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ABSTRACT 

Rudnick, R.L., 1990. Nd and Sr isotopic compositions of lower-crustal xenoliths from north Queensland, Australia: Im- 
plications for Nd model ages and crustal growth processes. In: B.K. Nelson and Ph. Vidal (Guest-Editors), Development 
of Continental Crust through Geological Time. Chem. Geol., 83:195-208. 

Sr and Nd isotopic analyses of granulite-facies lower-crustal xenoliths from northern Queensland, Australia, fall on a 
mixing array on a 87Sr/S6Sr vs. 143Nd/144Nd diagram at 300 Ma. This was a time of intense orogeny in northern Queens- 
land, attended by granitic magmatism in the upper crust and granulite-facies metamorphism in the lower crust. Ion micro- 
probe zircon dating indicates that most of the xenoliths formed at this time. The Sr and Nd isotopic compositions of these 
rocks are therefore interpreted to have resulted from large-scale mixing in the lower crust between mantle-derived basaltic 
melts and isotopically evolved, early Proterozoic continental crust. Both end-members are represented in the xenolith 
suite. Depleted-mantle Nd model age (tDM ages) for meta-igneous granulite xenoliths having appropriate J47Sm/t44Nd 
(i.e. between 0.12 and 0.15) range from 1.9 to 2.2 Ga for mafic melt-like xenoliths and 1.2 to 1.4 Ga for felsic melt-like 
xenoliths. However, zircon ages on these same samples show that their protoliths crystallized during the Permo-Triassic 
orogeny. Thus the old tDM ages for the mafic xenoliths do not accurately reflect their crustal residence ages, possibly due to 
crustal assimilation or their derivation from an enriched mantle source. This is a common feature of mafic granulite 
xenoliths the world over and highlights the difficulty in determining the age of mafic underplates, hence the timing of 
crustal growth, from tDM ages. Because the felsic melt-like xenoliths lie on the mixing array, their mid-Proteozoic tDM ages 
are likely to have resulted from mixing and therefore represent an average crustal residence age. The combined data suggest 
that significant crustal growth and reworking occurs in the lower crust during Phanerozoic crustal orogenies. 

I. Introduction 

Study of granulite-facies xenoliths brought 
rapidly to the Earth's surface by mafic volcan- 
ics can help to define the age of the lowermost 
continental crust, its chemical and isotopic 
composition and important crustal growth 
processes. Generally such far-ranging topics 
can only be addressed through careful, inte- 
grated studies of xenoliths in which petro- 

*Present address: The Research School of Earth Sciences, 
The Australian National University, G.P.O. Box 4, Can- 
berra, A.C.T. 2601, Australia. 

graphic, petrologic, geochemical and isotopic 
data are combined. 

This paper presents new Sr and Nd isotopic 
data and some mineral trace-element data for 
a suite of lower-crustal xenoliths from the 
McBride volcanic province of north Queens- 
land, Australia. Petrography, thermobarome- 
try, mineral chemistry, major- and trace-ele- 
ment whole-rock chemistry and U-Pb zircon 
ion probe results for these xenoliths have pre- 
viously been published by Rudnick and Taylor 
(1987) and Rudnick and Williams (1987). 
The new Sr and Nd isotopic measurements on 
samples for which protolith and metamorphic 
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ages have previously been determined allow: 
( 1 ) evaluation of  the significance of  Nd model 
ages for lower-crustal xenoliths; (2)  evalua- 
tion of  processes that form or modify the lower 
continental crust; and (3)  characterization of 
the isotopic composition of the lower crust in 
a Phanerozoic continental margin. 

2. Sample description and previous work 

The xenoliths investigated here come from a 
young ( < 3 Ma) basaltic vent (Hill 32) in the 
McBride volcanic province of northern 
Queensland, Australia. Earlier papers by Rud- 
nick and Taylor ( 1987 ) and Rudnick and Wil- 
liams ( 1987 ) report the geological setting, pe- 
trography, mineral chemistry, major- and trace- 
element chemistry and zircon ion microprobe 

results for these rocks, and only the pertinent 
features will be reviewed here. Additional Sr 
and Nd isotopic results for another suite of  
granulite xenoliths from the same vent are re- 
ported in Stolz and Davies ( 1989 ). 

The McBride volcanics erupted onto a chro- 
nologically diverse crust: the oldest exposed 
rocks are Proterozoic granites and amphibo- 
lite-facies metamorphics of  the Georgetown 
Inlier (Black et al., 1979 ). 400 Ma ago granites 
intruded the southern margin of the inlier, 
320-270 Ma ago extensive silicic ash flows 
erupted and high-level granites intruded the 
upper crust (Black, 1980; Black and Mc- 
Culloch, 1990). No further magmatic activity 
occurred until the late Cenozoic, when the 
tholeiitic and alkalic basalts of  the McBride 
province were erupted. 

TABLE 1 

Age, P - T  conditions, geochemical features and inferred petrogenesis of McBride xenoliths 

Sample P-T  conditions Zircon ages 
No. 

