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CHAPTER 7

PETROGENESIS OF THE NANDEWAR SUITE

Many of the conclusions reached in the preceding chapter are
also pertinent to the genesis of the Nandewar suite. The applicability
of each of the genetic controls already discussed will now be evaluated
in view of the field, petrographic, mineralogical and chemical data

presented in Chapters 2 to 5.

FRACTIONAL CRYSTALLIZATION

FPield, Petrographic and Mineralogical Evidence

The predominance of rhyolitic lavas and the absence of basalts
s.8. from the Nandewar eruptives appears inconsistent with a genetic
model involving closed-system crystal fractionation of transitional
basaltic magma. However, the advanced state of erosion of the Nandewar
Volcano, indicated by the outcrop of intrusive plugs on the highest
peaks, suggests that significant quantities of volcanics of unknown
composition have been removed. Even if most of this material were
basaltic (which does not seem likely because of the trend towards increased
acidity of the later eruptives), there would still probably be an excess

of felsic types.

The inferred order of eruption and mineralogical characteristics
of the various eruptive types are also difficult to reconcile with
closed-system low to moderate pressure fractionation models. Field and
geochronological evidence indicates that the voluminous alkali rhyolites
were erupted first, followed by the main shield-forming sequence which
appears to have been erupted in a restricted time interval (possibly
within 1 Ma). Heat balance calculations (Usselman and Hodge, 1978)
indicate that relatively large magma chambers will crystallize and
solidify within approximately 105 years. Thus, if the older alkali
rhyolites are cogenetic with the other eruptives (as is indicated by
their trace element chemistries, discussed below), then age differences
of up to 2 Ma indicated by the Rb/Sr and K/Ar data are unrealistically

large.
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The presence of aluminous orthopyroxene and clinopyroxene
megacrysts and cumulate assemblages within the trachyandesites and
hawaiites indicates periods of intratelluric crystallization of these
magmas at approximately 6 to 8 kb, prior to the rapid movement of the
host melts to the surface. On the other hand, the petrographic and
mineralogical characteristics of the most evolved trachyandesites
(e.g. 49012), tristanites and more felsic types indicate that, although
they have generally experienced some intratelluric crystallization at
low pressures, there is no evidence of crystallization at elevated
pressures. To be internally consistent with a simple closed-system
crystal fractionation model, it must be postulated that differentiation
of 'parental' trachyandesite or hawaiite melts occurred at elevated
pressures to give a tristanite melt (even though the volumes of aigh-
pressure phases are trivial), which then migrated to a high-level magma
chamber and subsequently fractionated to produce the trachytes, alkali
rhyclites and comendites. According to this model, the 'parental'
trachyandesites and/or hawaiites remained in a moderate pressure environment
(without experiencing further fractionation) during removal of the
tristanite magma, followed by a later residence period of the alleged
tristanite derivatives in a high-level magma chamber necessary to produce

the more evolved differentiates.

Thus constraints imposed by the order of eruption, apparent depth
of origin and volumetric relationships require an unnecessarily complicated
and probably quite unrealistic sequence of events to be consistent

with crystal fractionation models.

Chemical Evidence

The role of fractional crystallization in the development of
the Nandewar suite can be tested quantitatively by mass-balance calculations
utilizing major and trace element data from natural phenocryst/host

assemblages.

Major Elements

Evaluation of the major element mass-balance requirements for a
number of proposed fractionation steps in the Nandewar series has been

performed using the generalized least-squares mixing method of Le Maitre
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(1979) . The technique involves determination of a best fit linear
combination of the proposed daughter composition and an appropriate

crystal extract with the composition of the proposed parent. The

relative success of a particular 'mixing model’ is assessed mathematically
from the sum of the squares (Zrz) of the differences between oxide

contents in the actual and computed parent magma compositions. Estimates
of a 'good fit' range from Zrz < 0.1 {(le Roex and Erlank, 1982) to Zr2

< 1 (Baker et al., 1977). Rigorous statistical evaluation of the
relationship between the size of Er2 and the degree of fit requires
information on the variances and covariances of the input data (Bryan

et al., 1969; Zielinski, 1975) which is rarely available. 1In the absence
of a single definitive criterion for an acceptable fit, the solution
should be scrutinized with due regard to the likely magnitude of analytical
errors in the input data. In addition, the Zr2 value may be quite low

for a particular solution but the differences for one element within

that solution may be quite significant.

A reasonable fit for all oxides between parent and daughter
compositions plus the alleged extract demonstrates that their inter-
relationship via fractional crystallization is feasible although not
proven. Acceptance of the fractionation model also depends on internal
consistency of field, petrographic, mineralogical and other chemical

data.

The mixing calculations were performed in a stepwise fashion.
Initially the most primitive composition was selected as the parent and
slightly more evolved compositions were tested as pctential daﬁghter
products. One of these daughter products was then used as the parent
for the next fractionation step. Computed and actual parent compositions
together with the weight fraction of the calculated extracts and daughter
compositions for the major fractionation steps are given in Table 7.1.
Crystal extract compositions were based on microprobe analyses of the
core zones of phenocrysts in the parent, with the exception of peralkaline
trachyte 49098. However, phenocryst compositions used in transitions
for this parental composition were from compositionally similar hosts.
Solutions for the remaining lava compositions are summarized in Table
7.2 and are based on the same parent and phenocryst compositions as the

calculations shown in Table 7.1. All analyses were normalized to 100



TABLE 7.1

Major element fractionation models for the Nandewar series

Fractionation Hawaiite . Hawaiite Hawaiite o Trachyandesite Trachyandesite to Trachyandesite
Step (49001) (49003) (49001) (49008) (49000) (49008)
49001 49001 49001 49001 49000 4395000
Observed Calculated Observed Calculated Observed Calculated
51'02 48.35 48.35 48.35 48.16 48.61 48.55
T1'02 2.29 1.98 2.29 2.08 2.74 2.14
A]203 14.35 14.33 14.35 14.17 15.05 14.78
LFe0 11.22 11.32 11.22 10.86 10.85 10.52
MnO 0.16 0.14 0.16 0.13 0.13 0.13
Mg0 10.02 10.03 10.02 9.99 8.46 8.43
Ca0 8.68 8.78 8.68 8.62 9.28 9.23
NaZO 3.23 3.61 3.23 3.46 2.90 3.52
KZO 1.09 0.87 1.09 1.55 1.48 1.63
PZOS 0.62 0.59 0.62 0.99 0.49 1.05
Solution Solution Solution
(Wt. Fraction) (Wt. Fraction) (Wt. Fraction)
49003 0.824 49008 0.663 49008 0.706
0liv. (Fogl) 0.063 0liv. (FOSI) 0.122 0liv. (Fogz) 0.074
Cpx (Ca49Mg43Fe8) 0.043 Cpx (Ca49Mg43Fe8) 0.110 Cpx (0647M943F810) 0.118
P];g. (A"SZ) 0.070 P];g. (A"SZ) 0.105 P];g. (Ansl) 0.102
Ir 0.311 Ir 0.651 Ir 1.279
Fp 0.706
Fractionation Trachyandesite to Trachyandesite Trachyandesite to Tm‘stfanite Tristanite to Trachyte
Step (49008) (49012) (49012) (49076) (49076) (49083)
49008 49008 49012 49012 49076 49076
Observed Calculated Observed Calculated Observed Calculted
SiO2 48.82 51.45 52.27 52.45 56.98 56.75
TiO2 2.73 2.20 2.36 1.39 1.73 1.73
MZOB 15.76 15.14 16.32 16.29 16.21 16.41
IFe0 11.74 10.78 10.46 10.77 9.06 8.91
Mn0 0.16 0.14 0.14 0.19 0.17 0.16
Mg0 5.07 5.77 3.35 3.07 1.85 2.00
Ca0 7.64 6.86 6.70 6.38 4.53 4.59
Na20 4.32 4.19 4.58 4.59 5.49 4.89
KZO 2.26 2.32 2.55 2.35 3.28 4.16
P205 1.49 1.15 1.27 1.21 0.70 0.40
Solution Solution Solution
(Wt. Fraction) (Wt. Fraction) (Wt. Fraction)
49012 0.909 43076 0.697 49083 0.731
0liv. (Fog,) 0.050 0liv. (Fogg) 0.040 0liv. (Fogg) 0.023
Cox (Cay MagsFe;,) 0.041 Cox (CaggMagqfe)p)  0.053 oy (CaygMa,qFes) 0.064
rl 9.70 Plag. (Angs) 0161 prag. (Any) 0.142
Fp 0.642 Timt. (Uspg;) 0.032 rimt. (usp,y) 0.037
Apgtite 0.017 Apatite 0.003
Lr 0.475  gr2 1.384
Fp 0.447 Fp 0.327



TABLE 7.1 (continued)

Major element fractionation models for the Nandewar series

Fractionation Trachyte Trachyte Trachyte Trachyte Trachyte Comendite
Step (49083) 0 (49088) (49088) to (490986G) (49098G) ° (49162)
49083 49088 49088 49088 490986 490986
Observed Calculated Observed Calculated Observed Calculated
SiO2 61.17 61.27 63.97 63.61 63.51 63.64
T'iO2 0.95 1.02 0.65 0.42 0.55 0.76
A]203 16.79 16.61 16.48 16.81 15.37 15.47
IFel 6.37 6.41 4.83 5.21 6.62 6.65
Mn0 0.12 0.15 0.12 0.23 0.20 0.20
Mg0 0.67 0.56 0.33 0.13 0.16 0.45
Ca0 2.43 2.47 1.68 1.75 1.62 1.57
NaZO 5.51 6.30 6.56 6.74 6.68 5.36
KZO 5.58 4.77 5.25 5.04 5.22 5.90
PZOS 0.40 0.43 0.13 0.05 0.06 0.01
Solution Solution Soiution
(Wt. Fraction) (Wt. Fraction) {Wt. Fraction)
49088 0.783 49098 0.774 49162 0.389
0liv. (F021) 0.015 Anorth. (Orzs) 0.226 0liv. (Fola)* . 0.02¢9
Cpx. (CagoMgypfe;s) 0.012 orl 0.579  Cpx. (CaggMg gFess)”  0.049
Anorth. (Or24) 0.161 Fp 0.198 Anorth. (0r43) 0.503
Timt. (Uspge) 0.021 Tigt. (Uspge) ™ 0.025
Apatite 0.008 r 2.376
Zrz 1.344 Fp 0.077
Fp 0.256
Fractionation Trachyte Comendite Comendite to Comendi te Comendite to Comendite
Step (49098G) to (49161) (49161) (49163) (49161) (49164)
490986 49098G 49161 49161 49161 49161
Observed Calculated Observed Calculated Observed Calculated
SiO2 63.51 63.67 69.10 69.13 69.10 68.55
TiO2 0.55 0.80 0.36 0.67 0.36 0.85
ATZO3 15.37 15.36 14.42 14.60 14.4 15.01
CFel 6.62 6.64 4.30 4.23 4.30 3.77
Mn0 0.20 0.18 0.11 0.08 0.11 0.09
Mg0 0.16 0.45 0.02 G.07 0.02 0.34
Ca0 1.62 1.52 0.48 0.58 0.48 0.84
Na,0 6.68 5.55 5.89 5.81 5.89 6.17
KZO 5.22 5.81 5.29 4.82 5.29 4.58
PZOS 0.06 0.01 0.03 0.0l 0.03 0.00
Solution Solution Solution
(Wt. Fraction) (Wt. Fraction) (Wt. Fraction)
49161 0.422 49163 0.646 49164 0.946
0liv. (FolB)* . 0.027 Cpx. (Ca47MgBFe45) 0.019 Cpx. (CaqugBFeas) 0.032
Cpx. (C346M918Fe36) 0.054 Anorth. (0r35) 0.311 Timt. (Usp67) 0.022
Anorth. (0r43) 0.471 Timt. (Usp67) 0.024 r 1.823
Timt. (uSpss)*" 0.026 £rl n.382 Fp 0.080
zr? 1.816 Fp 0.054
Fp 0.084

