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Abstract
Nelson, D.R. and McCulloch, M.T., 1989. Petrogenetic applications of the 40K-40Ca radiogenic
reconnaissance study. Chem. Geol. (Isot. Geosci. Sect.), 79: 275-293.

decay scheme -

A

Ca isotopic data are presented for oceanic basalts, potassic igneous rocks, carbonatites, marine sediments and
chemical and elastic sediments from Archaean and Proterozoic terrains. An overall external precision of ?0.02%
(95% confidence) was obtained for 40Ca/42Ca measurements. By comparison with the mid-ocean ridge basalt, no
resolvable enrichments in 40Ca from radiogenic decay of 40K were detected in the Hawaiian ocean-island or Banda
and Aleutian island-arc samples, the marine sediments or the carbonatite samples. Potassic igneous rocks from the
West Kimberley region of Western Australia, Gaussberg (Antarctica)
and southeastern Spain also possess 40Ca/42Ca
ratios which are analytically indistinguishable
from the value found in oceanic basalts and carbonatites, suggesting
that: (a) the K/Ca ratio of the magmas has been increased substantially during partial melting or melt extraction,
and/or (b) the Ca in the magmas has been diluted by mixing with non-radiogenic
Ca derived from other sources. In
contrast, enrichments in 40Ca were detected in genetically unrelated kimberlitic and lamproitic intrusions from the
Sisimiut (formerly Holsteinsborg ) region of central west Greenland. The excess 40Ca in the Greenland kimberlites is
unsupported, indicating that the K/Ca ratio has been reduced, probably during extraction of the kimberlite magmas
from carbonate-rich
sources. The radiogenic mCa/42Ca of the Greenland kimberlites is not accompanied by elevated
“7Sr/8sSr, suggesting that the kimberlite major- and trace-element components have been decoupled, possibly with
much of the major elements derived from the subcontinental lithosphere and the trace elements largely derived from
sources located within the asthenosphere. The radiogenic 40Ca/42Ca of the Greenland lamproites is consistent with
their derivation from subcontinental
lithospheric sources which have been enriched in K for > 1 Ga prior to their
emplacement. Gypsum samples and pelitic elastic sediments from Archaean and Early Proterozoic terrains possess
substantial enrichments in aCa relative to oceanic basal& Application of the 40K-40Ca decay scheme using presently
available technology can provide useful petrogenetic and chronologic information which complements that provided
by other techniques.

1. Introduction
Although the minor branch of decay of 40K to
40Ar has been extensively applied in geochronological studies, the major branch of 40K decay
*Present address: School of Physics and Geosciences, Curtin University of Technology, GPO Box U1987, Perth, W.A.
6001, Australia.
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to 4oCa has received little attention.
This is
largely because calcium consists predominantly of the isotope 40Ca and hence changes in
the Ca isotopic composition from 40K decay are
i tively small. This limitation
has restricted
8 e range of possible applications
of the 40K4oCa radiogenic decay scheme to the investigation of very high-K/Ca rocks and minerals (e.g.,
Coleman, 1971; Baadsgaard, 1987). FurtherB.V.
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more, many previous 40K-40Ca isotopic studies
have been restricted to geochronological
applications, for which other techniques, such as
87Rb-87Sr, offer considerable advantages over
the 40K-40Ca method. However, recent advances in mass spectrometry
technology have
considerably improved the level of analytical
precision attainable and as a consequence, the
range of possible applications
of the 40K-40Ca
decay scheme has been broadened.
The present study was undertaken
principally to investigate the potential usefulness of
the 40K-40Ca method as a petrogenetic tracer.
In Fig. 1, the relationship
between the K/Ca
ratio (expressed as wt.% K*O/CaO),
duration
(in Ga) and the consequent increase in 40Ca
abundance (represented by the increase in the
4oCa/42Ca ratio, in parts of 104) is shown. Although the attainable analytical precision still
limits application of the technique to the examination of samples having geologically long
histories of high K/Ca, the 40K-40Ca method
can potentially
provide useful petrogenetic information which would be unavailable by other
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means. For example, the Sr, Nd and Pb isotopic
characteristics of some ultrapotassic rock suites
suggest that their source regions may have possessed high K/Ca ratios (i.e. wt.% K20/
CaO > 1) for periods of at least N 2 Ga (see, e.g.,
Nelson et al., 1986). If this has been the case,
increases in the abundance of 40Ca should be
resolvable at the measurement precision presently attainable.
It has also been suggested
(Nelson et al., 1966) that the major- and traceelement components of at least some ultrapotassic rock suites have been derived from entirely different sources. This hypothesis may be
examined by comparison of the isotopic characteristics of trace elements (such as Sr, Nd and
Pb) with that of the major element Ca.
In addition to its petrogenetic
applications,
the 40K-40Ca decay scheme can also contribute
to our understanding
of intra- and infra-crustal
recycling processes. This is because weathering
processes commonly stabilise alkali-rich
clay
minerals in mature sediments, resulting in an
increase in the K/Ca ratio and consequently,
measurable increases in the abundance of 4oCa
in old (i.e. 5 2 Ga) sediments.
In this study, the results of a Ca isotopic investigation of a variety of igneous and sedimentary rock types are presented. This research was
primarily directed towards the assessment of
perceived analytical difficulties associated with
the technique and the investigation
of some
useful geological applications.
2. Samples
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Fig. 1. Wt.% K20/Ca0
vs. age (in Ga), showing the increase in 40Ca abundance resulting from the radiogenic decay of 40K. The curves represent increments in the 40Ca/
42Ca ratio in parts of 104. The external analytical precision
obtained during this study is ?I 1.9 e-units (95% confidence ) . Resolvable differences are limited by this analytical precision to samples having high K/Ca ratios for long
time periods (e.g., wt.% K,O/CaO > 0.20 for 4.0 Ga or wt.%
K,O/CaO>
0.38 for at least 3.0 Ga). For comparison, most
primitive basalts have wt.% K,O/CaO substantially < 0.08.

The Ca isotopic compositions of a wide range
of igneous and sedimentary
rock types have
been investigated. The tholeiitic basalt sample
529-4, from the Famous area of the Mid-Atlantic Ridge, was selected for Ca isotopic analysis
because it is chemically well categorised (see
Langmuir et al., 1977) and possesses major- and
trace-element
characteristics
typical of primitive mid-ocean ridge basalts (MORB). A representative ocean-island alkali basalt (OIB),
the U.S.G.S. standard rock BHVO-1 from the

‘OK-“‘&

TABLE

RADIOGENIC

277

SCHEME

I

Major-element
Sample
Location
Bock type
SiOx
TiOx
Al@,
Cr203
Fe0
MnO
MgO
CaO
NazO
GO

DECAY

anaIyses* of some igneous and sedimentary

rocks examined in this study

B53.28
Wetar
basalt

B5128
Wetar
rhyolite

AK4-33
Aleutian
basalt

ss4
Timor
shale

AUSNarryer
pelite

AUSNarryer
pelite

AUSNarryer
talc-sihcic

51.91
0.56
16.72
0.07
9.19
0.06
6.19
13.48
1.32
0.59

76.84
0.20
13.36
0.07
2.20
0.05
0.06
1.84
2.82
2.72

49.32
1.34
18.41
0.06
11.81
0.09
4.76
10.43
3.08
0.79

61.31
0.77
25.00
0.05
5.12
0.05
1.32
0.61
0.87
5.00

51.58
0.50
26.32
0.07
10.72
0.08
4.99
1.92
0.23
3.58

53.56
0.48
18.00
0.05
10.28
0.13
5.61
8.93
1.73
1.30

56.27
0.74
10.79
0.07
10.15
0.09
4.62
16.41
0.81
0.14

*Sample powders were fused, in duplicate, on MO strips under an Ar atmosphere and the resultant glasses analysed using an
energy-dispersive electron microprobe. Analyses given represent averages of at least 10 microprobe determinations.
Oxide
totals have been summed to 100%.