T P 
(°C) (GPa) 

Geochemical features 

Pyroxenorich cumu&tes: 

83-158 900-1,000 
85-106 890-1,070 

Maficmel~: 

85-100 960-1,000 
85-108 81-860 
85-120 860-910 

Maficrestitutes/cumu&tes: 

83-159 840-920 
85-107 680-760 
85-114 830-910 

Metasec~ment: 

83-157 630-800 

1.1 no zircons observed 
no zircons observed 

0.8 
250-400 Ma, Proterozoic xenocrysts 
no zircons osberved 
200-340 Ma 

300 Ma, 1,570 Ma 
220-320 Ma 
no zircons observed 

46% < SiO2 < 47%; 
LREE depleted 

SiO2 < 52%; 
LREE enriched; 
negative or no Eu anomaly 

41% < SiO2 < 53%; 
LREE enriched; 
positive Eu anomaly 

0.8- 220-270 Ma, 1,570 Ma SiO2 = 55%; 
1.0 PAAS-like REE pattern; 

high A1203 / (Na20 + CaO) 

Felsic (melt-like) granulites: 

83-160 740-900 0.9- 200-300 Ma 
83-162 1.2 200-300 Ma 

64% < SiO2 < 67%; 
LREE enriched; 
negative or no Eu anomaly 

LREE = light rare-earth elements; PAAS = post-Archean Australian shale (Taylor and McLennan, 1985 ). 
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The composition and inferred petrogenesis, 
P-T equilibration conditions and ages of the 
McBride granulite-facies xenoliths are sum- 
marized in Table I. The xenoliths range from 
felsic to mafic compositions and include me- 
tasedimentary types. As was shown by zircon 
ion probe ages (Rudnick and Williams, 1987), 
the xenoliths underwent high-grade metamor- 
phism during the Permo-Triassic (300-200 
Ma), broadly coincident with the eruption of 
the felsic volcanics. Most of the granulite pro- 
toliths are also Permo-Triassic in age. How- 
ever, two samples (metasediment 83-15 7 and 
mafic restite 83-159) have Proterozoic crystal- 
lization ages and Permo-Triassic metamorphic 
ages. The Proterozoic age ( ~ 1570 Ma) corre- 
sponds to that of granite intrusion and meta- 
morphism in the Georgetown Inlier. Several 
samples also contain older, xenocrystic (85- 
100) or inherited (83-160) zircons. 

3. Analytical techniques 

The general chemical procedure for separat- 
ing Rb, Sr, Nd and Sm is slightly modified from 
that described by White and Patchett (1984). 
Totally spiked rock powders were dissolved in 
HF and HNO3 in Teflon ® bombs for a period 
of 4-11 days in order to assure total dissolu- 
tion of accessory phases. After bomb dissolu- 
tion samples were treated with HC104, then 
rare-earth elements (REE) and Sr were sepa- 
rated on cation-exchange columns and Sm was 
separated from Nd on HDEHP*-Teflon ® 
powder columns. 

Hand-picked mineral separates from 83-15 7 
were analyzed for trace elements by spark- 
source mass spectrometry at the Australian 
National University. Analytical details are 
given in Rudnick and Taylor ( 1987 ). 

4. Results 

Sr and Nd analytical data are reported in Ta- 
ble II. The present-day Sr and Nd isotopic 

*Hydrogen di-ethylhexyl phosphate.  

compositions are widely variable and broadly 
correlate with major-element composition and 
inferred petrogenesis listed in Table I (Fig. 1 ). 
Thus the two mafic, pyroxene-rich cumulates 
have the most primitive isotopic compositions 
(ENd= +4.8 to +6.4 and 87Sr/a6Sr=0.7039- 
0.7052) and the two Proterozoic rocks [meta- 
sediment (83-157) and mafic restite (83- 
159) ] have the most evolved isotopic compo- 
sitions (eNd=--17.8 and -14.6 and 87Sr/ 
86Sr= 0.7236 and 0.7130, respectively). Lying 
isotopically between these two end-members 
are the Paleozoic mafic melts and restites/cu- 
mulates. The Paleozoic felsic melts plot at 
higher 87Sr/a6Sr for a given eNd than the Paleo- 
zoic mafic melts and restites/cumulates (Fig. 
l). 

Table III gives trace-element concentrations 
for plagioclase, biotite and garnet separates 
from metasedimentary xenolith 83-157; REE 
patterns for the minerals and whole rocks are 
plotted in Fig. 2. In general, the overall con- 
centrations of REE and REE patterns are sim- 
ilar to those reported for minerals in granulite 
xenoliths measured by ion microprobe (Reid, 
1990). Plagioclase is enriched in light REE 
(LREE) and Eu whereas the coexisting garnet 
is depleted in Eu and is heavy REE (HREE) 
-enriched.The slight LREE enrichment seen in 
the garnet may be due to the presence of LREE- 
enriched inclusions such as monazite, al- 
though no monazite has been observed in thin 
sections of this sample. High Th concentration 
in the garnet and high Th/U ratio also suggest 
the presence of a phase such as monazite. These 
mineral data suggest equilibrium partitioning 
of the REE between the garnet and plagioclase. 
Preliminary isotopic analyses of these same 
mineral separates yield a garnet-plagioclase- 
whole rock Sm-Nd internal isochron of 
212_+50 Ma (R.L. Rudnick and W.F. Mc- 
Donough, unpublished data, 1988 ) and a pla- 
gioclase-whole-rock 2°6pb/E°4pb age of ~ 240 
Ma (Rudnick and Goldstein, 1990). Both of 
these ages overlap with the metamorphic zir- 
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0.5135 
t - O M a  

0.5130 ~ ~ -  Pyroxene cumulates 
"o r ~ Felsic melts 

z 0'5125 ~ 0 ~ - . ~  ¢ ~  Stolz & 
~ ÷ * m,, ~"'~avies, 1989. 