* Composition of microphenocrysts in trachyte 49103

** Composition of microphenocrysts in trachyte 49102

2

Ir® = sum of the squares of the residuals

Fp = the weight fraction which a derivative liquid represents of the 'parental’ trachyandesite

(49000)



TABLE 7.2

Summary of major element mass-balance calculations for the Nandewar suite

Fractionation Weight Fraction of Crystal Extracts
Step Olivine Clinopyroxene Plagioclase Titanomagnetite Apatite Anorthoclase F Srz
Hawaiite 49001
- 49000 0.053 - 0.016 - - - 0.931 0.473
- 49002 0.065 0.034 - - - - 0.901 0.430
- 49004 0.099 0.067 0.015 - - - 0.819 0.625
> 49007 0.119 0.115 0.003 - - - 0.763  2.409
Trachyandesite 49000
- 49005 0.060 0.104 0.102 - - - 0.734 0.954
-~ 49009 0.069 0.114 0.088 - - - 0.729 1.536
> 49011 0.111 0.135 0.148 - - - 0.606 5.351
~ 49012 0.109 0.148 0.107 - - - 0.636 6.845
- 49013 0.107 0.147 0.105 - - - 0.641 5.923
Trachyandesite 49008
- 49011 0.033 0.044 - - - - 0.923 8.075
- 49013 0.048 0.039 - - - - 0.913 7.956
-~ 49018 0.065 0.146 - - - - 0.789 32.139
Trachyandesite 49012
- 49018 0.025 0.053 0.093 0.025 0.011 - 0.793 0.658
- 49075 0.031 0.067 0.104 0.036 0.017 - 0.745 0.339
- 49077 0.044 0.047 0.163 0.034 0.018 - 0.5694 0.394
- 49078 0.039 0.070 0.160 0.029 0.017 = 0.685 0.500
- 49079 0.038 0.066 0.139 0.036 0.020 - 0.701 0.244
- 49080 0.038 0.072 0.127 0.043 0.019 - 0.701 0.413
Tristanite 49076
- 49080 - 0.031 - 0.018 - - 0.951 0.300
- 49081 0.008 0.029 0.059 0.040 0.008 - 0.856 0.304
- 49082 0.029 0.026 0.098 0.036 0.006 - 0.805 0.255
- 49097 0.015 0.057 0.100 0.035 0.007 - 0.786 0.336
- 49084 0.029 0.074 0.148 0.047 0.007 - 0.695 1.325
Trachyte 49083
> 49084 0.007 0.020 - 0.013 0.005 0.036 0.919 ¢.121
- 49085 0.008 0.005 - 0.021 0.009 0.107 0.850 0.943
- 49086 0.010 0.011 - 0.021 0.008 0.121 0.829 1.162
- 49087 - 0.036 - 0.018 0.008 0.091 0.847 0.489
- 49119 0.014 0.017 - 0.043 0.016 0.423 0.487 2.265
- 49120 0.012 0.026 - 0.038 0.015 0.346 0.563 1.376
- 49121 0.009 0.027 - 0.037 0.014 0.321 0.592 1.273
- 49122 0.016 0.016 - 0.043 0.016 0.476 0.433 2.067
-+ 49123 0.018 0.017 - 0.044 0.017 0.418 0.486 1.821
- 49124 0.031 0.015 - 0.046 0.017 0.352 0.539 1.933



TABLE 7.2. (continued)

Summary of major element mass-balance calculations for the Nandewar suite

Fractionation Weight Fraction of Crystal Extracts
Step Olivine Clinopyroxene Titanomagnetite Apatite Anorthoclase F Erz
Trachyte 49088
- 49090 - 0.039 0.006 - 0.230 0.725 0.625
- 49089 - 0.014 0.005 - 0.096 0.885 0.222
> 49091 0.033 0.042 - - 0.925 2.663
- 43102 - 0.012 0.008 - 0.145 0.835 0.127
Peralkaline trachyte 49098G
- 49103 0.026 0.014 0.003 - - 0.957 0.554
- 49099 0.023 0.042 0.011 - 0.287 0.637 0.822
- 49100 0.008 0.050 0.024 - 0.300 0.618 0.780
- 49104 - 0.056 0.017 - 0.130 0.797 0.584
- 49107 0.008 0.047 0.015 - 0.052 0.878 0.458
+ 49101 0.016 0.056 0.025 - 0.398 0.505 0.932
- 49105 0.021 0.054 0.024 - 0.314 0.587 0.934
- 49106 0.015 0.055 0.017 - 0.090 0.823 0.363
- 49108 0.028 0.058 0.025 - 0.324 0.565 1.380
- 49160 0.023 0.043 0.026 - 0.439 0.469 1.558
Comendite 49161
- 49165 - 0.029 0.036 - 0.249 0.586 1.071
Alkali rhyolite 49121
-~ 49119 - - 0.017 - 0.258 0.725 0.581
- 49120 - - 0.007 - 0.077 0.916 0.286
- 49122 - - 0.020 - 0.358 0.622 0.334
- 49123 - - 0.023 - 0.239 0.738 0.379
- 49124 - - 0.036 - 0.065 0.899 0.602
- 49125 - - 0.045 - 0.239 0.716 1.139
- 49126 - - 0.045 - - 0.955 1.407
- 49127 - - 0.048 - 0.257 0.695 1.090
- 49128 - - 0.042 - 0.049 0.309 0.601
- 49129 - - 0.052 - 0.364 0.584 0.919
- 49130 - - 0.055 - 0.412 0.533 1.051
- 49131 - - 0.052 - 0.238 0.710 1.476
; = weight fraction of liquid remaining

Zr

= sum of the squares of the residuals
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percent anhydrous with total Fe as FeO for the calculations.

It was noted in Chapter 5 that the marked variation in Na2o/K2O
ratios of the Nandewar mafic rocks may be difficult to explain by a
closed-system fractional crystallization model. Poor fits between
O, P,O. and TiO, values in the modelling

2 2 275 2
calculations (Tables 7.1 and 7.2), which test the possible derivation

actual and calculated Na,O, K
of hawaiite from trachyandesite and vice versa, confirmed these suspicions.
Similarly, the considerable variation of Nazo/KZO ratios amongst the
hawaiites (2.13 to 3.88) results in poor agreement between computed and
actual alkali contents. TiO2 also often exhibits poor agreement,
suggesting that if the hawaiites were related in some way by fractionation

controls, the alleged crystal extracts were at variance with observed

phenocryst phases.

Poor fits for TiO2,Na20 and P205 are evident in the transitions
trachyandesite 49000 - 49008 and trachyandesite 49008 - 49012. 1In the
latter example poor agreement also exists between calculated and observed
SiOZ, LFeO, MgO and Ca0 contents. Compositions of plagioclase pheno-
crysts and orthopyroxene megacrysts in trachyandesite 49008 were initially
used in the calculations, but both gave unrealistically large negative
solutions and were omitted from subsequent calculations. The marked
disparity in the calculated and observed P205 contents for the transition
trachyandesite 49008 - 49012 exists, because, although apatite was not

obsexrved as a phenocryst phase in the alleged parent, P205 nevertheless

decreases in the more evolved types.

Many of the soluticons for the fractionation steps involving the
more evolved trachyandesites - tristanites and tristanites - mafic
trachytes are acceptable. However, the generally aphyric nature of the
most evolved trachyandesites seems at variance with the quite significant
amounts of crystal extracts (~30 wt., percent) which are required to
have been removed to generate the tristanites. The poor fits for Na20
and K2O evident in several solutions for the fractionation step tristanite
-+ mafic trachyte may be partly explicable by Na20 loss from the trachytes
during crystallization, but K2O contents in some of the proposed daughter

products are higher than expected by concentration resulting from loss

of Na.

An analogous fractionation step to the derivation of maZic
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trachyte from tristanite is provided by monzonite (49070) and its
schlieren. The results of mass—-balance calculations for these compositions
are listed in Table 7.3. There are two interesting Ieatures of these

solutions. Firstly, alkali feldspar and biotite, which are relatively

TABLE 7.3

Monzonite (49070) calculated as a linear combination of
its schlieren composition and its constituent minerals

Oggé}Eved Ca]?g?gted Schlieren (w%?]ggggion)

510, 57.78 57.68 65.22

T1'O2 1.78 1.72 0.57 Schlieren 0.598
A1 0; 1613 16.06 17.18 Cpx 0.052
7Fe0 8.55 8.50 3.28 Plag. 0.205
MnO 0.15 0.15 0.05 Amph. 0.083
MgO 1.95 1.90 0.79 Timt. 0.049
Ca0 4.62 4.64 1.40 Iim. 0.004
Na,0 5.29 5.48 6.33 Apat. 0.009
K0 3.11 3.24 5.04

P,0s 0.63 0.46 0.15 grl 0.108

abundant phases in the host monzonite gave negative solutions in initial
calculations. Secondly, the calculated weight fraction of schlieren
(59.8 percent) contrasts strikingly with the generous volumetric estimates
of 1 to 5 percent at the outcrop. However, the latter feature may have
resulted from only localized segregation of residual liquids, the major

portion remaining interstitial to early crystallized phases.

There is reasonable agreement for most elements in the fraction-
ation step mafic trachyte to peralkaline trachyte although quite
significant amounts of anorthoclase (~20 wt. percent) must be extracted.
Production of the comendites from a peralkaline trachyte parent reguires
removal of even larger amounts of anorthoclase (~40 to 48 wt. percent)

and the solutions generally display poor fits for Na,O0, K,O, Ti0, and
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P205. The discrepancies in P contents arise, because, although

2%
apatite ceases to occur as a phenocryst phase in lavas more evolved
than the mafic trachytes, P205 continues to decrease to very low levels

in the peralkaline trachytes and comendites.

Generation of the most evolved comendites by fractionation of
comendite 49161 seems feasible in some cases (e.g. 49163) and most
unlikely in others (e.g. 49164), where there are significant discrepancies

for most elements in the solution.

The feasibility of deriving the metaluminous to peraluminous
alkali rhyolites from mafic and peralkaline trachyte parents was tested,
even though the latter case is precluded on experimental grounds (Bailey
and Schairer, 1964). Removal of anorthoclase, the dominant phenocryst
phase in the peralkaline trachytes, should result in increased peralk-
alinity in the derivative liquids. In this regard, it is of interest
to note that the transition from peralkaline trachytes to comendites
(see Fig. 5.2a) is accompanied by a trend of decreasing peralkalinity.
Solutions for the derivation of the alkali rhyolites from a mafic
trachyte parent (Table 7.2) are generally characterized by poor fits and
do not support a simple relationship of the volcanics by fractional

crystallization.