Kilauea caldera, Hawaii, and talc-alkaline
series rocks from both the Aleutian and Banda
island arcs, have also been analysed. Details of
the geochemical and isotopic characteristics
of
the Aleutian
arc samples may be found in
McCulloch and Perfit (1981). The Banda arc
volcanics possess a wide range of 87Sr/86Sr (i.e.
0.7044-0.7223),
143Nd/‘44Nd ( eNd of - 11.0 to
+3.4) and 6180 (+9.8 to +13.7%0 vs. SMOW)
values (McCulloch et al., 1982)) indicating that
they have assimilated substantial amounts of
crustal material. A Triassic marine shale (sample SS4) from the Timor Trough has 87Sr/86Sr
of 0.74105, eNd Of - 15.4 and 6180 of + 16.8%0
and may be representative of sedimentary material presently within the Banda trench. Carbonatite samples from 10 alkaline complexes
located in Central Africa, Australia,
Brazil,
Germany and the U.S.A., and ultrapotassic rock
samples from the West Kimberley
region of
Western Australia, southeastern Spain, central
west Greenland and Gaussberg (Antarctica),
have also been examined. The petrographic,
major- and trace-element
geochemical and Sr,
Nd, Pb, 0 and C isotopic characteristics
of the
carbonatite
samples have recently been described by Nelson et al. ( 1988). Further details

concerning the ultrapotassic
rock samples examined here can be found in Scott (1979,1981),
Nelson et al. (1986) and Nelson (1989). Gypsum samples analysed are from the beds of five
isolated inland lakes located in southern and
western Australia.
Clastic sediment samples
examined (2 pelites and 1 talc-silicate) are from
the Mt. Narryer region of the Archaean Yilgarn
Block in Western Australia.
Major-element
analyses of some of the samples examined in this study are given in Table
I.
3. Analytical

procedures

3.1. Chemical separation
For silicate samples, - 2-5 mg of rock powder were dissolved using concentrated
HF and
HClO, in Teflon@ beakers for at least 24 hr.
The resulting solution was then evaporated and
the residue redissolved in 6 N HCl. Where necary, this procedure was repeated several
Y
times until a completely clear solution was obtained. Carbonate
samples were pre-treated
with 1 N HCl to destroy all carbonate prior to
the HF-HClO,
treatment.
Gypsum samples
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( - 3 mg) were dissolved in 3 N HCI. The solutions were then evaporated, the residue redissolved in 1 N HCl and loaded onto a 2-g bed of
pre-cleaned Bio-R.ad@ AC 5OW-X8 (200-400
mesh) cation-exchange
resin in quartz glass
columns. The K and most of the other major
elements were removed using a 20-ml wash of 1
N HCl, followed by a 3.5ml wash of 2.5 N HCl,
and the Ca eluted in 4 ml of 2.5 N HCl. Ca recovery using this procedure was found to be
consistently better than 98%. All reagents used
were distilled in sub-boiling two-bottle Teflon@’
stills. The total procedural Ca blank (determined by isotope dilution using a 43Ca-enriched
tracer) was < 60 ng, with the column chemistry
and filament loading blank contributing
N 15
ng to the total Ca blank.

3.2. Ca mass spectrometry
Between 5 and 25 ,ug of Ca were loaded in N 2
~1 of 0.3 M H3P04 onto an outgassed single Ta
filament and evaporated to dryness. The filament current was then increased until dull red
heat was just perceptible and the Ta filament
surface had oxidised. The Ca was analysed using a Finnigan@ -MAT 261 mass spectrometer
fitted with a 7-Faraday-cup
collector. As the
mass dispersion for the isotopes of interest
(*OCa to **Ca) was too large for simultaneous
collection in static mode, a double-jump
measurement procedure was adopted, with the isotopes *‘Ca, *‘K and *‘Ca collected simultaneously, followed by a second jump measuring
42Ca, 43Ca and **Ca for the mass fractionation
correction using a second set of 3 Faraday cups
which were offset 0.25 mass unit from the first
set. The baselines for all cups were measured
simultaneously
at an offset of a further 0.25
mass unit. Because of the greater abundance of
*‘Ca, this isotope was measured using a 101’-Q
resistor and the other isotopes measured using
101’-52 resistors. Typically,
stable beams of
N 5-10-10 A of *‘Ca for several hours duration
were readily obtainable. Isobaric interference at
*OCa by *OK was monitored by measurement of
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the abundance of *lK, but the correction to the
40Ca/42Ca ratio for *OK interference was always
< 0.0005 (or < 0.0003% of the 4oCa/42Ca ratio)
and was therefore insignificant
in all mass
spectrometry runs.

3.3. Mass fractionation

correction

Russell et al. (1978) argued that a residual
drift remained in the 48Ca/44Ca ratios of their
data after normalisation
by the linear fractionation law using the *‘Ca/**Ca ratio. These authors found that the Rayleigh and exponential
laws removed this drift and appeared to provide
a better :fit. Esat (1984) showed that commonly-used mass fractionation
laws, such as the
Rayleigh, exponential and power laws, have the
general form:

Rik =N(Rjk)”

(1)

where N is a constant

(different

for each law),

Rik = (ion current of mass i) /
(ion current

of mass k )

(2)

and
IlltV3Si

>

IllaSSj

> massk

(3)

The value of y in eq. 1 is a function of the mass
of the ion species measured and influences the
curvature of variation in Rib with variation in
RjkeThe applicability of the mass fractionation
laws (i.e. the value of y) has been assessed in
two ways:
(1) By analysis of “equal-atom”
Ca solutions, prepared by mixing common (*‘Ca-rich)
calcium with 42Ca-, 43Ca- and “Ca-enriched
spikes. Solutions were prepared with approximately equal abundances of 40Ca, 42Ca, Ya and
**Ca. Because errors due to resistor and amplifier non-linearity
and to baseline corrections are
minimised, error due to possible deviation from
the mass fractionation
laws should be more
readily detectable in analyses of these equalatom solutions.
(2) By comparison of the external precision
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(i.e. reproducibility)
of 4oCa/42Ca analyses acquired for a Ca isotopic standard analysed repeatedly throughout the course of this study and
normalised using various mass fractionation
laws.
For analyses of the equal-atom solution, an
equation which approximates
to the exponential mass fractionation
law was applied to correct for the effects of mass fractionation:
(*“Ca/*“Ca

Ca “equal-atom”

tzjF;I&, n. a.
9
0.825

$J= mass42/mass40

(5)

.

.

.

,

0.820
anst-"."'-.'.."'."',..."'...'
0
5

1.3723

E

10

15
b!ock number

20

25

Ca “equahtom”

30

b.

TT

1.3722
:
c

mass42 - mass4o
mass** - mass42

I

..g.

0.821

( 40Ca/42Ca)meas
) cOrr=
(42Ca/44Ca)meas (4)
l-‘+’
(42Ca/44Ca)norm

where

.

1.3721

d 1.3720
7.
u” 1.3719
s
1.3710
1.3717

The results obtained for one run of an equalatom solution are summarised in Fig. 2. The
4oCa/42Ca ratios have been fractionation-corrected by normalisation
to an arbitrary 42Ca/
**Ca value of 0.83. A within-run
precision of
+ 0.0012% (95% confidence) was obtained for
the 40Ca/42Ca ratio, with the gain calibrations,
performed every 5 blocks, clearly limit[ng any
further improvement
in the precision. Drift in
the fractionation-corrected
40Ca/42Ca ratios attributable
to deviation from the exponential
mass fractionation
law (as given above) was not
observed in this or any other runs of the equalatom solutions.
For the analysis of standards and samples,
the measured Ca isotopic ratios were normalised to a 42Ca/44Ca value of 0.31221 to correct
for the effects of mass fractionation,
following
Marshall and DePaolo (1982). A CaC03 solution prepared from the shell of Tridmm gigas
(giant clam) was adopted as a Ca isotopic standard. The standard solution has an 87Sr/86Sr
value of 0.709212 0.00003 (relative to an NBS987 87Sr/86Sr value of 0.71022 + 0.00003), which
is close to that of modern seawater. The raw
data obtained for 10 runs of the T~ida~ti
standard were normalised using the exponential,
linear and power mass fractionation
laws. An

1.37161
0

'
5

'
10

'
15
block number

' .
20

'
25

' 1
30

Fig. 2. a. Variation in the raw ‘2Ca/44Ca ratio observed during run 1 of “equal-atom”
Ca solution 1. Each point represents the mean value, excluding 2a outliers, of 10 scans.
The inset shows the current of Ya.
b. Fractionation-corrected
40Ca/42Ca for each block of 10
scans (with la error-bars) of run 1, solution 1. An internal
precision of ? 0.0012% (95% confidence) was obtained for
the 40Ca/42Ca ratio. Gain calibrations were performed every
5 blocks, and account for much of the scatter in the fractionation-corrected
Y!a14’Ca ratio.