~ 0.5120 Mafi~ melts ~ ~ , ~  

_ 

0.5115 . Metasediment 
Restites/Cumulates 

0.5110 ' ' ' 
0.70 0.71 0.72 0.73 

87 Sr/ 86 Sr 

Fig. 1. Present-day Sr and Nd isotopic compositions of 
McBride province lower-crustal xenoliths, with different 
compositions designated. Also shown are data from Stolz 
and Davies (1989).  Parameters for bulk Earth are: SVSr/ 
S6Sr=0.7045, 143Nd/144Nd = 0.512638. 

+10 

0 

_i0 ~-]~d 

-20 

TABLE III 

Trace-element composition of minerals from 83-157 

Plagioclase Garnet Biotite Whole 
rock 

Rb 0.47 0.54 222 3.0 
Sr 2,500 5.7 53 276 
Y 0.41 132 3.4 35 
Zr 33 204 65 381 
Nb 0.55 0.82 3.4 6.6 
Mo 0.04 0.22 9.6 1.5 
Cs 0.09 0.41 2.2 - 
Ba 900 24 - 445 
La 56.2 5.0 50.2 33.2 
Ce 91 10.6 104 66.1 
Pr 5.83 1.43 13.6 7.25 
Nd 14.2 10.5 53 29.7 
Sm 1.46 12.3 17.0 6.46 
Eu 3.7 0.87 8.5 1.61 
Gd 0.74 18.1 12.9 6.20 
Tb 0.06 3.40 1.51 - 
Dy 0.27 22.6 4.95 6.74 
Ho 0.04 5.56 0.46 1.40 
Er 0.09 16.7 0.55 3.90 
Yb 0.04 17.1 0.05 4.08 
H f  0.93 4.75 9.2 9.1 
W 0.08 0.47 40.7 - 
Pb 13.7 1.1 24.4 8.3 
Th 0.05 1.79 1.12 1.14 
U 0.02 0.16 0.68 0.37 

con age of 250__+50 Ma (Rudnick and Wil- 
liams, 1987). If these mineral data can be gen- 
eralized to the whole xenolith suite, they 
suggest that minerals in the McBride samples 

10o0 
83-157 Minerals 

a Whole rock 

x: 10 • Plagioclase 

+ Garnet 

~" 1 • Biotite 

[3.1 , , i 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Fig. 2. REE patterns for plagioclase and garnet mineral 
separates from metasedimentary xenolith 83-157, com- 
pared with whole-rock pattern. Chondrite values from 
Taylor and McLennan (1985). 

last equilibrated ~ 250 Ma then cooled slowly, 
passing below the Sm-Nd and U-Pb blocking 
temperatures in the early Mesozoic. 

5. Sample heterogeneity 

Both orthopyroxene-rich and garnet-rich 
layers are found in several of the McBride 
xenoliths (Rudnick and Taylor, 1987). This 
layering may or may not be a primary feature 
of the rock (e.g., Johannes and Gupta, 1982; 
Toriumi, 1986), nevertheless, it can have a 
profound effect on the whole-rock composi- 
tion if  the sample size is small in relation to the 
layering and preferential sampling of certain 
minerals occurs. This is a particularly impor- 
tant problem in studies of crustal xenoliths, 
where sample sizes are small but grain sizes are 
large and mineralogical banding common. 

The effects of unrepresentative sampling on 
isotopic compositions and parent/daughter 
ratios will depend upon: 

( 1 ) How enriched a mineral phase is in the 
xenoliths sample relative to its modal abun- 
dance in a more representative whole rock. 

(2) The partition coefficients of the parent 
and daughter elements in the enriched mineral 
relative to the other minerals. 

(3) The degree of isotopic disequilibrium 
between mineral phases (i.e. how long the 
minerals have remained below their blocking 
temperatures for REE, Rb and Sr). 
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In the McBride suite, orthopyroxene enrich- 
ment is seen both petrographically and chemi- 
cally in mafic xenolith 85-100 and garnet en- 
richment is observed in felsic xenolith 83-162 
(Rudnick and Taylor, 1987). Because ortho- 
pyroxene contains very low abundances of both 
REE and Rb and Sr (e.g., Loock et al., 1990) 
orthopyroxene enrichment will simply dilute 
the concentrations of parent and daughter iso- 
topes in the whole-rock analysis; it will not 
cause significant fractionation of parent/ 
daughter isotope ratios and it should not sig- 
nificantly affect the whole-rock isotopic 
composition. 

In contrast, garnets in granulite-facies rocks 
may contain significant amounts of REE, al- 
though Rb and Sr contents are low (Reid, 1989; 
Loock et al., 1990; see Table III). HREE are 
enriched in garnets relative to the whole rock, 
causing a garnet-enriched sample to have a 
h i g h e r  147Sm/144Nd ratio than the true whole 
rock. The effects of garnet enrichment on the 
~43Nd/'44Nd ratio will depend heavily on the 
degree of isotopic disequilibrium between this 
mineral and the remainder of the rock. If the 
minerals are in isotopic equilibrium at the time 
of eruption, then the 14aNd / 144Nd ratio will not 
be affected. If the minerals are in isotopic dis- 
equilibrium (due to radiogenic growth after the 
sample cooled below its blocking tempera- 
ture ), then the effects of garnet enrichment will 
be influenced by the time at which the sample 
passed below its blocking temperature. 