The compositional variation amongst the older alkali rhyolites,
albeit somewhat restricted,was also considered in terms of crystal
fractionation models. Solutions based on removal of anorthoclase and
titanomagnetite from the least evolved variant commonly resulted in poor
0, TiO. and LFeQ in the proposed daughter products.

fits for Na,0, K

2 2 2
Inspection of the Fp values in Table 7.1, which give the weight
fraction that a particular derivative melt represents of the 'parental'
trachyandesite (49000), indicates that approximately 90 to 95 percent
crystallization of the proposed parent is required to produce a
comenditic liquid. The trivial volumes of cognate cumulates which occur
as inclusions in the volcanics and the rarity of phenocrysts in many
types do not support the production of the more evolved variants by
such large degrees of crystallization. Nevertheless, the estimated
weight fractions of crystal extracts in each transition can be used as

a basis to evaluate the consistency of trace element variations in the

suite with major element fractionation models.
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Trace Elements

Trace element modelling calculations may be performed assuming
either equilibrium between the surface of the crystallizing phases and
the melt (equation 1; Gast, 1968), or, equilibrium between the total
solid and the melt (equation 2; Arth, 1976)

C (D -1)
6£=FS (1)
(e}
EE - (2)
C  F+D (1-F)
Q S

where CO is the concentration of the element in the original melt,
CL is the concentration of the element in the differentiated liquid, F
is the weight fraction of liquid remaining and DS is the bulk distribution

ccefficient given by:

Dy = W, it It

W_ K
S B

A/liqg

where K /1iq

and K are the solid/liquid partiticn coefficients and

WA and WB represent the weight fractions of A and B in the crystal
extract, respectively.

Arth (1976) suggested that the surface-equilibrium model may be
more applicable to rapidly coocled high-level magma bodies, whereas the
total-equilibrium model is likely to more closely approximate slowly
cooled plutonic magmas. Most trace element modelling studies (e.g.
Baker et al., 1977; le Roex and Erlank, 1982) assume Rayleigh fraction-
ation or surface equilibrium (i.e. equation 1). This assumption is not
unreasonable in view of trace element zoning observed in natural volcanic
phenocrysts (Shimizu and le Roex, 1982). Slow cationic diffusion rates
in crystals compared to crystallization rates (Margaritz and Hofmann,
1978a), coupled with natural convective processes likely to occur in
magma chambers (Bartlett, 1969), probably results in a relatively homo-
geneous liquid and surface-equilibrium conditions. Decreased diffusion
rates in relatively dry granitic magmas may result in significant departures
from a homogeneous melt in a boundary layer adjacent to crystal surfaces

(Margaritz and Hofmann, 1978a). However, such effects are unlikely to
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be important in peralkaline melts with moderately high F and Cl contents.

Meaningful application of trace element modelling calculations
depends strongly on the availability of partition coefficients which
are appropriate to the particular system undexr consideration. Partition
coefficients are generally determined by analysis of phenocrysts and
matrix separated from porphyritic lavas (e.g. Onuma et al., 1968; Berlin
and Henderson, 1969; Philpotts and Schnetzler, 1970), or by experimental

studies, reviewed by Irving (1978).

Both approaches are subject to a number of uncertainties which
makes selection of appropriate partition coefficients very difficult.
Since phenocrysts may commonly be zoned with respect to major and trace
elements, bulk separation of the phenocrysts will not provide partition
coefficients appropriate to the surface~equilibrium model. In addition,
the very techniques of mineral separation and purification discriminate
against phenocryst rims with adhering matrix fragments which further
biases the partition coefficients (Alberede and Bottinga, 1972). Other
problems with partition coefficients based on phenocryst/matrix data
relate to the presence of inclusions in phenocrysts and the purity of
separated mineral and matrix fractions. Whilst these difficulties can
generally be overcome by careful scrutiny of the separated mater:als, the
rarity or absence of phenocrysts in certain lava types often precludes
the determination of partition coefficients appropriate to those

compositions.

The problems associated with experimentally-determined partition
coefficients include: (1) the attainment of equilibrium in the experiments
(Irving, 1978); (2) the possibility that the relatively high concentrations
used in 'doped' experimental runs results in non-Henry's law behaviour
(Mysen, 1976,1978); and (3) that simple synthetic systems may not produce

results appropriate to natural systems.

Factors which may affect partition coefficients include pressure
(Mysen and Kushiro, 1978), temperature (Watson, 1977; Lindstrom and
Weill, 1978), bulk composition of the liquid and solid phases (McIntyre,
1963; Lindstrom and Weill, 1978), rate of crystal growth (Alberede and
Bottinga, 1972; Long 1978; Henderson and Williams, 1979) and melt

structure (Henderson, 1977; Watson, 1977; Ryerson and Hess, 1978;
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Mysen and Virgo, 1980; Mahood, 198la). Variations of partition coefficients
with temperature are difficult to isolate from compositional effects

and are as yet incompletely understood. However, a common trend observed
in both natural and experimental systems is that partition coefficients
increase with Si/0 atomic ratio of the liquid (Irving, 1978) and with
increasing degree of melt polymerization, as indicated by the ratio of
non-bridging to bridging oxygens (Mysen and Virgo, 1980). Factors which
tend to depolymerize the melt, such as increased (Na+K)/Al ratio (Larsen,
1979) and addition of volatiles (i.e. HZO' Cl, F) will result in a
reduction of crystal/liquid partition coefficients (Mysen and Virgo, 1980).
The increased availability of anionic volatile constituents probably also
results in a greater degree of complex formation with the incompatible
elements, thereby reducing the likelihocd of their incorporation in
crystalline phases and effectively reducing the solid/liquid partition
coefficients. In view of these factors, the considerable increases in
partition coefficients which occur in subalkaline to mildly peralkaline

high-SiO., rhyolites (Mahood, 198l1a) are unlikely to be as marked in the

2
more evolved members of many transitional alkaline suites due to the
inferred relatively high F (and ?Cl) contents and their more obvious

peralkaline character.

Partition coefficients used to evaluate fractionation models for
the Nandewar suite (Table 7.4) have been determined where possible from
natural phenocryst matrix compositions. In spite of the potential
constraints on these values, discussed above, it is considered that these
are likely to most closely approximate the actual partition coefficients
at the time of crystallization. OClivine was sufficiently abundant in
only the more mafic trachyandesites to permit its separation, and olivine,
clinopyroxene and plagioclase partition coefficients for the tristanites
and mafic trachytes must be inferred from the trachyandesite data since’
the scarcity of these phases as phenocrysts in the more evolved rocks
precluded their separation. However, errors in the calculated trace
element abundances resulting from incorrect partition coefficients for
these phases should be relatively small because of the small amounts of
these phases which are indicated to have been fractionated in the more

evolved variants (see Tables 7.1 and 7.2).

REE data were unfortunately not obtained for the separated olivine,
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but published REE partition coefficients based on olivine phenocryst/
matrix data and experimental investigations (Irving, 1978) are uniformly
low, and olivine/groundmass values for a basalt measured by Schnetzler

and Philpotts (1970) have been used in the modelling calculations.
Similarly, complete REE analyses were not obtained for the titanomagnetite
separate, and partition coefficients used in the calculations are for

a basalt from the Azores (Schock, 1979). These were selected because partition
coefficients for La, Ce and Nd correspond quite closely with values
determined by XRF analysis of the Nandewar trachyandesite titanomagnetite/
groundmass pair. REE partition coefficients for the major crystallizing
phases used in the calculations are plotted versus atomic number in

Fig. 7.1.

Remajining partition coefficients from the Nandewar phenocryst/
matrix data are comparable to and generally within the range of published
values for similar rock types. The broad range of published values,
especially for Dgiag/liq and DEﬁSp/liq (Berlin and Henderson, 1969;
Higuchi and Nagasawa, 1969; Philpotts and Schnetzler, 1970; De Pieri
and Quareni, 1978; Leeman and Phelps, 1981) reaffirms the necessity to

carefully select these values.

A simple and limiting case for the trace element models is provided

. . . S i
by the incompatible trace elements (i.e. DXOJ'/llq ~ C). For these
c 1
elements EE. ~ E-and hence the maximum possible enrichment from the
(e

proposed parent to the most evolved derivative can be simply calculated.
Inspection of the partition coefficient data (Table 7.4) indicates that
none of the elements are perfectly incompatible, although U (Dostal and
Capedri, 1975) and Th, Ta, Hf and Nb (Ferrara and Treuil, 1974) most

closely approximate this behaviour.

Assuming perfect incompatibility (i.e. 0) the maximum

DSol/liq -
X
possible enrichment of any element in the most evolved comendites (e.g.
49163 and 49164) with respect to the proposed parental trachyandesite
(49000) is of the order of 10 to 20 times. Although enrichment levels
for many of the elements are within this range La is enriched ~22 times
in comendite 49164. Since the partition coefficient data (Table 7.4)
indicate that La cannot be regarded as an inccompatible element, this

level of enrichment must be attributable to some process other than, or,

in addition to closed-system fractional crystallization.
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Fig. 7.1: A log-normal plot of REE partition coefficients versus
atomic number for the phases used in the trace
element modelling calculations.
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Furthermore, the major element calculations (Table 7.2) indicate
the necessity for significant anorthoclase fractionation to produce
comendite 49163 from comendite 49161, whereas minimal feldspar removal
is apparently required to generate comendite 49164 from the same parent.

This is inconsistent with the fact that both alleged derivatives have
Anor/lig
. Eu
Anor/1

D ¥/1iq for the other REE (see Table 7.4).

identical Sm/Eu ratios since D is considerably larger than

Plots of elements which are commonly regarded as incompatible
against Nb and Ta (Figs. 7.2 and 7.3) display considerable variation in
their degree of colinearity. Nb and Ta were selected as the x ordinates
because they display a strong correlation with each other (r = 0.985)
and the crystal/liquid partition coefficients for Nb in the major
crystallizing phases are very low, thus indicating their approximate
incompatible behaviour. Th and Hf are also strongly correlated with Nb
and Ta (r = 0.971 to 0.990) and regression lines for these plots generally

pass through the origin at the 95 percent confidence level.

These strong inter-element correlations provide compelling
evidence for derivation of this suite of volcanics from a common source,
It does not seem plausible that certain members of the suite (e.g. the
older alkali rhyolites) could have been generated from an independent
(? lower crustal) source, since this source would be unlikely to have

almost identical incompatible trace element ratios.

Trace element modelling calculations for the major fractionation
steps are presented in Table 7.5. Although the correlation between
calculated and trace element abundances for some transitions appear
reasonable for some elements, the calculated values for many elements

diverge significantly from the observed abundances.

Depletion of V, Cr, Ni and Cu does not occur rapidly enough in
the calculated values for the transition from the parental trachyandesite
(49000) to the more evolved trachyandesites (49008 and 49012). The
observed depletion could be generated in the calculated values by
inclusion of titanomagnetite in the crystal extract but this phase is
not present as a phenocryst phase in trachyandesites less evolved than
or similar to 49008, and hence cannot be regarded as a plausible crystal

extract.
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Similarly, the observed Sc depletion in the mafic trachytes

and comendites is not apparent in the calculated products. The relatively
Cpx/liq
Sc
is the dominant control on Sc abundances in derivative liquids produced
by fractional crystallization. While it is plausible that Dgix/llq ma

increase in the more evolved variants (géf Mahood, 198la), the partition

high D values (Table 7.4) indicate that clinopyroxene fractionation

Y

coefficient data in Table 7.4 appear to suggest the reverse in this

case.

Correlations between observed and calculated values for 2Zn are
acceptable for most transitions. However, calculated Zn values for the
derivation of comendites 49161 and 49162 from peralkaline trachyte 49098G
are considerably higher than observed abundances. This is in fact the
case for most moderately incompatible trace elements (e.g. Rb, Y, Zr,

Nb and the REE) in this transition because of the large quantities of
anorthoclase which are required to have been fractionated to satisfy

the major element mass-balance constraints.

Calculated Rb and Y values are in reasonable agreement with
observed abundances for transitions spanning the comvositional range
trachyandesite to tristanite, and the calculated Rb values correspond
quite well with the observed values for the transitions from the mafic
trachytes to the peralkaline trachyte (49098G). For most other transitions
the calculated Rb and Y values depart significantly from the observed

values.