“empirical”
law, which uses a calculated bestfit value for y (from eq. 1) that gives the minimum external precision for runs of the Triducna standard, was also applied. A calculated
value for y of 1.054242 was found to give the
best external precision for the 4oCa/42Ca ratios
of 10 runs of the Tridacm standard. However,
application of the “empirical”
law gave an external precision which was only slightly better
than that obtained using the exponential law.
The linear and power fractionation
laws gave
& external agreement between runs which was
- 4 times less precise than that obtained using
the exponential and “empirical”
laws, despite
providing at least as good a fit as the exponential and “empirical”
laws for some of the runs.
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The exponential
law correction removed all
systematic variation in normalised 40Ca/42Ca
ratios with time or with raw 42Ca/44Ca for all
analyses obtained during this study (Table II),
indicating that this law is adequate for the total
range of mass fractionation
(typically < 2% in
the 42Ca/44Ca ratio) encountered during analysis of standards and samples. 43Ca/44Ca data
obtained for samples and standards have also
been normalised using the exponential law. No
major deviations from the average 43Ca/44Ca
value (from Table II, average 43Ca/44Ca
2 20,,, error is 0.064853 + 0.000005) were observed in data obtained for any of the samples
or standards analysed during this study.
The results obtained for the Trictacm standard throughout
the course of this study and
normalised using the exponential
mass fractionation correction (Table II) indicate that an
external precision of ?0.018%
(95% confidence) applies to individual
40Ca/42Ca analyses. Many of the samples examined during this
study were analysed in duplicate. Two-way
analysis of variance of 30 duplicated 40Ca/42Ca
TABLE
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analyses of these samples indicates an experimental error of ~0.022% at the 95% confidence level. The external precision error for
analyses of samples is therefore N 3-4 times the
typical internal (within-run)
precision error.
This difference is not unreasonable for data obtained by multiple collection. The main causes
of this difference are attributable
to a combination of factors, such as:
(1) Error in the mass fractionation
correction caused by variability in the rate of change
of mass fractionation.
This error arises because
the 42Ca/UCa ratio is not measured simultaneously with the 40Ca/42Ca ratio to which the
correction is applied. There is an 8-s delay between measurement of these ratios during each
scan.
(2) Baseline noise and non-linearity
in the
current measurement systems.
(3) Drift (especially long-term drift, occurring over a period of months) in the cup calibration electronics.
The external precision error estimate based
on the Tridcxnu standard results uses analyses

II

Calcium isotopic results for the Tridacna
Run
No.

Date of analysis

1
2
3
4
5
6
7
8
9
10
11
12

April 7.1987
April 7,1987
April 8,1987
April 8,1987
April 9,1987
April 28,1987
April 29,1987
April 29,1987
April 29,1987
May 25,1987
May 27,1987
August 11,1987

Ca isotopic standard, obtained during the 5-month period of this study

YZa/“Ca(*‘)

+ 2u,,,

4oCa/42Ca”l’

f 2a,,

Mean + 2 standard deviations

0.064860 + 0.069608
0.064855 + 0.600010
0.064857 + 0.069603
0.064850 f 0.600004
0.064861 a 0.966665
0.064848 f 0.600696
0.064855 f o.ooooO6
0.064854 + 0.600011
0.064849 I!I O.OOOOO6
0.064849 f 0.690064
0.064831+0.096614
0.064868 + 0.666008

151.068 f 0.007
151.077 f 0.009
151.099 +0.903
151.088+0.005
151.058+0.095
151.079 f 0.006
151.092 f 0.009
151.074 f 0.008
151.064 f 0.005
151.067 + 0.005
151.115+0.021
151.103 +0.006

0.664853 f 0.000017

151.079 + 0.028

Number
of blocks

fCa(*2) + 2u,,

(25)

-0.7
-0.1
+1.4
+0.7
-1.3
+0.1
+0.9
-0.3
-0.9
-0.7
+2.4
+1.6

(17)

(20)
(15)
(14)
(14)

(8)
(9)

(16)
(10)
(10)
(18)

kO.5
f0.6
kO.2
a0.3
f0.3
f0.4
kO.6
kO.5
a0.3
f0.3
k1.4
f0.4

+0.966+1.9

*‘Ratios normahsed to 42Ca/UCa=0.31221,
using the exponential mass fractionation law. Errors quoted refer to within-run
precision at the 95% confidence level. AII analyses have been given equal weighting. Because of its larger within-run uncertainty, the 40Ca/42Ca analysis of run 11 has not been included in the calculation of the external precision.
*2

eCa= [{ (40Ca/42Ca)-Pl,-

151.078}/151.078]

X lo4
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obtained over the entire &month period of this
study and therefore provides a reliable estimate
of the precision level applicable for comparison
of all Ca analyses given here. However, duplicate analyses obtained for groups of data collected over shorter periods of a few days indicate an external precision which is substantially
better than that which is applicable to the entire *‘Ca/*‘Ca data pool.
4. Results
4.1. Oceanic and island-arc

has

Ca and Sr isotopic data obtained for midocean ridge, ocean-island and island-arc lavas
are given in Table III. For the purposes of this
study, the Mid-Atlantic
Ridge basalt sample
(529-4) has been adopted as a Ca isotopic reference. Results obtained for other samples are
expressed using the e-notation as follows:
h3 =

(40Ca/42W,a,k7
(“Oca/42Cahasakx
(40W42Ca hasalt

1o4
(6)

where,

from

Table

III,

(40Ca/42Ca)basalt

value. Either the Ca derived from the Earth’s
continental crust is insufficiently
radiogenic, or
the Ca flux to the oceans from mantle sources
(e.g., hydrothermal
input from ridge crests)
outweighs that derived from the upper continental crust.
The eCaof + 1.56 (average of 4 analyses given
in Table III) for the Kilauea ocean-island alkali
basalt BHVO-1 is statistically not significantly
different from the value obtained for the Famous-area Mid-Atlantic
Ridge tholeiite.
Also given in Table III are Ca isotopic data
obtained for lavas from the Aleutian and Banda
island arcs and a sediment from the Timor
Trough. Measured 40Ca/42Ca ratios of both
Banda and Aleutian arc lavas are within error
of the value obtained for the MORB. The Timor Trough sediment also possesses a 4oCa/42Ca
ratio which is within error of the MORB, despite its high K,O/CaO ratio (see Table I) and
very radiogenic 87Sr/86Sr ratio of 0.7410.

=

151.078.