Of the samples measured here, only 83-162 
shows obvious garnet enrichment ( ~  10% 
based upon the degree of HREE enrichment 
and K20 depletion; Rudnick and Taylor, 
1987 ). If the minerals in this sample cooled to 
below their blocking temperature at ~ 250 Ma 
ago, as suggested by the mineral analyses for 
83-157, then the present whole-rock 1475m/ 
144Nd and 143Nd/144Nd c a n  be used to calcu- 
late a reliable 143Nd/144Nd ratio at 250 Ma. 
However, any extrapolation of data beyond 
that time is erroneous. This is reflected in the 
high 147Sm/144Nd and the consequently unrea- 

+ 1 0  t l  

E N d  0 

Inc rea sed  S m / N d  ~ ~ ~ ~ ~ ~ ~ ~ 

F I I I 
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T i m e  ( G a )  

Fig. 3. Time (Ga) vs. eNd showing effects of late fraction- 
ation of Sm/Nd ratio on depleted-mantle model ages. 
Rock with a depleted-mantle model age of ~ 1.2 Ga (h)  
evolves with a 147Sm/N4Nd ratio of ~ 0.12 until time t2 
( ~ 300 Ma). At this point the Sm/Nd ratio is either in- 
creased [ due to concentration of garnets in layers (meta- 
morphic differentiation), partial melt extraction or crys- 
tal accumulation from melt] or decreased (due to 
fractionation or garnet depletion caused by layer segrega- 
tion). The resulting tDM age is either too old ( i fSm/Nd is 
increased) or too young (if Sm/Nd is deceased). Note 
the large effect on tDM ages when the Sm/Nd ratio is rel- 
atively recently increased. Such a recent Sm/Nd fraction- 
ation explains the very old tDM age for felsic xenolith 83- 
162. 

sonably old tDM age for this sample (4.3 Ga, 
Table II) and is schematically illustrated in Fig. 
3. If, on the other hand, the model age is cal- 
culated assuming a 147Sm/144Nd whole-rock 
ratio of0.120 before 300 Ma, similar to that of 
a variety of granites and sediments, the result- 
ing tDM ( 1.2 Ga) is similar to that of the other 
Paleozoic felsic granulite (83-160). 

6 .  D i s c u s s i o n  

6.1. Crust-mantle mixing 

Based on the zircon ages given in Rudnick 
and Williams (1987), the protoliths of many 
of the McBride xenoliths formed between 300 
and 200 Ma ago and all underwent granulite- 
facies metamorphism at this same time. The 
younger age represents the time at which the 
samples passed below the U-Pb zircon block- 
ing temperature. The older range of ages over- 
laps the age of extensive calc-alkaline magma- 
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tism in this region (350-270 Ma). Therefore, 
the Sr and Nd isotopic composition of the 
xenoliths should be viewed at the time of this 
last orogenic event. 

When the data are corrected for in situ decay 
of Rb and Sm since 300 Ma ago, the scatter in 
Fig. 1 disappears and the data define a narrow 
array on the 878r/86Sr vs. ~Nd diagram (Fig. 
4a). Three features are of interest on this 
diagram: 

(1) The trend suggests that the isotopic 
compositions of the Paleozoic rocks are the re- 
sult of mixing between a Paleozoic, mantle-de- 
rived component, represented by the pyrox- 
ene-rich cumulates, and a Proterozoic crustal 
end-member, represented by the Proterozoic 
metasediment (83-157) and restite (83-159) 
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0.5115 F =0.90 ~ ~  
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Fig. 4. a. Sr and Nd isotopic compositions of McBride 
province lower-crustal xenoliths at 300 Ma. Symbols as in 
Fig. I. Curved line is AFC mixing trajectory between the 
most primitive granulite xenolith an da hypothetical crus- 
tal end-member (shown as shaded oval). See text for de- 
tails of the calculation. 
b. Sr and Nd isotopic compositions of surface rocks at 300 
Ma compared with the field of the McBride xenoliths. The 
Proterozoic Candlow Formation (felsic ash flows) are 
distinguished from the remaining Proterozoic granites and 
metasediments (data from Black and McCulloch, 1984, 
1989). 

xenoliths. A similar mixing trend has been ob- 
served in granulite xenoliths from the nearby 
Chudleigh province (Rudnick et al., 1986). 
The fact that the trend in the McBride suite ex- 
ists for a wide variety of rock types supports 
the suggestion that the age of some crustal 
xenolith suites may be derived by back-calcu- 
lating isotopic ratios until a trend emerges on 
the end VS. 87Sr/86Sr diagram (Rudnick et al., 
1986). However, this is true only for suites 
which have evolved through large-scale mixing 
processes (e.g., Massif Central suite, France; 
Downes et al., 1990 in this special issue), and 
proving such a relationship on other than iso- 
topic grounds may be difficult. 

(2) The two Paleozoic felsic melt-like xeno- 
liths have initial Nd isotopic compositions 
similar to the 300-Ma I-type granites in the 
Georgetown Inlier, but have lower 878r/86Sr 
(Fig. 4; Black and McCulloch, 1984, 1990). 
Since the felsic xenoliths lie on the mixing ar- 
ray, it is probable that their isotopic composi- 
tions resulted from mixing between mantle and 
crustal components at 300 Ma. 

(3) The three mafic melt-like xenoliths had 
continental crust-like isotopic compositions at 
300 Ma (~N0~300)=--10.6 to --7, S7Sr/ 
86Sr=0.708-0.7123), their presumed intru- 
sion age. This evolved character may be the re- 
sult of either: ( l ) derivation from an enriched 
mantle source, or (2) assimilation of an 
evolved crustal component by a more primi- 
tive mantle-derived basaltic magma. 