Sr, Zr and Nb values calculated for the transitions trachyandesite
49012 - tristanite 49076 and tristanite 49076 - trachyte 49083 are
considerably higher than the observed values and the calculated values
for Zr and Nb depart markedly from the observed abundances in the
transitions involving the derivation of comendites 49161 and 49162 from

peralkaline trachyte 49098G.

The agreement between calculated and observed Ba values in the
mafic and intermediate members, where Ba is most abundant, is generally
quite poor. The most notable disparity occurs in the transition from
mafic trachyte 49088 to peralkaline trachyte 49098G where the extreme
depletion in the latter cannot be explained by the amount of anorthoclase

fractionation indicated from major element mass-balance calculations.
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Calculated REE abundances depart significantly from observed
values in all transitions except that involving production of trachy-
andesite 49012, and perhaps trachyandesite 49008. Chondrite-normalized
REE plots for each of the calculated derivatives are shown in Fig. 7.4
and can be compared with similar plots of the observed abundances
(Fig. 5.13). It is interesting to note the absence of negative Eu
anomalies in the calculated REE patterns for the tristanite and mafic
trachytes. This may in part have resulted from the use of published
partition coefficients for titanomagnetite/liquid which are characterized
by a slight negative Eu anomaly (Fig. 7.1), and which may or may not

have been appropriate.

The typically poor correlation between calculated and observed
trace element abundances, particularly in alleged derivatives more
evolved than mafic trachyte 49088, does not support their develovment by

closed-system fractional crystallization.

Isotoves

The relatively restricted range of initial 87Sr/86Sr ratios
supports the notion that all members of the Nandewar suite were derived
from a common source, a conclusion which is also required by the incom-
patible trace element data. The variation in initial 87Sr/86Sr ratios
is probably due to slight contamination by radiogenic crustal Sr, although
liquid fractionation involving thermogravitational diffusion may
conceivably be responsible for some of the variation (Hildreth, 1981).

The available isotopic data cannot be used to discriminate between

genetic models involving fractional crystallization or partial melting

and thus are of little further use.

Experimental Evidence

Experimental evidence relevant to the genesis of the comendites
is available from studies in the systems KZO—A1203—Si02 and NaZO—A1203—

sio2 at 1 atmosphere (Schairer and Bowen, 1955,1956) and the system

Ab-Or—Q—Ac—Ns—Hzo at 1 kb PH o (Carmichael and MacKenzie, 1963). The
2

Nandewar peralkaline trachyte and comendite analyses are plotted (Fig. 7.5)

in terms of molecular SiO —AlZO -Na,O0+K,0, following Bailey and Macdonald

2 3 2 2
1969,1970), and are compared with the quartz-feldspar cotectic zone and
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Fig. 7.4: Chondrite-normalized REE plots of the calculated
values for the proposed Nandewar derivatives from
Table 7.5.
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Plot of the Nandewar comendites (circles) and peralkaline
trachytes (circles with bars) in terms of SiOz—A1203—
Najy0+K20 (mol. prop.) following Bailey and Macdonald
(1969, 1970). The positions of the quartz-feldspar
cotectic zone and the quartz-feldspar minima (A,B,C)

are reproduced from Bailey and Macdonald (1970) for
comparison.
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quartz-feldspar minima determined in the above systems.

In contrast to the continental comendites plotted by Bailey and
MacDonald (1970), the Nandewar comendites do not plot in the quartz-
feldspar cotectic zone. Instead, they are spread along a rough trend
with the peralkaline trachytes extending from the feldspar point towards
the cotectic zone and comparable in some respects to the trend displayed
by oceanic comendites (Bailey and Macdonald, 1970). However, the
decreasing peralkalinity in the transition from the peralkaline trachytes
to comendites noted previously is also evident in this plot, and is at
variance with a trend of increasing peralkalinity which should result

from fractionation of alkali feldspar from peralkaline trachyte magma.

Selective loss of volatiles and alkalies is not considered to be
responsible for this trend since the most evolved comendites are intrusive
and are less likely to have been affected by this process than extrusive

peralkaline trachytes.

Thus, interpretations based on the available experimental data
are consistent with major and trace element modelling calculations, which
do not support an origin for the Nandewar comendites by fractionation of

alkali feldspar from peralkaline trachyte melts.

Physical Conditions of Fractionation

The difficulties associated with the mechanics of the crystal
fractionation process which relate to crystal settling, convection and
the general paucity of cognate cumulates were discussed in Chapter 6. The
feasibility of crystal/liquid separation, which is fundamental to
crystallization differentiation models, can be assessed by reference to

relevant viscosity and density data.

Densities (Bottinga and Weill, 1970} and viscosities (Shaw,
1972) have been calculated for several Nandewar lavas at approximate
magmatic temperatures (estimated from geothermometric data, Chapter 4),
and for dry and for reasonable HZO contents. The results are presented
together with calculated feldspar densities in Table 7.6. Coefficients
of expansion for the feldspars were taken from Clark (1966) and applied
to density data (determined at 2OOC) on appropriate compositions from

Deer et al. (1963). Calculated viscosities for the trachyandesites and



Calculated densities and viscosities for
Nandewar lavas and feldspar densities

TABLE 7.6
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o, e
(g cn™) (g cm™) (poise)

Trachyandesite (49000)

1100°C (Dry) 2.77 2.66 (Angg) 5.4 x 10°

1100°C (1% H,0) 2.70 -

1100°C (2% H,0) 2.64 1.1 x 10°
Trachyandesite (49012)

1100°C (Dry) 2.60  2.64 (Angg) x 10°

1100°C (2% H,0) 2.48 x 10°
Tristanite (49076)

1000°C (Dry) 2.57 2.62 (Angy) 7.1 x 10°

1000°%C (1% H,0) 2.45 2 x 10%
Trachyte (49088)

1000°C (Dry) 2.28 2.54 (0ry) 1.7 x 10°

1000°C (1% H,0) 2.23 3.0 x 10°
Peralkaline Trachyte (49098)

1000°C (Dry) 2.31 2.54 (0ry) x 10°

1000°C (1% H,0) 2.25 5.2 x 10°
Comendite (49161)

1000%C (Dry) 2.25 2.54 (0r,,) x 10°

1000°C (0.5% H,0) 2.23 2.5 x 10°
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comendites are comparable to measured values on rocks of similar composition

(Scarfe, 1977).

The calculated liquid densities indicate that in the absence of
significant convection olivine, clinopyroxene and Fe-Ti oxides should
have settled in all compositional variants. Plagioclase is also likely
to have settled in trachyandesite 49012 and the tristanites. However,

if trachyandesite 49000 contained 1 weight percent H_ O or less, the

2
calculations suggest that plagioclase (An58) would have floated. Increasing
the HZO content of the melt to 2 weight percent at 1100°C reduces the

melt density to a value fractionally below that of the feldspar, which
may then permit it to settle out. The uncertainties regarding the
O content of the melt preclude a definitive solution to this

initial H2

problem.

The calculated density data do not preclude fractionation of
alkali feldspar from any of the trachytic or comenditic melts. However,
calculation of settling velocities from Stokes Law (assuming perfect
spherical crystals of 0.5 cm radius) indicates settling rates of ~2 to
90 m yr-l under optimum conditions of minimum viscosity and maximum
density contrast. These settling rates are small and probably ineffectual
when convection processes are considered. Calculated Ravleigh numbers
for the trachytic and comenditic melts utilizing data from Bartlett
(1969) are >> lOS for magma bodies of ~100 m thick. Strong eddying
motions and active convection are expected when Rayleigh numbers exceed

105 (Elder, 1976).

Therefore fractionation of ~48 to 50 weight percent alkali
feldspar from peralkaline trachyte melts to produce the comendites does
not seem plausible by crystal settling. The absence of essentially
monomineralic anorthoclase cumulates as inclusions within any of the

lavas further weakens the crystal fractionation model.

PARTIAL MELTING

It has been established that the members of the Nandewar suite
are cogenetic and were derived from a common source with constant
isotopic and incompatible trace element ratios. Since the results of

mass-balance calculations in the preceding section indicate that the
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members (at least spanning the compositional range trachyandesites 49000
to trachyandesite 49012) are unlikely to be related by closed-system

fractional crystallization, alternative genetic models must be considered.

General Characteristics of the Source

It was concluded in Chapter 6 that progressive partial fusion
of a lower crustal source is not plausible because P-T constraints preclude
generation of the more mafic variants. Therefore an upper mantle source
is the only viable alternative. Since the silicic members of the suite
are at present generally regarded as unlikely products of partial melting
of an upper mantle source, a model involving partial melting followed by
ligquid or crystal fractionation (or both) may be appropriate for their

genesis.

Clearly, if lavas as evolved as trachyandesites and perhaps
tristanites are to be considered as 'primary' products of partial melting
in the upper mantle, the composition of the source must differ significantly
from the popular 'pyrolite' model of Ringwood (1975). Since we have no
a priori knowledge of the composition of undepleted upper mantle, it is
considered reasonable to test alternative potential source compositions
within the broad constraints imposed by geophysical data (Ringwood, 1975)

which indicate a peridotitic mineralogy.

Attempts to estimate the composition of undepleted upper mantle
material are severely constrained by the lack of model-independent
information concerning the percentage of partial melting required to
produce the various lava types. Estimates based on trace element
abundances of lavas and near-cosmic abundances for the upper mantle (Kay
and Gast, 1973) require very small degrees of partial melting (<3
percent) to produce nephelinites and other strongly alkaline and LREE-
enriched volcanics. It was noted in Chapter 6 that such small guantities
of melt may be difficult to separate from the source. Frey et al. (1978)
concluded that most basaltic lavas are probably produced by larger
degrees of melting (i.e. 10 to 25 percent for alkali basalts to olivine
tholeiites), and they based their estimates on the KQO and P205 contents
of the lavas in conjunction with the abundance of these constituents
in 'pyrolite'. This model assumes uniformity of K,C- and P205—bearing

phases (presumably phlogopite, amphibole and apatite) in the source
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region. However, xenoliths from kimberlites and other alkaline rocks
containing these phases (e.g. Dawson and Smith, 1973; Lloyd and Bailey,
1975; Francis, 1976; Wass et al., 1980) typically display considerable
modal variation, which presumably reflects heterogeneity in the source
region. Thus, estimates of the degree of partial melting based on the
concentration of Kzo and P205 in the resultant melts are subject to
uncertainties from this variable as well as the uncertainty regarding

the assumed composition of the source.

Constraints on the Nandewar Source

The compositions of the Nandewar lavas permit several constraints
to be placed on the likely nature of the source material. 1) Experimental
investigations on the solubility of apatite in basaltic liquids (Watson,
1979b) indicate that apatite should not be a residual phase during the
relatively large degrees of melting required to produce the more mafic
(lower Sioz) variants of the suite. This is supported by the absence
of apatite as a liquidus phase in all trachyandesites and hawaiites less
evolved than 49012 and its general absence from refractory lherzolitic
Xenoliths. If all of the apatite is partitioned into early-formed melts
the P,O_. content should decrease by dilution as melting proceeds. A plot
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of M versus PZOS (Fig. 7.6) shows that this is true for all of the

Nandewar trachyandesites except 49005, 49008 and 49009. The higher P205
contents of these lavas for similar M values suggests their derivation
from a source with slightly higher modal apatite. The trend of increasing
P205 with M in the range tristanite to trachyandesite is consistent with
the presence of apatite as a liquidus phase indicating their saturation

in this component. Moreover, this suggests that if these more evolved

lavas were also formed by partial melting, apatite was a residual phase

in the source region to this stage of melting.