The results are therefore expressed as differences, in parts of lo*, from the 4oCa/42Ca value
of the Earth’s upper mantle from which the Famous-area basalt was derived. Because of the
low K/Ca ratio of the Earth’s mantle (i.e.
N 0.01)) the mantle 4oCa/42Ca value represents
the least radiogenic terrestrial 40Ca/42Ca value
within the precision limits presently attainable.
It is noteworthy that the Tridacnu Ca standard possesses a 40Ca/42Ca value ( eCa= + 0.07
from Table II) which is indistinguishable
from
the value obtained for the MORB sample. This
result indicates that the *‘Ca/*‘Ca
ratio of
modern seawater is identical, within the analytical uncertainty, to that of the Earth’s mantle. This is in contrast to the case for Sr, in which
a substantial proportion ofmarine Sr has been
derived from the upper continental crust and is
considerably more radiogenic than the mantle

4.2. Carbonatites
Ca isotopic results obtained for the carbonatites are listed in Table IV. Although the emplacement ages range from Early Proterozoic
(for the Mt. Weld carbonatite ) to Tertiary (for
the Ugandan examples),
corrections
to the
measured 4oCa/42Ca ratios for /?-decay of *OK
since emplacement are unnecessary, due to the
low K/Ca ratios. With the exception of the Sukulu carbonatite,
all carbonatite
samples examined possess 40Ca/42Ca values within analytical uncertainty of the value obtained for the
Famous-area MORB. Although the average of
the two Sukulu analyses give an eCa of +4.0,
which is statistically outside the mantle value,
one of the two Sukulu Ca runs statistically
overlaps with the mantle value. The Tororo and
pkupoi
carbonatites are spatially closely associated with the Sukulu carbonatite but both
have eCa-values ( + 1.6 and + 1.6, respectively)
which are within the upper uncertainty limit of
the mantle value. The Ugandan carbonatites
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III

Calcium and strontium
Sample
No.

isotopic data for oceanic basalts, island-arc lavas and a trough sediment

Location

MID-OCEAN

RIDGE

529-4

BASALTS

BHVO-I

BASALTS

~c~(*~)

0.7029

(27)
(11)

0
-0.9k2.6
-0.7

0.064877 + 0.000009
0.064853 f 0.060004
0.064847 f 0.000010

151.078 + 0.008
151.064 + 0.039
151.067_+0.011

(12)

0.064849
0.064862
0.064854
0.064862

+0.000014
+ 0.000010
f 0.000006
5~0.000009

151.106 kO.013
151.113+_0.010
151.085 f0.008
151.102+0.009

(13)
(15)
(10)

0.064861_+ 0.000005
0.064850 f 0.000008

151.129f0.016
151.074 f 0.009

(10)
(4)

+3.4
-0.3

(OIB ):

Hawaii

ISLAND-ARC

Number
of blocks
(MORB):

Famous area

OCEAN-ISLAND

0.70345 rt 0.00003

(8)

+ 1.8
+2.3
+0.5
+ 1.6

VOLCANICS:

Aleutian
MK-17
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arc:
Unalaska basalt

0.70311 f 0.00004

AK4-33

Akutan basalt

0.70308 _+0.00005

0.064856 zk0.000008
0.064834 f 0.000009

151.076 2~0.007
151.095 _+0.016

(17)
(14)

-0.1
+1.1

MK-3A

Unalaska andesite

0.70291 f 0.00004

0.064865 + 0.000024
0.064867_+0.000012

151.101 kO.022
151.089 f0.019

(9)
(9)

+ 1.5
+0.7

0.70446 f 0.00005

0.064858 + 0.000006
0.064857 k 0.000003

151.129+0.009
151.118_+0.005

( 13)
(24)

+3.4
+2.6

Banda arc:
B5328

Wetar basalt

B5561

Wetar dacite

0.70827 + 0.00005

0.064869 _+0.000015

151.108LtO.012

(12)

+2.0

B5128

Wetar rhyolite

0.72030 + 0.00005

0.064814 + 0.000021
0.064833 f 0.000029

151.113_+0.018
151.074 _+0.020

(11)
(15)

+2.3
-0.3

0.74105 + 0.00005

0.064855 f 0.000007

151.113f0.014

(24)

+2.3

TROUGH

ss4

SEDIMENTS:

Timor Trough shale

“1)87Sr/ssSr isotopic data for Famous-area basalts from White and Bryan (1977), for Aleutian arc lavas from McCulloch
and Perfit ( 1981) and for Banda arc lavas and sediments from M. Abbott (unpublished data, 1982).
“2’Batios normalised to 42Ca/1uCa= 0.31221. Based on multiple analyses of the Tridacna Ca standard, the external precision
is f 0.028 or It 1.9 eta units (95% confidence) for “Ca/42Ca. Individual analyses represent separate mass spectrometry runs
of new loads. Within-run
precision (at 95% confidence) shown as an indication of run quality.
C.3)tCe= [ { (40Ca/42Ca),,,,151.078}/151.078]
X lo4

possess unusually radiogenic Pb isotopic compositions, consistent with their sources having
evolved in isolation from the Earth’s convecting mantle for at least 1.5 Ga (see Nelson et al.,
1988). It is therefore conceivable that they may

have evolved radiogenic Ca compared to more
typical mantle values during this time. However, ‘without further supporting evidence (i.e.
further duplicate analyses or improvement
in
the external precision), the significance of the

‘K-“Ca
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Calcium isotopic data for carbonatites
Sample
No.

Location

Emplacement
age”
(Ma)

43Ca/“Ca’*2’

40Ca/42ca”2

Number
of blocks

~c~(*~)

7590-2015

Mudtank, Northern
Australia

732

0.064849If0.000013
0.064853 iz 0.000015

151.100f0.010
151.093 f 0.013

(22)
(14)

+ 1.5
+ 1.0

MW-2

Mt. Weld, Western Australia,
Australia

2,040

0.064866 rt: 0.000013
0.064839 + 0.000013

151.097 f 0.010
151.083 + 0.015

(15)
(15)

+1.3
+0.3

K-3

KaiserstuhI,

F.R.G.

17

0.064842 + 0.000008

151.101 f 0.010

(10)

+ 1.5

5963

Jacupiranga,

Brazil

130

0.064852 I!I 0.000005

151.073 + 0.006

(15)

-0.3

MC-l

Magnet Cove, Arkansas, U.S.A.

97

0.064809 + 0.000030

151.117 + 0.019

(12)

+2.6

6336

Lokupoi,

19

0.064864 + 0.000020

151.102 f 0.019

(24)

+ 1.6

6330

Tororo, Uganda

40

0.064825+0.000011
0.064852 + 0.000005

151.099f0.011
151.123 + 0.008

(25)
(12)

+1.4
+3.0

6335

Sukulu, Uganda

40

0.064852+0.000011
0.064827 + 0.000019

151.114f0.011
151.162 f 0.019

(15)
(13)

+2.4
+5.6

3432

Kangankunde,

126

0.064913 + 0.000051

151.062 + 0.045

(7)

-1.1

7122

Nachendazwaya,

655

0.064800 +0.000026

151.082 f0.017

(4)

+0.3

Territory,

Uganda

Malawi
Tanzania

““Sources of emplacement age data are given in Nelson et al. (1988).
‘*2’Ratios normalisedto 42Ca/uCa=0.31221.
Basedon multiple analyses of the Z’ridacna Ca standard, the external precision
is f 0.028 or f 1.9 eCaunite (95% confidence) for 40Ca/42Ca. Individual analyses represent separate mass spectrometry runs
of new loads. Within-run
precision shown as an indication of run quality.
(*3)eca= [ { (40Ca/42Ca)-P1,-

anomalous Sukulu
preted cautiously.