The presence of an enriched mantle beneath 
northern Queensland is not supported by data 
from either primitive basalts (i.e. Mg-num- 
ber>~68, Ni>~300 ppm) or upper-mantle 
xenoliths. Primitive basalts from eastern Aus- 
tralia exhibit restricted isotopic compositions 
( w i t h  875r /S rSr  < 0.7050 and 143Nd/  

144Nd>0.51250; Ewart et al., 1988). The ba- 
salts that are the most isotopically similar to 
these mafic McBride xenoliths are the Jurassic 
Tasmanian dolerites [ (87Sr/a6Sr)o=0.7094- 
0.7128 and 143Nd/144Nd=0.51233-0.51225 ], 
which have been interpreted to come from a 
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sediment-enriched, mid-ocean ridge basalt 
(MORB) source-like mantle reservoir (Hergt 
et al., 1989). However, these dolerites are 
evolved basalts and crop out over 2500 km to 
the south; no similarly enriched basalts have 
been reported within Queensland. In addition, 
mantle xenoliths from the McBride province 
have depleted isotopic characteristics (Stolz 
and Davies, 1989) and the most primitive 
(least contaminated) mafic granulite xenolith 
from the nearby Chudleigh volcanic province 
has isotopic characteristics of MORB (Rud- 
nick et al., 1986 ), suggesting the presence of a 
depleted (rather than enriched ) mantle source 
beneath this area. 

If the evolved isotopic compositions of these 
xenoliths were produced by crustal contami- 
nation of mafic magmas, then it is probable 
that this occurred as they were intruded into 
the lower crust during the late Paleozoic. Pro- 
terozoic xenocrystic zircons in one of these 
samples (85-100) points to crustal assimila- 
tion. In addition, the samples have slightly 
fractionated compositions, with Mg-numbers 
between 55 and 63 and Ni contents between 79 
and 84 ppm (excluding the orthopyroxene-en- 
riched sample, 85-100). All a r e  SiO2 oversa- 
turated ( 1-2% normative quartz), which may 
be the result of crustal assimilation. (How- 
ever, it also may have resulted from early oli- 
vine fractionation.) Additional ferromagne- 
sian phases which may have fractionated from 
these mafic melts include clinopyroxene and 
orthopyroxene, and negative Eu anomalies 
point to the fractionation of plagioclase feld- 
spar (Rudnick and Taylor, 1987). Neverthe- 
less, total REE contents are not extreme, and 
are similar to those of a variety of continental 
basalts (i.e. LaN=30-40, cf. B.V.S.P., 1981 ). 
These features, plus the evolved isotopic char- 
acteristics of the xenoliths need to be recon- 
ciled in any model of crust-mantle mixing. 

6.2. AFC calculations 

The Sr and Nd isotopic compositions (at 300 
Ma) and the Sr, Nd, Ni and V concentrations 

of these three mafic xenoliths have been mo- 
delled by assimilation and fractional crystalli- 
zation (AFC) (equations from DePaolo, 
1981 ) and following the recommendations of 
Marsh (1989) of simultaneous evaluation of 
highly incompatible (Nd), moderately incom- 
patible (V) and compatible (Ni) trace ele- 
ments. Table IV lists the parameters chosen for 
the calculations. The starting isotopic compo- 
sition for the basaltic melt is assumed to be that 
of the most isotopically primitive xenolith in 
the suite (85-106). A high r-value (mass of as- 
similated material to mass of fractionated 
crystals) of 0.9 is chosen as reasonable for the 
lower-crustal environment (James, 1981 ). 
High r-values cause the isotopic composition 
of the fractionating melt to change rapidly at 
small degrees of AFC, but they also cause in- 
compatible-element concentrations to in- 
crease rapidly in the melt. Therefore, in order 
to shift the isotopic composition while at the 
same time maintain a reasonable concentra- 
tion of incompatible elements in the melt, only 
small amounts of AFC can occur (i.e. F= 0.90- 
0.95 ). The concentrations of Sr, Nd and Ni in 
the assimilate were chosen to approximate 
those of granites and sediments (Taylor and 
McLennan, 1985 ), whereas the initial Sr, Nd 
and Ni concentrations in the melt falls within 
the range of those observed in primitive ba- 
salts (the Sr/Nd ratio of 20-30 spans the range 
of values for intraplate and island arc basalts; 
McDonough and McCulloch, 1987 ). D-values 
were chosen to match the likely crystallizing 
assemblages listed above; the relatively high 
bulk D for Sr reflects the fact that plagioclase 
is a fractionating phase in these melts and a 
range of bulk D's for V was used in order to 
accommodate possible magnetite frac- 
tionation. 

Given the above parameters, the AFC equa- 
tions can be solved for the isotopic and ele- 
mental composition of the differentiated melt. 
The results are listed in Table IV and plotted 
on an ENd VS. 87Sr/S6Sr diagram in Fig. 4a. Fig. 
4b shows the range of isotopic compositions 
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TABLE IV 

Parameters and results of AFC calculations [mass of assimilate to cumulate (r) = 0.90; melt fraction ( F =  0.90-0.95 ] 

Nd Sr Ni V 

Initial isotopic ratio of the melt, E ° 
Initial concentration in the melt, C ° (ppm) 
Bulk partition coefficient, D 
Concentration in assimilate, Ca (ppm) 
Isotopic ratio of assimilate, ~a 

Results: 

Concentration in the melt, Cm (ppm) 
Observed concentrations* (ppm) 
Isotopic ratio of melt, ~m 