2) The relatively high K/Rb ratios of the Nandewar mafic and
intermediate rocks (generally in the range 450 to 460) appears to
require the presence of amphibole in the source region. Menzies and
Murthy (1980c) showed that the probable range of K/Rb ratios in lavas
produced by 5 to 25 percent partial melting of an anhydrous mantle source
is 220 to 400. The range of K/Rb ratios is considerably extended (449

to 794) by the addition of 5 percent pargasite to the source.
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Fig. 7.6: Plot of M versus P_O, for the Nandewar hawaiites
(circles), trachyandesites (crosses) and
tristanites (squares).

3) The relatively constant K/Rb ratios in the Nandewar mafic
and intermediate lavas indicates that there could not have been significant
variation in the modal amounts of phases with markedly different K/Rb
ratios contributing to the melt. Amphibole and phlogopite would have
the highest contents of K and Rb in any plausible upper mantle assemblage
(Griffin and Murthy, 1969) and are likely to have had the grecatest
influence on K/Rb ratios of derivative melts. Phlogopite typically has
quite low K/Rb ratios (~120, Dawson, 1972) whereas amphiboles typically
have higher K/Rb ratios and commonly display a wide range of values
(e.g. 336-3058; Menzies and Murthy, 1980c). If both of these phases
contributed to the melt phase in variable proportions then a greater
degree of variation in the X/Rb ratios of the melts would be expected.
It therefore seems reasonable to conclude that the source for the Nandewar

lavas contained some amphibole and apatite, whereas phlogopite was



239

probably absent.

4) Assuming amphibole and apatite were present in the source
rocks of these lavas, it seems likely that they were completely consumed,
at least for the highest degrees of partial melting, because of the
general scarcity of amphibole-bearing inclusions amongst xenolith
populations. Possible variations in melt composition resulting from
the incongruent melting of amphibole (Holloway and Ford, 1975) are
ignored, although this assumption may not be valid for small degrees of
partial melting if amphibole is relatively abundant in the source (i.e.

5 to 10 percent).

Composition of the Residuum

The most obvious constraint on the composition of the residuum
is provided by the M values of derivative melts with which it was in
equilibrium. Experimental data (Roeder and Emslie, 1970; Cawthorn
et al., 1973; Thompson, 1974) indicate that the olivine-liquid Fe/Mg
exchange partition coefficient at elevated pressures is ~0.33. The mg
value of the peridotitic residuum is enhanced with increased degrees
of melting (Mysen and Boettcher, 1975). Hence, trachyandesite 49000
(i{ = 62) should have been in equilibrium with a residuum with mg ~83.
Descriptions of xenoliths with such low mg values are rare and the
average of ~300 continental peridotite xenoliths (which would be
‘depleted' relative to pristine upper mantle; Maalge and Aoki, 1977)
has mg = 90.1. If trachyandesites similar to the Nandewar trachyandesites
and tristanites were indeed primary melts, the residua from these partial
melting events is only rarely sampled. Further melting of a relatively
Fe-rich residue (assuming it is undepleted in elements such as Al, Ca,
Na, X, P) would probably yield basaltic melts, thereby leaving relatively
Mg-rich residua more typical of the peridotitic inclusions in alkaline

lavas.

A weight percent mode of the average spinel lherzolite (Maalge
and Aoki, 1977) is olivine 66.7, orthopyroxene 23.8, clinopyroxene 7.8
and spinel 1.7. Because clinopyroxene preferentially enters the melt
with small degrees of partial melting (Mysen and Kushiro, 1975; Jaques
and Green, 1980), undepleted 'pristine' Fe-rich lherzolites, and also

Fe-rich residua persisting after only small degrees of melting, must be
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significantly enriched in this phase (and/or amphibole for hydrous
assemblages) relative to the more common clinopyroxene-~-bearing harzburgite

xenoliths.

Wilkinson and Binns (1977) used an average analysis (mg = 83.7)
based on relatively Fe-rich lherzolite compositions as a potential
upper mantle source composition from which moderately evolved hawaiites
and tholeiitic andesites might be derived leaving harzburgitic and
dunitic residua, respectively. However, even this relatively Fe-rich
0, TioO

composition was depleted in important minor elements (Na.,0, K

2 2 2

and PZOS) and consequently it was unable to satisfy mass-balance requirements
for the production of the moderately evolved derivatives. As a IZirst
approximation it appears reasonable to use this relatively Fe-rich

source composition as a possible residuum from a partial melting event

which produced a trachyandesite (e.g. 49000) with ¥ ~62. The compositions

of the potential (already extracted) melt fractions are unknown. They

may have possessed M-values similar to the Nandewar trachyandesite but

could have differed significantly in other components (e.g. Otago mafic
phonolite, M = 56; Price and Green, 1972). However, uncertainties of

this type are inherent in all model upper mantle compositionsformulated

in this manner, including that of 'pyrolite'.

Composition of a Hypothetical Undepleted Source

Since the degree of partial melting required to produce trachy-
andesitic melts in equilibrium with the proposed residuum is unknown,
various increments of trachyandesite 49000 (10,15,20,25 and 30 weight
percent) were added to the residuum, thereby defining a range of possible

source compositions (Table 7.7).

The respective modes (Table 7.7) were calculated using microprobe
analyses of the anhydrous phases in an Fe-rich lherzolite (¥ ~80) from
Spring Mount in north-eastern New South Wales (Wilkinson and Binns,

1977), and an apatite from a Victorian lherzolite xenolith (Frey and
Green, 1974). Alternative modes were calculated adding amphibole

(average analysis of pargasite from a lherzolite xenolith in a nephelinite
from the Walcha district in north-eastern New South Wales; unpublished
data of the author) to the anhydrous phases listed above. It was not

possible to obtain a satisfactory solution using the least-squares



TABLE 7.7

Compositions and modes of a range of possible undepleted

upper mantle materials

241

*
Residuum Residuum + Residuum+ Residuum+ Residuum+ Residuum+

(A) 10% 49000 15% 49000 20% 49000 25% 49000 30% 439000
5102 44 .32 44.73 44 96 45,17 45.39 45 .59
T102 0.48 0.71 0.82 0.93 1.05 1.16
A]ZO3 4.25 5.33 5.87 6.41 6.95 7.50
Cr203 0.31 0.31 0.26 0.25 0.23 0.22
LFel 11.91 11.80 11.75 11.70 11.64 11.60
MnO 0.17 0.17 0.16 0.17 0.16 0.16
Mg0 34.23 31.64 30.37 29.07 27.79 26.50
Cal 3.55 4.12 4.41 4.70 4.98 5.27
NaZO 0.63 0.86 0.98 1.08 1.20 1.31
KZO 0.09 0.23 0.30 0.37 0.44 0.50
PZOS 0.06 0.10 0.12 0.15 0.17 0.19
Total 100.00 100.00 100.00 100.00 100.00 100.00
mg 83.7 82.7 82.2 81.6 81.0 80.3
Anhydrous Modes (Wt. percent)
Olivine 63.9 42.7 37.6 32.3 27.1 22.0
Orthopyroxene 15.9 33.5 36.0 38.7 41.3 43.8
Clinopyroxene 18.1 19.1 20.8 22.4 24.0 25.6
Spinel 2.1 4.3 5.2 .1 7.0 .0
Apatite - 0.4 .4 .5 .6 .6
zr? ; 7.525 5.895 4.649 4.003  3.755
Hydrous Modes (Wt. percent)
Olivine - 42.3 38.0 33.6 29.3 25.0
Orthopyroxene - 31.6 32.6 33.7 34.7 35.5
Amphibole - 25.2 28.5 31.8 35,1 38.5
Apatite - .9 0.9 0.9 1.0 1.0
oré - 3.614 1.823 0.672 0.229  0.462

*Ana]ysis and volume

% mode from Wilkinson

Zr2 = Sum of the squares c¢f the residuals.

and Binns (1977).
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mixing procedure by including clinopyroxene and spinel with amphibole
in the hypothetical source composition. Better fits (i.e. lower Zrz)
were generally obtained for the amphibole-bearing assemblages but the
amount of amphibole defined by the least-squares data generally appeared
inordinately large (20 to 40 wt. percent, Table 7.7) and the olivine/

orthopyroxene ratios appear too low.

Mass-balance calculations were carried out to test the feasibility
of producing the Nandewar trachyandesites, hawaiites and tristanites
from the range of proposed source rocks (Table 7.8). The best fits for
the trachyandesites and hawaiites were achieved using a parent composition
based on the addition of 15 percent trachyandesite 49000 to residuum A
(Table 7.7). A less depleted residuum was adopted for the calculations
involving the tristanites (i.e. residuum B, Table 7.8; calculated by
adding 10 percent trachyandesite 49000 to residuum A) because the source
will be relatively less depleted by the lower degrees of partial melting
required for the production of the more 'evolved' primary melts. These
calculations indicate that it is feasible in terms of major element
mass-balance constraints, to produce the Nandewar tristanites, hawaiites
and trachyandesites by 4 to 15 percent partial melting of the proposed

source.

It is acknowledged that the existence of such a source is highly
speculative, although it is supported to some extent by the compositions
of some relatively Fe-rich lherzolites (Wilkinson and Binns, 1977;
but see Irving, 1980). The possibility of deriving liquids with # < 50
by direct partial melting of a source similar to the one proposed is
rather more speculative. Although many of the components can be
satisfactorily balanced in least-squares mixing calculations, adopting
a constant value of KD = 0.33 for olivine-liquid equilibria appears to
be a major constraint in parent-daughter relations. KD depends on P, T
and f02 (Mysen, 1975; Mysen and Boettcher, 1975) but Wilkinson and
Binns (1977) suggested that opposing effects of P-T and f02 will probably

be counterbalancing and K_ ~0.3 is likely to persist in relatively

D
Fe-rich upper mantle source regions. Although this may be true for

basaltic and hawaiitic melts, possible effects of higher alkali contents

and variable bulk composition con K_ at elevated pressures are unknown

D
and require more experimental data.
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Other alternative upper mantle sources might also be considered
e.g. the metasomatized lherzolitic material described by Lloyd and
Bailey (1975). The enrichment of Fe and incompatible trace elements,
as well as the relative depletion in Cr and Ni which apparently accompanied
metasomatism, indicates the potential for such a source to generate
melts with very evolved major and trace element characteristics. Pro-
duction of relatively siliceocus upper mantle melts based on the incongruent
melting of orthopyroxene (Mysen and Boettcher, 1975) appear to require

further experimental data.

In view of the limited data defining the major element character-
istics of pristine upper mantle there appears to be little profit in
speculating on trace element compositions. Trace element models based
on the equations for equilibrium or fractional melting (Shaw, 1970)
depend heavily on information concerning the degree of partial melting,
the nature and mode of the residual mineralogy of the source and solid/

liquid partition coefficients, which are at present poorly known.

CONTAMINATION/HYBRIDISM/WALL-ROCK REACTION

The arguments outlined in the previous chapter regarding the
general inapplicability of these processes to the production of transitional
alkaline suites also pertain to the Nandewar suite. The general absence
of xenoliths, partially digested igneous or sedimentary materials and
disequilibrium phase assemblages argue strongly against the significant
involvement of hybridism and contamination processes in the genesis of

the Nandewar lavas.

However, the slightly higher initial 87Sr/86Sr ratios of several
comendites (see Table 5.3) suggests that some contamination of these
melts by radiogenic crustal Sr occurred. The very high Rb/Sr ratios of
these rocks renders them very susceptible to such effects and the amount
of contaminant may have been very small. This would indeed be the case
if isotopic contamination occurred by direct exchange between magma
and country rocks (Taylor, 1977) or by influx of groundwater (Lipman

and Friedman, 1975).