151.078}/151.078]

Ca data should

4.3. Potassic and kimberlitic

~10”

be inter-

igneous rocks

Ca isotopic results obtained for potassic igneous rocks are tabulated in Table V. Age corrections to the measured 40Ca/42Ca ratios are
unnecessary for the Western Australian
and
Spanish lamproites and Gaussberg leucitites,
due to their young emplacement
ages. For the
central west Greenland kimberlites
and lamproites, small corrections to the measured 40Ca/
42Ca ratios for in situ decay of 40K have been
applied, but these corrections are within the
analytical error of the measurements
(i.e. the
maximum correction applied to the measured
4oCa/42Ca is -0.023, for Greenland lamproite
5622). The results given in Table V indicate that

the Western Australian,
Spanish and Gaussberg samples possess 40Ca/42Ca ratios which are
within error of the value obtained for the MidAtlantic Ridge basalt (and are therefore indistinguishable
from the mantle value). The average +,-value and standard deviation of the 4
analyses obtained for the Greenland kimberlites is + 2.68 + 0.53. If it is assumed that there
is no statistically significant isotopic variation
present in any of the 45 Ca isotopic analyses
given in Tables II-IV, a “Student’s t” statistical
analysis indicates that the four age-corrected
Ca isotopic analyses of the Greenland kimberli$es belong to a statistically different popula&on at the 95% confidence level (t = 2.05 for 47
degrees of freedom). Furthermore,
the age-corrected 4oCa/42Ca ratios for the two central west
Greenland lamproites analysed are also significantly more radiogenic than the total sample
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V

Calcium isotopic data for potassic and kimberlitic
Sample
No.

cam)

K
@pm )

WESTERN

40K/42Ca

rocks

43Ca/44Ca

40ca/42Ca’*2’

Number
of blocks

E&(O) (*3)

cCa(*4)

bpm)

AUSTRALIAN

LAMPROITES

(20 Ma):

WAL-10

77,600

27,020

0.054

0.064844 f 0.000015

151.095f0.016

(13)

+1.1

+1.1

WAL-14

75,100

22,500

0.062

0.064873 rk 0.000015
0.064840 + 0.000025

151.070 f 0.014
151.121 kO.019

(18)

-0.5
+2.9

+1.1

(25)

WAL-15

33,400

35,100

0.018

0.064860 I! 0.000005
0.064865 f 0.000004

151.069 f 0.005
151.074 + 0.004

(2.2)
(23)

-0.6
-0.3

-0.4

WAL-20

35,100

32,200

0.020

0.064851+ 0.000005
0.064879 f 0.000011

151.072 f0.025
151.076+0.009

(35)
(10)

-0.4
-0.1

-0.3

WAL-25

72,460

41,300

0.033

0.064857 k 0.000005
0.064859 f 0.000067

151.093 _+0.006
151.111_+0.027

(15)
(3)

+ 1.0
+2.2

+ 1.6

82-27

0.064852 f 0.000005
0.064843 f 0.000008

151.087?0.006
151.065 50.012

(19)
(7)

+0.6
-0.9

-0.1

82-30

0.064857 + 0.000011

151.097_+0.014

(8)

+ 1.3

+ 1.3

0.064854 f 0.000005
0.064854 _+0.000009

151.078 + 0.010
151.082 -+ 0.012

(9)
(10)

0
+0.3

+0.1

0.052

0.064861 f 0.000003

151.078f0.004

(25)

0

0

GAUSSBERG

SPANISH

(ANTARCTICA)

LAMPROITES

LEUCITITES

(0 Ma):

(8 Ma):

SP-034
SP-049
CENTRAL

56,800

20,500

WEST GREENLAND:

Kimberlites

(587 Ma):

5508

23,600

69,900

0.0063

0.064857 _+0.000005
0.064841-+ 0.000007

151.108~0.017
151.126+0.009

(7)
(20)

+2.0
+3.2

+2.7

5973

18,800

85,900

0.0041

0.064843 + 0.000013
0.064854 + 0.000007

151.124+0.013
151.1161f:O.O09

(15)
(15)

+3.0
+2.5

+2.9

Lamproites

(1227 Ma):

5611

52,000

64,200

0.015

0.064846 _+0.000009
0.064851+ 0.000007

151.150~0.014
151.163 f0.009

(13)
(15)

+4.8
+5.6

+4.9

5622

51,900

35,900

0.027

0.064858 f 0.000020
0.064849 k 0.000005

151.124_+0.016
151.163 fO.O1O

(15)
(5)

+3.0
+5.6

+3.4

(*l)K and Ca concentration data from Scott (1979), Venturehi et al. (1984) and Jaques et al. (1986).
(“)Batios normahsed to 42Ca/“Ca = 0.31221. Based on multiple analyses of the Tridacna Ca standard, the external precision
is + 0.028 or -+ 1.9 eCaunits (95% confidence) for MCa/42Ca. Individual analyses represent separate mass spectrometry runs
of new loads. Within-run
precision (at 95% confidence) shown as an indication of run quality.
(‘3’ec.(0)

= [{ (‘OCa/42Ca)-,,,,-151.078}/151.078]

X10’

(*4)~Ca calculated using the average value of duplicated
parameters; d x=0.5543*10-’
a-l, A,-/1,=0.8952,
42Ca=151.078.

40Ca/‘2Ca ratios, the ages indicated and the following additional
mantle K/Ca (atomic) =O.Ol and present-day
mantle *Ca/
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of 45 analyses given in Tables II-IV at the 99%
confidence level (t = 3.33 for 47 degrees of
freedom).

predominantly
of Proterozoic age or younger,
the 4oCa/42Ca ratios of the gypsum samples are
significantly
more radiogenic than the mantle
value. Furthermore,
a positive correlation exists between 87Sr/86Sr and the mean 4oCa/42Ca
values obtained for the gypsum samples (Fig.
3).
Ca isotopic data for elastic sediments from
the Archaean Mt. Narryer region of Western
Australia are given in Table VII. The pelite
sample AUShas a high K,O/CaO ratio (see
Table I), accompanied by a highly radiogenic
4oCa/42Ca ratio (i.e. eCa(0) z + 25). Pelite sample AUSpossesses an tea (0) of + 2.9, which
is within error of the MORB sample. The

4.4. Chemical and elastic sediments from
ancient terrains
Ca isotopic results obtained for gypsum samples from selected Australian Proterozoic and
Archaean terrains are given in Table VI. The
gypsum samples possess radiogenic 87Sr/s6Sr
values (i.e. from 0.7104 to 0.7461; see Table VI),
suggesting that most of their Sr is derived from
the surrounding continental crust. Apart from
the Lake Frome sample, which is from a terrain
TABLE
Strontium

VI
and calcium isotopic data for gypsum samples

Sample
No.

87Sr/86Sr”l’

Lake Frome, South Australia
LF 8213

43Ca/44Ca
(Proterozoic

0.710388

0.064832 + 0.000020
0.064829 f 0.000032
0.064857 f 0.000003

0.718751

GY-185

0.725995

(Archaean

Lake Brown,
GY-127

0.730424

Western Australia

granitic

granitic

(Archuean

granitic

0.064855 f 0.000004
0.064856 f 0.000013
(Archaean

0.746118

tC aC.3)

151.112~0.022
151.123 kO.032
151.130 +0.009

(25)
(20)
(17)

+2.3
+3.0
+3.4

151.143 f0.012
151.137 +0.009

( 8)
(14)

+4.3
+3.9

151.142 kO.019
151.156 rt 0.012

( 5)
(10)

+4.2
+5.2

151.148+_0.006
151.153+0.017

(14)
( 9)

+4.6
+5.0

151.162f0.008
151.173 kO.010

(20)
(13)

+5.6
+6.3

basement):

basement):

0.064854 f 0.000009
0.064849 + 0.000005

Lake Moore (north side), Western Australia
GY-165

(Archuean

0.064880 sf:0.000012
0.064853 + 0.000005

Lake Yarra Yarra, Western Australia

Number
of blocks

basement):

Lake Gilmor (south side), Western Australia
GY-207

40ca/42ca'*2

granitic

basement):

basement):

0.064843 +_0.000009
0.064850 zk0.000007

“i)Sr isotope data from M.T. McCulloch and A.R. Chivas (un$iblished
data, 1988). Analytical error for s?Sr/@?Sr is
< & 0.00003 (95% confidence).
“2’Ratios normalised to 42Ca/“4Ca = 0.31221. Based on multiple analyses of the Tridacna Ca standard, the external precision
is f 0.028 or + 1.9 eCaunits (95% confidence) for 40Ca/42Ca. Individual analyses represent separate mass spectrometry runs
of new loads. Within-run
precision (at 95% confidence) shown as an indication of run quality.
(*3)eca= [{ (40Ca/42Ca),,,,-151.078}/151.078]

~10~
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TABLE VII
Calcium isotopic data for elastic sediments from the Mt. Narryer region, Western Australia
Sample
No.