0.51260 0.7040 
10 300 300 230 
0.11 0.8 1.0 0.3-0.7 

25 150 10- 30 50-100 
0.5112- 0.5113 0.720 - 0.730 

21 -33 240 -270 73-156 90-270 
16 -20 150 -350 79- 84 105-332 
0.5116- 0.5119 0.7075- 0.7147 

*Excluding Ni contents of orthopyroxene-rich sample 85-100. 

observed in surface rocks of the Georgetown 
Inlier (from Black and McCulloch, 1984, 
1990). The model assimilate has isotopic 
compositions which fall within the range of 
values observed for the surface rocks and are 
similar to those of the Proterozoic metasedi- 
mentary xenolith (83-157) (Fig. 4). The con- 
centrations of Ni, Sr and V overlap with the 
observed concentrations but the model Nd 
concentrations are slightly high. 

The above described AFC model effectively 
reproduces the isotopic and some of the trace- 
element characteristics of the mafic melts; 
however, it cannot explain the major-element 
compositions, a commonly overlooked feature 
in AFC modelling (Marsh, 1989). At the high 
r-values needed to shift the isotopic ratios so 
dramatically, the amount of crustal rock added 
to the remaining melt is so high that it is no 
longer basaltic in composition. For example, 
after 10% AFC [i.e. F =  ( residual melt)/  
(original melt)=0.9],  the residual melt is 
composed of 37% of the original melt and 63% 
of the melted assimilate. Assuming for the time 
being that D= 1 for the major elements, the 
major-element composition of the resulting 
melt can be modelled by simple mixing. If the 
initial melt and assimilate compositions are 
similar to those listed in Table V (a primitive 
basalt and an average shale, respectively), then 

the residual melt would be intermediate in 
composition and would have significantly 
higher SiO2 and K20 contents than those ob- 
served in the mafic melt-like xenoliths (Table 
V). This calculation was performed assuming 
bulk mixing. The effects of crystal fractiona- 
tion would only serve to drive the residual melt 
to even more evolved compositions. 

The inability of the above AFC model to si- 
multaneously account for the observed major- 
element, trace-element and isotopic data for the 
mafic melt-like xenoliths requires an alterna- 
tive explanation for the origin of these rocks: 
either the isotopic compositions of the chosen 

TABLE V 

Major-element constraints on AFC model (elements in wt.%) 

Primitive Shale .2 F=0.95 F=0.90 Obser- 
basalt *~ ved *s 

SiO2 50 62 55 58 49-52 
AlzO3 13 18 15 16 15-16 
FeO 9.4 7.0 8.4 7.9 9-13 
MgO 14 3 9.6 7.1 8-9 
CaO 12 4 8.8 7 9-13 
KzO 0 4 1.6 2.5 0.2 

Mg-number .4 72 43 67 61 55-63 

*~From Plank and Langmuir (1988). 
*2From Taylor and McLennan (1985). 
*3Excluding orthopyroxene-enriched sample 85-100. 
"4100 Mg/(Mg+ Fetot). 
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end-members are incorrect or another con- 
tamination process was operative. In order to 
reproduce the isotopic ratios of the mafic melt- 
like xenoliths while at the same time retaining 
a basaltic composition of the evolving melt, 
smaller amounts of crust must be added to the 
melt. This means that either the mantle or the 
crustal end-members of the AFC model were 
substantially more isotopically evolved. Ap- 
pealing to an enriched mantle source is one way 
out of the dilemma, although as noted previ- 
ously, there is no evidence for such a mantle 
beneath northern Queensland. Alternatively, it 
is possible that the crustal end-member has a 
more evolved isotopic composition, possibly 
similar to the high-a7Sr/S6Sr Proterozoic rocks 
cropping out at the surface (Fig. 4b). If this 
latter possibility is true, it would require either 
tectonic interleaving of similarly high-87Sr/S6Sr 
supracrustal rocks into the lower crust at 300 
Ma or little to no Rb depletion in Proterozoic 
rocks within the lower crust. 

Finally, recent experimental studies of dif- 
fusion across a chemical boundary layer sepa- 
rating felsic and mafic melts show that iso- 
topic equilibration occurs well before chemical 
equilibration (Lesher, 1990). If this process 
can be applied to magma bodies within the 
deep crust, it may be one way to explain the 
data. 

Despite the difficulties in quantitatively 
modelling the isotopic compositions, the 
curved array on the Sr-Nd diagram defined by 
the 300-Ma isotopic data is best explained by 
a model of crust-mantle mixing where primi- 
tive, mantle-derived basaltic magmas intrude 
into a warm lower crust consisting, at least in 
part, of evolved, Proterozoic rock types. The 
intrusion is attended by crustal melting and 
mixing between the mantle-derived magmas 
and crust. Both the mafic granulites and the 
felsic granulites are interpreted to be products 
of this mixing process. The mafic xenoliths are 
mostly new crustal additions, since little crust 
can be added to them before they are no longer 
basaltic. The amount of new crustal addition 

represented by the felsic granulites can be mo- 
delled by simple mixing (following Patchett 
and Bridgwater, 1984) assuming, once again, 
that the mantle and crustal end-members are 
represented by the least and most isotopically 
evolved xenoliths in the suite, respectively. 
Thus if at 300 Ma ago a mantle component 
having eNd = + 6 mixes with a crustal compo- 
nent having ENa=-  15 the resulting granitic 
melt would contain between 50% and 70% new 
crustal additions (assuming the concentration 
of Nd in the mantle-derived component is 10- 
20 ppm and is 25-32 ppm in the crustal end- 
member).  