VOLATILE TRANSFER

The conclusion in Chapter 6, that volatile transfer (especially
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volatile loss) is unlikely to have resulted in significant modification
to the compositions of transitional mafic lavas, is also applicable to
the Nandewar lavas. It was further suggested that loss of a volatile
phase may be responsible for some of the compositional variation evident

amongst the more evolved members of some suites.

Inspection of Tables 5.1 and 5.2 and Figs 5.4 to 5.11 reveals
considerable scatter in the concentration of alkalies and several of
the incompatible trace elements amongst the younger alkali rhyolites
and comendites. Typically the alkali rhyolites are depleted in Na2O,
LFeO, Li, Zn, Rb, Y, Zr, Nb, HREE, Hf, Ta and Th relative to comendites
of similar Si02 content. Since it has been established that these
differences cannot be reasonably attributed to fractional crystallization,
and their highly irregular nature appears inconsistent with thermo-

gravitational diffusion processes (discussed below), chemical modification

by loss of a volatile phase may be the most appropriate explanation.

The commonly vesicular character of the alkali rhyolites indicates
that some loss of volatiles occurred, probably when the partly crystalline
magma was extruded as exogenous domes. Evidence of alkali amphiboles
having grown within the vesicles of some specimens was interpreted as
indicating crystallization from an escaping volatile-rich fluid (see
Chapter 4). Trace element data for the separated amphibole (Table 4.7)
revealed that many of the elements (e.g. Li, Zr, Nb, HREE) depleted in
the alkali rhyolites relative to the comendites are concentrated in

this phase.

It is proposed therefore, that the magma which finally consolidated
as the younger alkali rhyolites was originally comenditic in composition.
The field occurrence of the comendites, principally as intrusive plugs,
apparently prevented serious loss of volatiles and thus they more closely
reflect original melt compositions. It is envisaged that the pressure
release accompanying extrusion of the partially crystalline comenditic
magma led to saturation of the interstitial melt fraction in a F-rich
volatile phase and its subsequent loss from the system. Alkalies
(principally Na) and many of the incompatible trace elements concentrated
in the interstitial melt (probably in the form of fluoride complexes;
see Chapter 6 for discussion) are also inferred to have been lost during

the degassing process.
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Whilst this process appears to have most seriously affected the
alkali rhyolites, it may also have modified the compositions of some
mafic and peralkaline trachytes. However, the generally non-vesicular
character and higher Nazo/KZO ratios (usually >1) of these lavas suggests

that such losses were probably less important.

The older alkali rhyolites also have relatively low Na20/K20
ratios and irregularities in some trace element contents which suggests
loss of a volatile phase during eruption. Specimen 49162 is slightly
peralkaline (A.I. = 1.01l) and hence was classified as a comendite, but
it is regarded as a member of the older alkali rhyolites because of its
close association in the field and similar mineralogy. These rocks are
typically more Fe-rich than the younger alkali rhyolites and are compo-
sitionally similar to the most mafic extrusive comendites (e.g. 49160
and 49161; see Tables 5.1 and 5.2), the most notable discrepancy being
lower Nazo and higher Fe203/FeO ratios in the former. The older alkali
rhyolites are depleted in Li relative to the comendites but many of the

other incompatible trace element concentrations are comparable.

It is proposed that the older alkali rhyolites were also produced
by degassing of a comenditic magma as it was extruded in the form of
exogenous domes during the initial phases of volcanism. These magmas
are thought to have been relatively H20-rich which permitted some loss
of alkalies and trace elements and resulted in pervasive oxidation of the
partially crystallized magma. The apparently minimal losses of Fe, Mn
and incompatible trace elements, relative to those inferred for the
younger alkali rhyolites, perhaps reflects different aHQO and an between
the melts and the extent of complexing by halogen anions. The low

partition coefficients for most elements between aqueous vapour and melt

which support this interpretation were discussed in Chapter 6.

Whilst most of the chemical differences between the alkali
rhyolites and comendites may be attributable to volatile-loss, one
comendite (49164) is enriched in LREE beyond levels that can be reasonably
attributed to fractional crystallization processes. Compared to
comendite 49163, this particular specimen displays less enrichment in
Zn, Rb, Zr, Hf and HREE, has almost identical Nb and Ta contents and

sm/Eu ratio, and is enriched in LREE by ~x 5 to 16 and U by ~x 3.
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Specific enrichments of this magnitude are inconsistent with crystal
fractionation involving alkali feldspar because the preferential
concentration of Eu in this phase (ggg»Table 7.4) would result in
increased Sm/Eu ratios in derivative liquids. Also, the limited data
available for magmas considered to be related by thermogravitational
diffusion (cf. Hildreth, 1979,1981; Mahood, 198la) suggests that Sm/Eu

ratios do not remain unchanged during the operation of this process.

Therefore, some form of volatile transfer may be responsible
for the strong enrichment in LREE and U evident in this comendite.
Although this seems inconsistent with the tendency of the HREE to form
complexes more readily than the LREE (Balashov and Krigman, 1976), the
stability of metal complexes may be strongly dependent on the nature of
the anionic species (e.g. Mitchell and Brunfelt, 1975; Balashov and
Krigman, 1975), thereby creating the potential for selective cationic
mobility in an evolving magma chamber. Volatile transfer could occur by
exsolution of vapour from a saturated melt followed by its concentration
in the upper part of the magma chamber. However, roofward migration and
concentration of volatile species may also occur in the absence of a

discrete vapour phase (Shaw, 1974).

MAGMA MIXING

Petrographic and mineralogical evidence of disequilibrium in the
Nandewar lavas is sparse. Reaction rims on orthopyroxene megacrysts in
several trachyandesites (considered to be moderate-pressure precipitates
from their hosts) are explicable by their low-pressure instability. On

38
in trachyandesite 49008 (M = 47.6) constitute a disequilibrium assemblage.

the other hand, unusually magnesian olivine microphenocrysts (Fo

If a value of KD ~0.3 for olivine-ligquid equilibria is appropriate, it
must be concluded that the euhedral olivine microphenocrysts crystallized
from a melt with a higher M-value than their host (/ ~70), and which

is not currently represented in the volcanic pile. This melt could then
have mixed with a more evolved trachyandesitic or hawaiite melt to
produce the current host. There is, however, no evidence of two pheno-

cryst populations which might support this proposal.

Sparse plagioclase phenocrysts (An57) rimmed by anorthoclase in

mafic trachyte 49082 also probably represent a disequilibrium assemblage.
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Their presence could be interpreted in terms of mixing of a relatively
Ca-rich (trachyandesitic) melt with a trachytic melt. The typically low
MgO and CaO contents of the mafic trachytes indicate that if mixing with
more Mg- and Ca-rich melts occurred, the relative volume of the latter

was quite small. The absence of magnesian olivine and clinopyroxene
phenocrysts, which usually accompany plagioclase phenocrysts in the
trachyandesites, suggests that the calcic-plagioclase cores may be isolated

accidental inclusions rather than the remnants of extensive magma mixing.

Although magma mixing may have occurred on a very restricted
basis producing some of the localized disequilibrium mineral assemblages
in the Nandewar lavas, it is not considered to have played a significant

role in the development of the suite.

LIQUID IMMISCIBILITY

On the basis of the arguments outlined in Chapter 6, the process
of liquid immiscibility is not considered to have been involved in the
development of the major compositional variants comprising the Nandewar
suite. There is no physical evidence of immiscibility in the volcanics
or intrusive rocks and the essentially continuous chemical variation
evident in the suite is inconsistent with such a process. Furthermore,
the trace element characteristics of the more evolved representatives are
at variance with those expected from partitioning relationships of

immiscible liquids (Watson, 1976; Eby, 1980).

THERMOGRAVITATIONAL DIFFUSION

It was concluded from earlier discussions (see Chapter 6) that
the process of thermogravitational diffusion seems incapable of producing
the complete range of compositions represented in the Nandewar Volcano.
Although the more mafic members of the suite may be 'primary' partial
melts of a relatively Fe-rich upper mantle source region, it seems most
unlikely that the salic types, especially the rhyolites, could have been
formed in this manner. The apparent inadequacy of the crystal fraction-
ation, liquid immiscibility, and other models so far considered to account
for some of the compositions in this range, requires that the process

of thermogravitational diffusion be considered as a possible alternative.

Appraisal of this model in the genesis of the more evolved Nandewar
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rocks is necessarily speculative since very little is known of the
operation of this process in magmatic systems. Information from field
relations and possible pre-extrusive magmatic relationships are poorly
constrained for the Nandewar rocks compared to zoned ash-flow tuff units
for which this process has previously been invoked (e.g. Hildreth,
1979,1981; Mahood, 198la). In the case of zoned ash-~flow eruptives,
the regions of the magma chamber sampled can be identified with some
degree of confidence, whereas the possible order of extraction of a
series of small intrusive plugs from a magma chamber (if indeed they
were derived from a single chamber) is unknown. Even if the comenditic
and trachytic magmas were derived from a single compositionally zoned
magma chamber, the individual intrusive bodies are likely to have undergone

further differentiation subsequent to their emplacement.

Recognition of geochemical trends which appear to be characteristic
of this process is therefore very difficult, especially since these
trends vary somewhat from subalkaline (Hildreth, 1979) to mildly pera-
alkaline systems (Mahood, 198la). These difficulties are enhanced in
the Nandewar rhyolitic rocks where significant loss of alkalies and

certain incompatible trace elements occurred during eruption.

Thermogravitational diffusion has only previously been proposed
to explain marked variations in trace element and isotcope chemistry over
quite narrow ranges 1in major element composition. Hildreth (1979)
suggested that compositional gradients develop by diffusion processes
in the uppermost portions of silicic magma chambers where convection
becomes inhibited by progressive development of a stable density gradient,
Calculated viscosities (Table 7.6) and Rayleigh numbers indicate that
active convection should occur in even relatively small chambers containing
trachytic and comenditic magmas. This would possibly be expected to
disrupt compositional and density gradients which develop in response to
thermal gradients within a magma chamber. However, if a series of actively
convecting cells of different composition can develop (see Chapter 6
for discussion of possible mechanisms), then convective-driven diffusive
differentiation may be capable of operating over a broader compositional

range appropriate to the Nandewar intermediate and silicic variants.

Some support for this suggestion is provided by the Thirsty Canyon

Tuff in southern Nevada (Noble, 1965; Noble and Parker, 1974). It is
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a compound cooling unit composed of at least a dozen individual ash
flows ranging from trachyte to comendite and pantellerite in composition.
Trachyte, trachytic soda rhyolite and trachyandesite lavas were erupted
synchronously from the Black Mountain Volcano and interfinger with

the intermediate to silicic tuffs. It is clear from this example that
melts ranging from trachyte to peralkaline rhyolite coexisted, probably
within a single magma chamber, and were erupted within a short period

of time. It is not clear by what process the trachytic and comendite
members are related, although Noble (1965) and Noble and Parker (1974)
suggest that they were not produced by fractional crystallization from

a single parent magma. By analogy with mass-balance calculations for
the Nandewar lavas, a relationship for the Black Mountain trachytes and
comendites by fractional crystallization would appear to require excessively
large degrees of crystallization (~50 weight percent). Even larger
degrees of crystallization would be required to produce the extreme
enrichments in incompatible trace elements which characterize the Black
Mountain pantellerites (see Table 6.6, No.l4). It has been argued
previously that such large degrees of crystallization would necessarily

prevent this range of liquids coexisting in a single magma chamber.

The suggestion that the more evolved members of the Nandewar
suite (which display similar compositional trends to the Black Mountain
eruptives) were produced by thermogravitational diffusion or a similar
form of liquid-state differentiation is of course speculative. Further
detailed studies of eruptives covering a similar compositional range,
but with more closely constrained field relations enabling more precise
determination of eruptive sources and compositional variation with time,
are clearly required to ascertain the viability of this model in

generating the relatively evolved members of transitional alkaline suites.