Kc”)

cac*u

bpm)

hwd

mK/42Ca

Y!a/Y.!a

Number
of blocks

4oCa/42Ca"2)

%a

(9)

tCa('4)

(Gal

Pelites:

AUS-

29,700

AUS-

10,800

13,700

0.040

63,800

0.0032

117,300

0.00018

0.064866~0.000014
0.064856& 0.000015
0.064858~0.000004
0.064857~0.000002

151.427rtO.014
151.475f0.015

( 7)
( 5)

151.124+0.004
151.120+0.005

(19)
(11)

0.064857~0.000005
0.064846 f 0.000010

151.142 + 0.008
151.132 f 0.010

+23.1

4.39

+26.3
+3.0
+2.8

5.21

Calc-silicates:

AUS(“)K and
(“Qatios
precision
trometry

1,160

+4.2
+3.6

(9)

(5)

-

Ca concentration data from Table I.
normahsed to 42Ca/“Ca=0.31221.
Based on the multiple analyses of the Tridacna Ca standard, the external
is + 0.028 or + 1.9 eta units (95% confidence) for 40Ca/42Ca. Individual analyses represent separate mass specruns of new loads. Within-run
precision (at 95% confidence) shown as an indication of run quality.

(*3)~Ca= [{ (40Ca/42Ca)sample-151.078}/151.078]

X

lo4

calculated using the average value of duplicated 40Ca/42Ca ratios and the following additional
parameters;
lk=0.5543*10-g
a-‘, 1,-/1,=0.8952,
mantle K/Ca (atomic) =O.Ol and present-day mantle *Ca/42Ca= 151.078,
(*4)tCa

0.00

0.01

0.02

0.03

0.04

0.05

40~142~~

Fig. 3. 40Ca/42Ca vs. 8”Sr/ssSr for gypsum samples. All duplicated “Ca/42Ca analyses of the five gypsum samples agree
within their within-run
20 precision, which averages
_+0.014.

c,,(O)-value
ple AUSthe MORB

of +3.9 for the talc-silicate samis resolvably more radiogenic than
sample at the 20 level. The sedi-

Fig. 4. 40K/4zCa-40Ca>42Ca isochron diagram for sediments
from the Mt. Narryer region of Western Australia. 40K/
42Ca ratios have been calculated from the concentration data
given in Table I. Errors given on age date and initial mCa/
“Ca ratio are 1 standard deviation. Based on duplicate microprobe analyses, the error in mK/42Ca is estimated to
be<lO% (20).

ment K-Ca isotopic data define a K-Ca isochron (Fig. 4) indicating an age of 4.1850.12

“‘OK-‘%

RADIOGENIC

287

DECAY SCHEME

Ga ( la), with the pelite sample AUScontrolling the age.

largely

5. Discussion
5.1. Ocean-island

and idund-arc

lava3

Resolvable enrichments in *OCa, compared to
the mantle 4oCa/42Ca value, were not detected
in the ocean-island or island-arc lavas examined in this study. This result is perhaps not
surprising for the Hawaiian alkali basalt. However, the 87Sr/86Sr, 143Nd/144Nd and 18O/16O
isotopic characteristics
of the Banda arc lavas
(McCulloch
et al., 1982) provide convincing
evidence for the involvement
of substantial
amounts of crustal material in their generation.
The very radiogenic 87Sr/ssSr value obtained for
the highly-contaminated
Wetar rhyolite (i.e.
87Sr/86Sr=0.7203)
and the Timor Trough sediment ( 87Sr/86Sr = 0.7410; from Table III) suggests the involvement
of sedimentary detritus
predominantly
derived from an old continental
platform
(probably northwest Australia).
As
the results obtained for gypsum samples (Table
VI) and sediments derived from Archaean terrains (Table VII) suggest that sedimentary
material derived from old terrains may possess
elevated 4oCa/42Ca ratios, similar radiogenic Ca
isotopic compositions might be anticipated in
the Timor Trough sediment (and perhaps also
in the Wetar rhyolite).
However, the trough
sediment possesses a 4oCa/42Ca ratio which is
within error of the mantle value. A possible explanation for the unradiogenic 40Ca/42Ca ratio
of the trough sediment is that its Ca may have
been derived largely from seawater, or may have
exchanged with seawater Ca, as the Tridacna
Ca standard 40Ca/42Ca results suggest that seawater Ca is isotopically indistinguishable
from
mantle Ca. If this is the case, the radiogenic
87Sr/86Sr value of the sediment compared to the
seawater value indicates that this process has
not substantially
influenced the Sr isotope systematics of the sediment.

5.2. Carbonatites
The Ca isotopic results given in Table IV indicate that, with the possible exception of the
Ugandan Sukulu example, carbonatites generally possess Ca isotopic compositions which are
indistinguishable
from that of the Earth’s mantle. This conclusion supports the findings of the
study by Marshall
and DePaolo (1982), in
which Ca isotopic data for a single carbonatite
(from Mountain Pass, California, U.S.A.) were
given. Nelson et al. (1988) presented a model
advocating the derivation
of carbonatites
by
small degrees of partial melting (i.e. < 1% ) of
eclogitic sources derived from subducted, altered oceanic crust, which had in many cases
been stored within the Earth’s mantle for at
least 1 Ga. Based on differences between the
613C- and 6180-values of carbonatites and those
characteristic of the Earth’s mantle, it was also
suggested that some proportion of the carbonate may be of secondary origin, resulting from
low-temperature
interaction of the oceanic crust
with seawater. However, the Ca isotopic results
obtained for the Triducnu standard (see Table
II) indicate that the 4oCa/42Ca value of modern
seawater is identical within error to the value
determined for the Earth’s mantle (based on
the analysis of the Mid-Atlantic
Ridge basalt
sample). Therefore, the presence of secondary
Ca derived from seawater cannot be confirmed
by Ca isotopic analysis.
The significance of the radiogenic 4oCa/42Ca
value obtained for the Sukulu carbonatite
is
difficult to assess. As with other carbonatites,
the Sukulu carbonatite possesses an extremely
low K/Ca ratio (i.e. atomic K/Ca z 0.0003; from
Nelson et al., 1988) so if the radiogenic Ca is a
source characteristic,
a mechanism is required
(silicate-carbonate
segregation? ) to lower the
K20/Ca0
ratio from a relatively high value of
at+ast 1, necessary to evolve the measured eCa
of N 4 within a realistic time period (see Fig.
1 ), to this very low value. The Sr, Nd and Pb
isotopic characteristics of the Sukulu carbonatite (Nelson et al., 1988) suggest that it is un-
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likely that the radiogenic Ca resulted
tensive interaction of the carbonatite
surrounding continental crust.

from exwith the

5.3. Potassic igneous rocks
Because K is likely to be more incompatible
than Ca in most mantle mineralogies and crystal fractionation
may increase the K/Ca ratio,
the measured K/Ca ratios of the potassic igneous rocks probably provide a maximum estimate of that of their sources. Using the X-ray
fluorescence
spectrometry
determined
wt.%
K,O and CaO values and maximum possible
4oCa/42Ca ratios (i.e. the upper limit of the 95%
confidence error) for Ellendale olivine lamproites WAL-15 and WAL-20 indicate maximum possible model 40K-40Ca ages of N 1.55 Ga.
As the Pb isotopic compositions of the Western
Australian lamproites require significantly older
source ages (Nelson et al., 1986), the Ca isotopic data suggest that either the K/Ca ratio of
the lamproites has been increased recently (i.e.
during partial melting and extraction of the
lamproitic magmas from their sources) or that
most of the Ca in the lamproites has been derived from a different source to that from which
the K and the trace elements Nd and Pb were
derived.
The radiogenic *‘Sr/*Y3r values of the lamproites from southeastern Spain (i.e. from 0.717
to 0.721; see Nelson et al., 1986) indicate derivation from sources having long histories of high
Rb/Sr and, because of the similar geochemical
behavior of K/Ca and Rb/Sr ratios, presumably also high K/Ca. However, as with the
Western Australian and Gaussberg potassic lavas, the Spanish lamproites possess Ca isotopic
compositions which are indistinguishable
from
the mantle value. Nelson and McCulloch (1966)
have argued that a component
derived from
subducted sediments may be involved in the
genesis of potassic igneous rocks. In contrast
with the Western Australian and Gaussberg examples, for which it was argued that their
sources were stored and evolved largely within

