from which a
single initial Pb is inferred. This would seem to necessitate
episodic “global” homogenization.

5. MaunaKealavaisimprinted by afine-scale, line-replicating
mechanism, superimposed on ~3.25-Ga event. This could
be affected by translocation-isochronism in recent times.

6. The Hawaiian parallel trends may be explained as aspects of
a chronoplane caused by the superposition of an 0.9-Ga
event on an ~ 3.25-Ga system. As such they suggest oper-
ational line-replication (translocation-isochronism) on a
large scale. However, in view of evidence to the existence of
gross interlaboratory bias (in other data), one must consider
the Hawaiian pattern with reservation.
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