CONCLUSIONS

An important, albeit negative result of this study evident from
the field, mineralogical and chemical data, is that while the transitional
alkaline lavas (and intrusives) of the Nandewar suite comprise a
cogenetic suite, not all are related by simple closed-system fractional

crystallization.
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The major and trace element variations amongst the mafic
members (i.e. trachyandesites and hawaiites) cannot be adequately
accounted for by removal of the observed phenocryst phases. It was
therefore tentatively suggested that these lavas and perhaps also the
tristanites may represent 'primary' partial melts of a relatively Fe-
rich upper mantle source region. Production of the tristanites by
fractional crystallization of the most evolved trachyandesites is not
precluded by the major element mass-balance calculations. However,
poor agreement for some calculated trace element abundances and the
paucity of phenocrysts and cognate cumulate inclusions in the trachy-

andesites and tristanites does not support their relationships by this process.

Production of the mafic trachytes by fractional crystallization
of a tristanite magma involving separation of the major phenocryst
types seems feasible. However, generation of the peralkaline trachytes
and comendites from the mafic trachytes by this process requires
inordinately large degrees of crystallization and in many cases satisfactory

mass-balance is not achieved for either the major or the trace elements.

Instead it is tentatively suggested that the trachytes and
comendites may be related by some form of liquid-state differentiation.
Although the capacity of the thermogravitational diffusion process to
generate this range of compositions is as yet unproven, it seems the

most appropriate contender from the available range of genetic models.

Loss of a F- or Hzo—rich volatile phase appears to be an adequate
mechanism by which peraluminous and metaluminous rhyolites’can be related
to the comendites. Alkali loss and variable loss of Fe, Mn and certain
incompatible trace elements is considered to have accompanied the loss

of volatiles. The extent to which this occurs probably reflects the
activity of the various volatile constituents in the melt and the degree

of complex formation.

Acceptance of the conclusion that the closed-system fractional
crystallization model (widely adopted as the principal mechanism for
the genesis of these suites in the past) does not provide a satisfactory
explanation for the genesis of all of the Nandewar lavas, leaves the
vexing problem of a suitable alternative control(s). Whilst, the ad hoc
genetic models tentatively proposed above have some relevance, it is

acknowledged that they are far from compelling. Careful examination of

1 It should be noted however, that these eruptives are essentially devoid

of diagnostic peralkaline groundmass phases.
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the literature on transitional suites similar to the Nandewar suite
also showed that closed-system fractional crystallization models may
not be generally applicable in their genesis. Further studies of these
suites aimed at quantifying in more detail the relationships between
alleged parent and daughter products are obviously required. Wider
acceptance of the shortcomings of crystal fractionation models should
lead to more detailed examination and evaluation of alternative genetic

controls.
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CHAPTER 8

SUMMARY OF CONCLUSIONS

The Nandewar Volcano, outcropping over an area of some 800 km?2,
is a Miocene shield volcano located approximately 26 km east of Narrabri
in north-eastern New South Wales. The major conclusions arising from
the field, petrographic, mineralogical, chemical and genetic synthesis

of the Volcano are listed below.

1) Petrographic and chemical data indicate that the Nandewar
Volcano is dominated by a mildly potassic lineage extending from Ay-
normative trachyandesites to comendites via tristanites and mafic to
peralkaline trachytes. Transitional hawaiites also occur, but more

‘evolved' sodic eruptives have not been found.

2) Although the trachyandesites, hawaiites, tristanites and
trachytes (the main shield-forming sequence) are collectively the most
abundant volcanics, alkali rhyolites comprise the most voluminous eruptive
type. Peralkaline trachytes and comendites represent only a relatively
minor proportion of the extrusive/intrusive members of the suite. Field
and geochronological data indicate that volcanism commenced with extrusion
of the volumetrically important alkali rhyolites to form exogenous domes.
Extrusion of the main shield-forming sequence began with hawajiites and
trachyandesites. Later eruptives generally became more silicic with
time, varying in composition from tristanites, mafic and peralkaline
trachytes to occasional mafic comendites. The volcanic pile was subsequently

intruded by peralkaline trachyte and comendite plugs and dykes.

3) The dominant mineral compositional trends throughout the
volcanic series have been studied in some detail, employing microprobe
analyses. Olivine (FOBB—SO) is a relatively prominent phenocryst phase
in some trachyandesites and hawaiites. Olivine mg-values and modal
olivine content decrease with increasing SiO2 content and decreasing

)

M-value of the hosts. The most Fe-rich olivine microphenocrysts (FolO

occur in peralkaline trachytes.
4) Ca-rich pyroxene is a common phenocryst and groundmass phase

throughout the series, ranging in composition from augite (Ca47Mg44Fe9)
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in the hawaiites and trachyandesites to ferrohedenbergite (Ca 46Mg31?‘eSl)

in the comendites. Tschermakitic Ca-rich pyroxenes and partially resorbed
aluminian bronzites in several trachyandesites are considered to have
crystallized from their host melts at approximately 6 to 8 kb. Groundmass
pyroxenes in the peralkaline trachytes and comendites display significant
NaFe3+ Z Ca (Mg, Fe2+) substitution, and range in composition up to almost

pure aegirine (NaFe3+Si206).

5) Amphibole (edenite) is a rare groundmass phase in several
trachyandesites. Amphibole is more common in the mafic trachytes (richterite
to ferro-richterite with subordinate katophorite and arfvedsonite) and
is relatively abundant in the groundmass of peralkaline trachytes and

comendites (arfvedsonite).

6) Titanomagnetite is the dominant Fe-Ti oxide phase occurring
both as a phenocryst and groundmass phase throughout the series. Only
occasionally does it coexist with ilmenite. The ulvospinel content
of the titanomagnetites varies somewhat irregularly with host-rock composition,
but tends to be highest in the most 'evolved' eruptives. Fe-Ti data
indicate that magmas spanning the compositional range trachyandesite
to comendite generally crystallized under conditions of decreasing T
and sz which were broadly parallel with the FMQ synthetic buffer curve.
The older alkali rhyolites differ from the trachyandesite-comendite
spectrum because they appear to have suffered pervasive oxidation during

eruption, possibly as a result of selective loss of H, following dissociation

2
of H20.

7) Aenigmatite of relatively restricted compositional range
is a common groundmass constituent of peralkaline trachytes and comendites.
The presence of aenigmatite rimming titanomagnetite and ilmenite micro-
phenocrysts in several specimens provides some support for the existence

of a 'no-oxide' field in T—fb2 space.

8) The abundance of plagioclase phenocrysts varies considerably
in the more mafic variants, and phenocrysts are less abundant in more
'evolved' types and absent from peralkaline eruptives. Comparatively
rare, sieved, reverse-zoned plagioclase phenocrysts in some trachyandesites
may represent relatively high-pressure precipitates. Phenocryst and
groundmass alkali feldspar compositions in the trachytes and comendites

display a relatively restricted compositional range (Or ) with a

26-49
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concentration in the range (Or ) which corresponds to the experimentally-

34-42
determined composition of the minimum in the Ab-Or series. Alkali feldspar
phenocrysts in the mafic trachytes are zoned from relatively Ab-rich

cores to more Or-rich rims, whereas those from peralkaline hosts display

the reverse trend.

9) Major, trace element and isotopic data indicate that the
Nandewar volcanics derived from a common upper mantle source with specific

trace element and isotopic characteristics.

10) Major and trace element mass-balance calculations seeking
to interelate the various members of the mildly potassic series do not
favour a genetic model based on closed-system fractional crystallization.
Mass-balance constraints are especially evident for the hawaiites and
trachyandesites whose compositions cannot be bridged by reasonable crystal
extracts based on observed phenocryst assemblages. An alternative inter-
pretation of the genesis of these particular magmas has been suggested,
and this is based on progressive partial melting of relatively Fe-rich
amphibole~-bearing upper mantle peridotites. A range of hypothetical
upper mantle source compositions has been presented, and these have
been modelled by adding to the composition of a relatively Fe-rich 'depleted'
peridotitic residuum various proportions of potential derivative melt

compositions.

11) Major and trace element mass-balance calculations do not
preclude derivation of the tristanites and mafic trachytes by fractional
crystallization of the most 'evolved' trachyandesites. However, this
interpretation does not accord with the predominantly aphyric character
of the most 'evolved' trachyandesites and the extreme rarity of cognate
cumulates in all rock types. Generation of the tristanites by quite
small degrees (~5 percent) of partial melting of a relatively Fe-rich
upper mantle peridotite has been evaluated. Although this model is
feasible in terms of major element mass-balance constraints, it is open
to criticism because it requires unrealistically Fe-rich source peridotites
(mg<70) as defined by Fe-Mg exchange partitioning data available at

the present time.

12) Production of the oldexr alkali rhyclites by extensive
fractional crystallization of volumetrically subordinate mafic and peralkaline
trachytic associates is considered unlikely and is not supported by

mass-balance calculations.



13) Production of the comendites and peralkaline trachytes
from less 'evolved' associates (mafic trachyte =+ peralkaline trachyte —>
comendite) requires inordinately large degrees of crystallization (30
to 60 percent) and crystal extracts, for which there is generally little
evidence in the entire volcanic succession. Predicted and measured
trace element contents of alleged derivatives for these transitions
are strongly at variance. There is strong evidence that the trace element
characteristics of some comendites have resulted from processes other
than fractional crystallization. An alternative model based on some
type of liquid-state differentiation process (e.g. thermogravitational
diffusion) possibly aided by volatile transfer has been tentatively
suggested to explain the compositional characteristics of the most 'evolved'

variants.

14) The development of the metaluminous or peraluminocus younger
alkali rhyolites which are common field associates of the intrusive
comendites is attributed to volatile-loss during extrusion of partially
crystallized comenditic magma. Similarly, the voluminous older alkali
rhyolites are regarded as the products of degassing of slightly more
mafic comenditic magmas which have their counterparts in the main shield-

forming sequence.

15) In a detailed review, the volumetric, chemical and other
characteristics of transitional alkaline suites (for oceanic and continental
regimes) have been discussed. Closed-system fractional crystallization
is the control most often invoked in the genesis of the 'evolved' members
(M<66) of these suites, but the evidence necessary to enhance the internal
consistency of fractionation models is often lacking. This evidence

should include:

a) successively smaller volumes of successively more

'evolved' differentiates;

b) convincing major and trace element mass-balance between
the alleged parent, derivative and the observed phenocryst
compositions which are representative of the crystal

extract; and

c) reasonable evidence of cognate cumulates (the complementary

crystal extracts) as inclusions within the eruptive sequence.



257

REFERENCES

Abbott, M.J. (1965) A petrological study of the Nandewar Volcano. Ph.D.
Thesis (unpubl.) Australian National University, Canberra, A.C.T.

Abbott, M.J. (1967) Aenigmatite from the groundmass of a peralkaline
trachyte. Am. Mineral., 52, 1895-1901.

Abbott, M.J. (1969) Petrology of the Nandewar Volcaro, N.S.W., Australia.
Contrib. Mineral. Petrol., 20, 115-134.

Albarede, F. and Bottinga, Y. (1972) Kinetic disequilibrium in trace
element partitioning between phenocrysts and host lava. Geochim,
Cosmochim. Acta, 36, 141-156.

Albarede, F. and Provost, A. (1977) Petrological and geochemical mass-
balance equations: an alogorithm for least-squares fitting and general
error analysis. Comput. Geosci., 3, 309-326.