AND M.T. McCULLOCH

the subcontinental
lithosphere, the Sr, Nd and
Pb isotopic characteristics of the Spanish lamproites suggest the involvement
of comparatively recently subducted sedimentary
material. Although
sediments derived from old
cratons may be expected to possess measurably
radiogenic Ca, when this radiogenic Ca enters
the marine environment,
it is likely to be diluted by mixing with unradiogenic marine Ca.
Furthermore,
mixing within the mantle with
unradiogenic mantle Ca is also likely to occur.
These processes may account for the unradiof the Spanish
ogenic 40Ca/42Ca ratios
lamproites.
The Ca isotopic data obtained for central west
Greenland kimberlites
and lamproites
(Table
V) indicate that these samples possess 40Ca/
42Ca ratios which are significantly
more radiogenic than the mantle value. Using the mean
wt.% K20/Ca0
value for the kimberlites from
Scott (1979; mean wt.% K20/CaO=
0.104) and
the mean 4oCa/42Ca ratio age-corrected using
the emplacement
ages of Smith (1979) (i.e.
eCa= + 2.56 2 0.95)) the Greenland kimberlites
have 40K-40Ca model ages of 5640 2800 Ma.
(Errors on model ages are insensitive to error
in the K/Ca ratio and have been calculated using the 95% confidence uncertainty
limits on
40Ca/42Ca measurements.)
If the measured
K,O/CaO ratios represent maximum estimates
for the source regions of the kimberlitic
and
lamproitic magmas (due to the greater incompatibility of K relative to Ca) , these model ages
represent the minimum time required for the
radiogenic Ca to evolve prior to emplacement of
the intrusions
(i.e. add emplacement
ages to
model ages to give the time from the present).
The Greenland kimberlite 40K-40Ca model ages
are older than the age of the Earth, indicating
that some proportion
of the radiogenic Ca is
unsupported.
The K/Ca ratios of the kimberlites or their sources must therefore have been
lowered at some time during their history. It is
likely that the Ca contents (and Ca/K ratios)
of the kimberlites have been increased by magmatic processes during their generation, possi-
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bly as a consequence of the greater solubility of
CO, in silicate melts at depths of w 25 kbar. UPb ion microprobe zircon ages of up to 3820 Ma
have been reported from a tonalitic Amitsoq
gneiss from the nearby Godthab region of
southern west Greenland (Kinny, 1986). Assuming that the kimberlite sources are this age
or younger, a wt.% K,O/CaO ratio of at least
0.286 + 0.102 is required for the measured *‘Ca/
42Ca ratio found in the kimberlites
( eCa=
+ 2.56 + 0.95) to have evolved within this time.
This estimate is considerably higher than the
average wt.% K,O/CaO ratio of 0.104 presently
found in the kimberlites.
A further surprising feature of the Ca isotopic results obtained for the Greenland kimberlites is that their radiogenic Ca is not accompanied by radiogenic Sr isotopic compositions,
as might be anticipated from consideration
of
the similar geochemical behavior of K and Rb
and of Ca and Sr. Sr and Nd isotopic analyses
of six kimberlite
samples (including the two
samples examined in this study) indicate initial 87Sr/86Sr ratios between 0.7028 and 0.7033
and initial rhld-values between + 1.3 and + 3.9
(Nelson, 1989). The Sr and Nd isotopic compositions of the kimberlites therefore resemble
those of carbonatites and some OIB (see also
discussion in Nelson et al., 1988). Although the
radiogenic Ca of the kimberlites may be due to
interaction
with the upper continental
crust,
either during or following emplacement,
the
unradiogenic
Sr and radiogenic Nd isotopic
compositions of the kimberlites are not consistent with this proposal. One possible explanation for these apparently conflicting Ca, Sr and
Nd isotopic characteristics
is that the majorelement components (including Ca) and traceelement components (including Sr and Nd) of
the kimberlites have been derived from different sources. McKenzie (1985) argued that carbonate-rich,
low-fraction
melts may scavenge
incompatible trace elements from large regions
of the mantle which are not directly involved in
the generation of the bulk silicate magma. It is
conceivable that the kimberlite major elements

may have been derived from ancient sources
with relatively high K/Ca but low abundances
of trace elements such as Sr and Nd, probably
located within the subcontinental
lithosphere,
whereas the trace elements may have been introduced from an OIB plume source located
within the asthenosphere.
Model *OK-*‘Ca ages for Greenland lamproite samples 5611 and 5622 are 349O?*g and
238O+;g Ma, respectively. Using the average
lamproite wt.% K,O/CaO
ratio of 1.35 (the
mean of four lamproite analyses given by Scott,
1979) and the mean measured lamproite *OCa/
42Ca ratio (cc*= + 4.77 2 0.95)) the *OK-*‘Ca
model age is 2400?;;:
Ma. This model age is
N 1200 Ma older than the emplacement age of
the lamproites. If the greater incompatibility
of
K relative to Ca caused an increase in the K/
Ca ratio during generation of the lamproite
magmas, this model age will underestimate
the
time required to generate the observed radiogenic 4oCa/42Ca ratios. The lamproite 40K-40Ca
model ages are in general accord with model ages
inferred from their 147Sm-143Nd isotopic systematics (Nelson, 1989). The *OK-*‘Ca and
147Sm-‘43Nd isotopic systematics of the Greenland lamproites therefore do not require the
derivation of their major- and trace-element
components
from sources which have undergone different evolutionary histories.
5.4. Chemical and elastic sediments from old
terrains
The Ca isotopic results obtained for gypsum
samples provides unequivocal
evidence that
most of the Ca within the gypsums has not been
derived directly from the oceans. Sulphur isotopic analysis of the gypsum samples indicates
that they possess 834S-values of between + 16
9
+20%0 (A.R. Chivas and B. Lyons, pers.
commun., 1988). By contrast, Donnelly et al.
(1977) analysed sulphides in 52 sedimentary
rock samples from the Archaean Yilgarn Block
for their sulphur isotopic compositions
and
found that the sediments possessed 634S-values
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between -7.6 and +5.2%0. These authors argued that the sulphide within the sediments was
predominantly
of magmatic origin and was
probably precipitated
from hydrothermal
solutions. The bulk of the sulphate in the gypsum
samples therefore could not be derived from the
surrounding
continental
crust, but may have
been carried inland, in rainwater or as aerosol,
from the oceans, possibly in the form of dilute
sulphuric acid. Alternatively, the gypsums could
have formed by the evaporation of brines trapped within inland lakes if the sulphate concentration in the brines was substantially
higher
than the Ca concentration. Most of the Ca could
then have been derived by interaction with the
surrounding upper crust.
Assuming that most of the Sr and Ga within
the gypsum samples has been derived from the
surrounding crustal catchment and that the Sr
and Ca isotopic characteristics
of the gypsums
represent average values for the region, the relationship between the average K/Ca and Rb/
Sr ratios of the crustal catchment can be determined. This relationship
is shown in Fig. 5, in
which the curves represent the loci of 87Rb/86Sr
and 40K/42C!a ratios required in order to evolve
the observed 87Sr/86Sr and 40Ca/42Ca values.
These ratios are also dependent on the regional
mean crustal residence time, or the time at
which the crust differentiated
from the Earth’s
mantle. The curves have been calculated assuming that the continental
crust was extracted, during single short-lived
differentiation events, from a mantle having a constant
87Rb/86Sr of 0.090 and present-day 87Sr/86Sr of
0.7048 (corresponding
to an 87Sr/86Sr of 0.699
at 4.55 Ga). For reasonable crustal residence
times of between 1.5 and 4.0 Ga, the gypsum
samples require 40K/42Ca and 87Rb/86Sr ratios
of 0.01-0.08 and 0.2-2.0, respectively, corresponding to K,O/CaO and Rb/Sr ratios of 0.463.70 and 0.07-0.70, respectively. These K20/
CaO and Rb/Sr ratios are respectively -5.544 and - 2-22 times the corresponding
values
of the Earth’s mantle (i.e. mantle K20/Ca0
w 0.08 and Rb/Sr z 0.031). A narrower range
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Fig. 5. Curves of possible 81Rb/ffiSr and “K/%a
values for
the crustal catchment %r/%r
and 4oCa/42Ca ratios represented by the gypsum samples. The curves have been calculated assuming that the continental crust differentiated
from a mantle with s7Rb/?3r AL.090, 40K/42Ca=0.00018,
present-day s7Sr/8BSr=0.70478
and present-day ?a/
42Ca=151.078. The ticks on the curves are crustal residence times corresponding to the *7Rb/BBSr and MK/42Ca
ratios. The curves for the five gypsum samples do not intersect, indicating that the crustal catchments have had
unique histories of (K/Ca) / (Rb/Sr ).