6.3. Interpretation of the Nd model ages of 
lower-crustal xenoliths 

Nd model ages for mafic granulite xenoliths 
have been interpreted in several ways: 

( 1 ) as the mantle extraction age, reflecting 
the time at which the protolith of the granulite 
xenolith formed (Halliday et al., 1985; Downes 
and Leyreloup, 1986; Stolz and Davies, 1989 ); 

(2) as a mixed age, reflecting mixture be- 
tween new Nd additions from the mantle and 
older crustal Nd (Rudnick et al., 1986; Ruiz et 
al., 1988; Kempton et al., 1990; Downes et al., 
1990 in this special issue); 

(3) as having no age significance if the 
xenoliths are cumulates with high 147Sm/144Nd 
and/or  crystallized from an isotopically 
evolved parent magma (Cameron and Robin- 
son, 1990). 

In a sense, points (1) and (2) are similar, 
depending upon whether the evolved isotopic 
signature resulted from crustal contamination 
or an enriched mantle source. The closer the 
147Sm/14aNd ratio of the xenolith is to the de- 
pleted mantle value (0.22), the less signifi- 
cance a model age holds. In addition, mafic cu- 
mulates will often have higher Sm/Nd ratios 
than their hosts [this can be considered as a 
"secondary process" (McCulloch and Wasser- 
burg, 1978) that violates the basic assump- 
tions behind Nd model age (see Fig. 3)].  
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Therefore, it is erroneous to discuss /DM ages 
for mafic cumulate xenoliths having higher 
147Sm/laaNd ratios than their parental melts 
(Cameron and Robinson, 1990; Ruiz et al., 
1990). 

The McBride xenoliths provide a unique op- 
portunity to evaluate Nd model ages of crustal 
xenoliths since their crystallization ages are 
known (Rudnick and Williams, 1987). The 
only McBride samples for which tDM calcula- 
tions are appropriate are the xenoliths with 
melt-like compositions and the metasediment; 
both the mafic cumulates and restite/cumu- 
late xenoliths have experienced Sm/Nd frac- 
tionation caused by cumulate and/or  partial 
melting processes. 

The three mafic melt-like xenoliths have rel- 
atively low 147Sm/144Nd ratios and exhibit a 
narrow range of early Proterozoic model ages 
( 1.9-2.2 Ga, Table II). Their zircon age pop- 
ulations require Paleozoic intrusion ages for the 
mafic magmas that gave rise to these granu- 
lites (Rudnick and Williams, 1987). There- 
fore, these Proterozoic tDM ages are the result 
of the parental magma having an evolved iso- 
topic composition. As discussed in Section 6.4, 
this could reflect an enriched mantle source, or, 
more likely, crustal assimilation. If it is due to 
crustal assimilation, then the tDM age reflects a 
mixed age, somewhere between that of the 
mantle-derived basalt (~300  Ma) and the 
crustal assimilate (earliest Proterozoic?); the 
specific model age depends upon the propor- 
tion of the Nd derived from the basalt vs. that 
derived from the pre-existing crust. 

The metasedimentary xenolith, 83-157, has 
a slightly high 147Sm/144Nd ratio for a sedi- 
ment (0.13 ). This may reflect a small amount 
of garnet enrichment, as discussed previously, 
or may be a true ratio. Nevertheless, the tDM 
age for this sample is early Proterozoic irre- 
spective of whether the measured 147Sm/144Nd 
ratio or a lower ratio of 0.120 is used (2.5 and 
1.9 Ga, respectively). This sample contains 
1570-Ma zircons and a single 2.1-Ga zircon, all 
of which suffered Pb loss at 250 Ma. These ob- 
servations suggest that the old tDM age reflects 

the average crustal residence age of the source 
of the sediment. 

The felsic granulite xenoliths exhibit middle 
Proterozoic Nd model ages, but their proto- 
liths crystallized during the late Paleozoic. Old 
Nd model ages are relatively common features 
for many granitic rocks and are interpreted 
either as: ( 1 ) an age reflecting a mixture be- 
tween mantle and crustal components and thus 
does not reflect a unique crust formation age 
(Farmer and DePaolo, 1983; Patchett and 
Bridgwater, 1984; Patchett and Arndt, 1986), 
or (2) the age of crust formation in the region 
(McCulloch and Chappell, 1982; Liew and 
McCulloch, 1985 ). Distinguishing which of 
these interpretations is correct for a given re- 
gion requires independent criteria, e.g., zircon 
age data. The Nd and Sr isotopic compositions 
for the McBride felsic granulites lie directly on 
the 300-Ma mixing array defined by the entire 
xenolith suite, suggesting that the isotopic 
compositions of these felsic melts result from 
crust-mantle mixing and do not reflect a 
unique crustal source composition. If this is 
true, their model ages reflect a mixed age. 