of 40K/42Ca and 87Rb/86Sr values for each gypsum catchment can also be determined from Fig.
5 if the crustal residence time is estimated from
the regional field geology. As mixing with mantle- or seawater-derived
Sr and Ca will reduce
the observed 4oCa/42Ca and 87Sr/86Sr values of
the gypsums, the calculated K,O/CaO and Rb/
Sr ratios probably represent minimum
estimates of the values required to evolve the Ca
and Sr isotopic characteristics of the surrounding crust. The curves for the gypsum samples
do not intersect, indicating that the crustal regions sampled by the gypsums have undergone
unique histories of (K/Ca)/
(Rb/Sr). A minimum range of 0.2-0.7 for 87Rb/86Sr is indicated
for the 5 continental crustal regions examined.
The Ca isotopic results obtained for the Mt.
Narryer elastic sediments (see Table VII) demonstrate that substantial
radiogenic enrichments in 4oCa may occur in pelitic sediments
from ancient terrains. However, the results also
suggest that the K-Ca isotope system has not
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remained closed. Although Froude et al. ( 1983 )
reported ion microprobe U-Pb zircon ages of
4.1-4.2 Ga from the Mt. Narryer region, these
authors argued that the sediments hosting these
old zircons are unlikely to be older than N 3.5
Ma. The three-point K-Ca isochron age date of
4.2 Ga defined by the Mt. Narryer sediments
(Fig. 4) is therefore unlikely to represent the
depositional age of the sediments. The slope of
this isochron is largely controlled
by pelite
sample AUS-52, which has an unrealistically old
40K-40Ca model age of 4.39 Ga (Table YII).
Furthermore,
the other Mt. Narryer sediments
analysed have either unrealistically
old (i.e.
AUS-75; the error on this 40K-40Ca model age
is large because of the low K/Ca ratio) or undefined (i.e. AUS) 40K-40Ca model ages, indicating that there has been some re-mobilisation of K and/or Ca.
The results obtained for the Mt. Narryer sediments suggest that although substantial enrichments in 4oCa may be generated in sufficiently ancient pelitic sediments, the mobility
of K and/or Ca may limit the potential usefulness of the K-Ca decay scheme as a means of
dating sediments by either of the K-Ca isochron and model age methods.
6. Conclusions
This study has demonstrated
that, using relatively simple chemical and mass spectrometry
procedures, the K-Ca method can be successfully applied to a variety of petrogenetic
and
geochronologic problems. In the case of its application to igneous rocks, it has been shown
that the K-Ca isotope system can provide valuable petrogenetic information which cannot be
obtained by other techniques.
The 4oCa/42Ca results obtained for all rock
types examined in this study are summarised in
Fig. 6. The main conclusions which can be
drawn from the results of this study are:
(1) The 4oCa/42Ca ratio of the Ca isotopic
standard prepared from a TF~~UCIUZgigas shell
is indistinguishable
from the value measured in

151.4 -

Fig. 6. Summary of 40Ca/42Ca results for various rock types
examined during this study. The horizontal lines delimit
the 217~ limits of the mantle value (as given by the midocean ridge basalt analysis). Error bars give 20,,,- limits
for each sample.

oceanic basalts. This implies that the 4oCa/42Ca
ratio of modern seawater is identical, within the
levels of precision presently attainable, to that
of the Earth’s mantle.
(2) Relative to the Famous-area MORB, no
measurable enrichments in 4oCa were detected
in either the Hawaiian OIB, the Banda and
Aleutian island-arc talc-alkaline
lavas or the
Banda arc trough sediment. Application
of the
40K-40Ca decay scheme to the identification
of
recycled crustal material in island-arc
and
ocean-island lavas is likely to be hindered by
the buffering of any radiogenic Ca derived from
the upper contental crust by unradiogenic marine- and/or mantle-derived
Ca.
(3) Carbonatite
samples from nine carbonatite complexes possess 40Ca/42Ca ratios which
are statistically indistinguishable
from those of
oceanic basalts. The results obtained for one
carbonatite sample, from the Ugandan Sukulu
complex, suggest that the carbonatite may possess a small enrichment in 40Ca.
(4) Relatively undifferentiated
lavas from the
wstern
Australian,
Gaussberg and Spanish
potassic suites possess 4oCa/42Ca ratios which
are analytically indistinguishable
from the value
found in oceanic basalts and carbonatites. This
suggests that either: (a) the K/Ca ratio of the
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magmas was increased substantially
during
partial melting, melt extraction and/or differentiation, or (b) the Ca in the magmas has been
diluted by mixing with non-radiogenic
Ca derived from other sources.
(5) Resolvable enrichments
in 4oCa abundance are present in kimberlitic
and potassic
dykes from central west Greenland. In the case
of the Greenland kimberlites,
the radiogenic
4oCa/42Ca is unsupported,
with the K,O/CaO
ratio of the kimberlites being N f of the value
required to generate the 40Ca enrichment.
As
the radiogenic 4oCa/42Ca is not accompanied by
radiogenic 87Sr/s%r or unradiogenic
143Nd/
144Nd, it is likely that the kimberlite major- and
trace-element
components
have been decoupled, with much of the major elements possibly
derived from the subcontinental
lithosphere of
the Greenland craton and the trace elements
derived from some other source (possibly located in the asthenosphere;
see discussion in
Nelson et al., 1988). The radiogenic 40Ca/42Ca
ratios found in the central west Greenland lamproites are consistent with their derivation from
subcontinental
lithospheric sources which have
undergone enrichment in K and the incompatible trace elements at least -2 Ga ago and at
least 1 Ga prior to their emplacement.
(6) Chemical and pelitic elastic sediments
from ancient (Archaean and Early Proterozoic ) terrains possess substantial enrichments
in 40Ca relative to oceanic basalts. The Ca in
gypsum samples from Western Australian
evaporite deposits has largely been derived from
the surrounding crustal basement. The results
obtained for the pelitic sediments indicate that
the 40K-40Ca isotope system has not remained
closed.
Apart from the insights offered by its application as a petrogenetic tracer to the genesis of
highly potassic igneous rocks, perhaps the most
promising future application of the 40K-40Ca
isotope system is suggested by the results obtained for crustal rocks from ancient terrains.
In particular, when applied in conjunction with
other stable and radiogenic isotope systems, the
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40K-40Ca system may prove useful in the examination
of intra-crustal
weathering
processes and recycling rates.
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