In summary, tDM ages for granulite-facies 
xenoliths give meaningful age information only 
for non-cumulate, non-restitic rocks, which 
have not undergone multistage fractionation of 
their Sm/Nd ratio (McCulloch and Wasser- 
burg, 1978; Arndt and Goldstein, 1987 ). Each 
sample must be evaluated separately to deter- 
mine whether it fits these criteria. Even model 
ages for melt-like xenoliths may not necessar- 
ily be related to crust formation events if their 
initial ratios are affected by crustal assimila- 
tion or if the rocks are derived from an isotop- 
ically enriched mantle source. This is a partic- 
ularly severe problem for mafic xenoliths which 
may have formed by basaltic intrusion into the 
lower continental crust, an environment con- 
ducive to contamination. The two studies of 
north Queensland xenoliths are unique in that 
the age of the basaltic underplating event has 
been constrained independently (through as- 
sessment of mixing trends and zircon dating) 
and is significantly younger than the tDM age. 
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It appears likely that this is true for many other 
mafic xenolith suites (e.g., Eifel, F.R.G. - 
Rudnick and Goldstein, 1990; Massif Central, 
France -D o w nes  et al., 1990 in this special is- 
sue; Geronimo Volcanic Field, Arizona, U.S.A. 
- Kempton et al., 1990). 

6.4. Implications for crustal growth 

This and other studies of lower-crustal xeno- 
liths from around the world point to the im- 
portance of basaltic underplating in the growth 
of the lower continental crust (Wass and Hol- 
lis, 1983; Rudnick et al., 1986; Downes et al., 
1990 in this special issue; Kempton et al, 
1990). Isotopic data may allow time con- 
straints to be placed on when the underplating 
occurred and, coupled with lithologic propor- 
tions of xenoliths suites, the volumetric impor- 
tance of such a crustal growth process. 

In the northern Queensland xenolith suites 
two episodes of basaltic underplating are doc- 
umented: at 300 Ma in the McBride province, 
and during the Tertiary in the Chudleigh prov- 
ince. The former event was manifested at the 
Earth's surface by extensive calc-alkaline felsic 
igneous activity and may have been related to 
subduction of oceanic crust beneath the Aus- 
tralian continent (Henderson and Stephen- 
son, 1980). The latter event is manifested at 
the Earth's surface by extensive Tertiary basal- 
tic volcanism that occurs throughout eastern 
Australia and is associated with crustal exten- 
sion and/or  hotspot activity (see Johnson et 
al., 1989). Therefore, the timing of basaltic 
underplating is intimately associated with 
magmatic activity at the Earth's surface and the 
regional tectonic setting. 

Some limits on the amount of new crust cre- 
ated by basaltic underplating may be set from 
the xenolith data. Of the 12 xenoliths studied 
here from the McBride xenolith suite, 5 (42%) 
are interpreted as forming as basaltic under- 
plates. When the 12 samples described by Stolz 
and Davies (1989) are included, the propor- 
tion of underplated material increases to 58%. 

If these xenoliths are representative of the crust 
below ~26 km (the minimum equilibration 
pressure recorded in the xenoliths; Rudnick 
and Taylor, 1987; Stolz, 1987), and the crust 
is 40 km thick in this region, then up to 20% of 
the entire crust may consist of mafic composi- 
tions, underplated at 300 Ma. This would cor- 
respond to an 8-km-thick layer of underplated 
basaltic rocks, consistent with the volumetric 
estimates for basaltic underplating made by 
Furlong and Fountain (1986) based upon 
thermal models of basalt generation and 
emplacement. 

However, not all mafic melts which intrude 
the crust remain mafic. The thermal perturba- 
tion created by basaltic underplating should 
cause crustal melting and these melts may mix 
with the mantle-derived basalts and their frac- 
tionated derivatives (cf. Patchett and Bridg- 
water, 1984; Hildreth and Moorbath, 1988). 
The two felsic granulites from the McBride 
suite are interpreted as products of just such 
crust-mantle mixing. Their isotopic composi- 
tions suggest that between 50% and 70% of 
these rocks may represent new crustal addi- 
tions. If this is true, then the amount of crustal 
growth occurring during the Phanerozoic oro- 
geny may be considerably greater than what 
would be estimated based upon study of the 
surface rocks alone (cf. Black and McCulloch, 
1989). 

7. Conclusions 

The new Sr and Nd isotopic results reported 
here, in combination with previously pub- 
lished Th-U zircon ion probe ages and major- 
and trace-element compositions, suggest: 

( 1 ) The whole-rock isotopic composition of 
the McBride province lower-crustal xenoliths 
result mainly from mixing between a Paleo- 
zoic, mantle-derived basaltic component and 
an isotopically evolved Proterozoic lower- 
crustal component. Possible mixing end-mem- 
bers are found in the xenolith suite and in the 
outcropping surface rocks. 
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(2 )  Pro te rozo ic /DM ages for  maf ic  mel t - l ike  
xenol i ths  are m u c h  o lder  t han  the  basal t ic  un-  

derp la t ing  which  gave rise to  them.  This  is 
p r oba b ly  due  to  ass imi la t ion  o f  small  a m o u n t s  
o f  a P ro t e r oz o i c  crus ta l  c o m p o n e n t  by  the  ba- 
saltic melt .  Thus  it is diff icul t  to infer  the t im-  
ing o f  lower-crusta l  unde rp l a t i ng  events  f r o m  

tDM ages o f  maf ic  granul i te  xenol i ths .  
( 3 )  P ro t e r ozo i c  tDM ages for  the felsic xeno-  

l i ths also resul t  f r o m  c r u s t - m a n t l e  mix ing  and  
give an average  crust  f o r m a t i o n  age. 

(4 )  The  lower  crust  represen ts  a geological  
e n v i r o n m e n t  in which  large-scale mix ing  be- 

tween  new crustal  add i t ions  ( in  the  fo rm  o f  in- 
t r u d e d  basal t ic  me l t s )  and  pre-exis t ing crust  
m a y  occu r  ( such  as the M A S H  zone  o f  Hil- 
d re th  and  M o o r b a t h ,  1988 ). 
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