Allegre, C.J., Treuil, M., Minster, J.F., Minster, B. and Albarede, F.
(1977) Systematic use of trace elements in igneocus processes: Part I.
Fractional crystallization processes in volcanic suites. Coninrid.
Mineral. Petrol., 60, 57-75.

Anastasiou, P. and Seifert, F. (1972) Solid sclubility of Al O, in ensta-
tite at high temperatures and 1-5 kb water pressure. Contrid. Mineral.
Petrol., 34, 272-287.

Anderson, A.T. (1968) The oxygen fugacity of alkaline basalt and related

-

magmas, Tristan da Cunha. A4m. J. Seci., 266, 704-727.

Anderson, A.T. (1976) Magma mixing: petrological process and volcano-
logical tool. J. Voleanol. Geotherm. Res., 1, 3-33.

Anderson, A.T. and Wright, T.L. (1972) Phenocrysts and glass inclusions
and their bearing on oxidation and mixing of basaltic magmas, Kilauea
Volcano, Hawaii. A4m. Mineral., 57, 170-187.

Anderson, D.L. (1982) 1Isotopic evolution of the mantle: the role of magma
mixing. Zarth Planet. Sci. Lett., 57, 1-12.

Anfilogov, V.N., Bragina, G.I., Bobylev, I.B. and Zyuzeva, N.A. (1979)
Structural position of fluorine and chlorine in a silicate melt.
Geochem. Int., 16, 17-22.

Aoki, K. (1964) Clinopyroxenes from alkaline rocks of Japan. Z4m. Mineral.,
49, 1199-1223.

Roki, K. (1966) Spineliferous titanomagnetite from trachyandesites, Iki
Island, Japan. Am. Mineral., 51, 1799-1805.



258

Acki, K. (1970) Andesine megacrysts in alkali basalts from Japan. Contrib.
Mineral. Petrol., 25, 284-288.

Arana, V., Badiola, E.R. and Hernan, F. (1973) Peralkaline acid tendencies
in Gran Canaria (Canary Islands). Contrib. Mineral. Petrol., 40, 53-
62.

Arriens, P.A. and Compston, W. (1969) A method for isotopic ratio measure-
ment by voltage peak switching, and its application with digital output.
Int. J. Mass Spectrom. Ion Phys., 1, 471-482.

Arth, J.G. (1976) Behaviour of trace elements during magmatic processes -
a summary of theoretical models and their applications. J. Hes. U.S.
Geol. Surv., 4, 41-47.

Bacon, C.R., MacDonald, R., Smith, R.L. and Baedecker, P.A. (1981)
Pleistocene high-silica rhyolites of the Coso volcanic field, Inyo
County, California. J. Geophys. Res., 86, 10223-10241.

Bailey, D.K. (1964) Crustal warping - a possible tectonic control of
alkaline magmatism. J. Geophys. Res., 69, 1103-1111.

Bailey, D.K. (1969) The stability of acmite in the presence of H O. Am. J.
Sez., 267-4, 1-16.

Bailey, D.K. (1970) Volatile flux, heat-focusing and the generation of
magma. Geol. J. (Special Issue), 2, 177-186.

Bailey, D.K. (1972) Uplift, rifting and magmatism in continental plates.
J. Earth Sci. (Leeds), 8, 225-239.

Bailey, D.K. (1973) Trachytes and feldspar fractionation: a simple
philippic. Geol. Soc. Lond., J., 129, 649.

Bailey, D.K. (1974) Origin of alkaline magmas as a result of anatexis;
in Sdrensen, H. (ed.) The Alkaline Rocks, 436-442, John Wiley, New
York.

Bailey, D.K. (1978) Continental rifting and mantle degassing; <¢# Neumann,
E.-R. and Ramberg, I.B. (eds.) Petrology and Geochemistry of Conti-
nental Rifts, 1-13, D. Reidel, Dordrecht.

Bailey, D.K. (1980) Volcanism, Earth degassing and replenished lithosphere
mantle. R. Soe. Lond., Phil. Trans., Ser. A., 297, 309-322.

Bailey, D.K. (1982) Mantle metasomatism - continuing chemical change within
the Earth. WNature, 296, 525-530.

Bailey, D.K., Cooper, J.P. and Knight, J.L. (1974) Anhydrous melting and
crystallization of peralkaline obsidians. Bull. Voleanol., 38, 653-
665.

Bailey, D.K. and Macdonald, R. (1970) Petrochemical variations among mildly
peralkaline (comendite) obsidians from the oceans and continents.
Contrib. Mineral. Petrol., 28, 340-351.



259

Bailey, D.K. and Macdonald, R. (1975) Fluorine and chlorine in peralkaline
liquids and the need for magma generation in an open system. Mineral.
Mag., 40, 405-414.

Bailey, D.K. and Schairer, J.F. (1964) Feldspar-liquid equilibria in
peralkaline liquids - the orthoclase effect. Am. J. Sei., 262, 1198-
1206.

Bailey, J.C. (1977) Fluorine in granitic rocks and melts: a review.
Chem. Geol., 19, 1-42.

Baker, B.H. (1978) A note on the behaviour of incompatible trace elements
in alkaline magmas; 7% Neumann, E.-R. and Ramberg, I.B. (eds.)
Petrology and Geochemistry of Continental Rifts, 15-26, D. Reidel,
Dordrecht.

Baker, B.H., Goles, G.G., Leeman, W.P. and Lindstrom, M.M. (1977)
Geochemistry and petrogenesis of a basalt-benmoreite-trachyte suite
from the southern part of the Gregory Rift, Kenya. Contrib. Mineral.
Petrol., 64, 303-332.

Baker, B.H. and Henage, L.F. (1977) Compositicnal changes during crystal-
lization of some peralkaline silicic lavas of the Kenya Rift Valley.
J. Volecanol. Geotherm. Res., 2, 17-28.

Baker, I. (1968) Intermediate oceanic volcanic rocks and the 'Daly gap'.
Earth Planet. Sei. Lett., 4, 103-106.

Baker, I. and Haggerty, S.E. (1967) The alteration of olivine in basaltic
and associated lavas. Part II: Intermediate and low temperature
alteration. Contrib. Mineral. Petrol., 16, 258-273.

Baker, P.E. (1974) Peralkaline acid volcanic rocks of oceanic islands.
Bull. Voleanol., 38, 737-754.

Baker, P.E., Brosset, R., Gass, I.G. and Neary, C.R. (1973) Jebel al
Abyad: a recent alkalic volcanic complex in western Saudi Arabia.
Lithos, 6, 291-314.

Baker, P.E., Buckley, F. and Holland, J.G. (1974) Petrology and geochemistry
of Easter Island. Contrib. Mineral. Petrol., 44, 85-100.

Baker, P.E. and McReath, I. (1972) The acid rocks of the ocean basins.
Bull. Voleanol., 36, 328-341.

Balashov, Yu.A. and Krigman, L.D. (1975) The effects of alkalinity and
volatiles on rare-earth separation in magmatic systems. Geochem. Int.,
12, 165-170.

Bandurkin, G.A. (1961) Behaviour of the rare-earths in fluorine-bearing
media. Geochem., 2, 159-167.

Barberi, F., Bizouard, H. and Varet, J. (1971) Nature of the clinopyroxene
and iron enrichment in alkalic and transitional basaltic magmas.
Contrib. Mineral. Petrol., 33, 93-107.



260

Barberi, F., Borsi, S., Ferrara, G. and Innocenti, F. (1969) Strontium
isotopic composition of some recent basic volcanites of the southern
Tyrrhenian Sea and Sicily Channel. Contrib. Mineral. Petrol., 23,
157-172.

Barberi, F., Borsi, S., Ferrara, G., Marinelli, G. and Varet, J. (1970)
Relationships between tectonics and magmatology of the Northern Afar
(or Danakil) Depression. R. Soc. Lond., Phil. Trans., Ser. A., 267,
293-311.

Barberi, F., Civetta, L. and Varet, J. (1980) Sr isctopic composition of
Afar volcanics and its implications for mantle evolution. ZFarth
Planet. Sci. Lett., 50, 247-259.

Barberi, F., Ferrara, G., Santacroce, R., Treuil, M. and Varet, J. (1975)
A transitional basalt-pantellerite sequence of fractional crystallization,
the Boina Centre (Afar Rift, Ethiopia). J. Petrol., 16, 22-56.

Barberi, F., Santacroce, R. and Varet, J. (1974) Silicic peralkaline
volcanic rocks of the Afar Depression (Ethiopia). Bull. Volcanol.,
38, 755-790.

Barberi, F. and Varet, J. (1970) The Erta Ale volcanic range (Danakil
Depression, northern Afar, Ethiopia). Bull. Voilcarol., 34, 848-917.

Barker, F., Wones, D.R., Sharp, W.N. and Desborough, G.A. (1975) The Pikes
Peak batholith, Colorado Front Range, and a model for the origin of
the gabbro-anorthosite-syenite-potassic granite suite. Precambrian
Res., 2, 97-160.

Bartlett, R.W. (1969) Magma convection, temperature distribution, and
differentiation. 4m. J. Sct., 267, 1067-1082.

Berlin, R. and Henderson, C.M.B. (1969) The distribution of Sr and Ba
between the alkali feldspar, plagioclase and groundmass phases of
porphyritic trachytes and phonolites. Geochim. Gosmochim. Acta, 33,
247-255.

Beswick, A.E. and Carmichael, I.S.E. (1978) Constraints on mantle source

compositions imposed by phosphorus and the rare-earth elements.
Contrib. Mineral. Petrol., 67, 317-330.

Beus, A.A. (1958) The role of complexes in transfers and accumulations of
rare elements in endogenic solutions. Geochem., 4, 388-397.

Biggar, G.M. and Clarke, D.B. (1976) Reaction rate of xenocrysts in
synthetic basalt melts. WNat. Environ. Res. Coun. Publ., Ser. D, 6,
227-230.

Binns, R.A., Duggan, M.B. and Wilkinson, J.F.G. (1970) High-pressure
megacrysts in alkaline volcanic rocks from north-eastern New South
Wales. Am. J. Sei., 269, 132-168.



261

Bishop, F.C. (1980) The distribution of Fe?* and Mg between coexisting
ilmenite and pyroxene with applications to geothermometry. dAm. J.
Set., 280, 46-77.

Bizouard, H., Barberi, F. and Varet, J. (1980) Mineralogy and petrology
of Erta Ale and Boina volcanic series, Afar Rift, Ethiopia. J. Petrol.,
7, 401-436.

1

Blake, S. (198l) Eruptions from zoned magma chambers. Geol. Soc. Lond.,
J., 138, 281-287.

Blaxland, A.B. and Upton, B.G.J. (1978) Rare-earth distribution in the
Tugtutoqg younger giant dyke complex: evidence bearing on alkali
magma genesis in south Greenland. Lithos, 11, 291-299.

Blaxland, A.B., van Breeman, O., Emeleus, C.H. and Anderson, J.G. (1978)
Age and origin of the major syenite centers in the Gardar province
of south Greenland: Rb-Sr studies. Geol. Soc. Am., Bull., 89, 231-
244 .

Boettcher, A.L., Mysen, B.O. and Modreski, P.J. (1975) Melting in the
mantle: phase relationships in natural and synthetic peridotite-H_O
and peridotite-H,0-CO, C-H-O-S with application to Kimberlite. Phys.
Chem. Earth, 9, 855-867.

Boettcher, A.L. and O'Neil, J.R. (1980) Stable isotope, chemical, and
petrographic studies of high-pressure amphiboles and micas: evidence
for metasomatism in the mantle source regions of alkali basalts and
kimberlites. Am. J. Sei., 280-4, 594-621.

Boettcher, A.L., O'Neil, J.R., Windom, K.E., Stewart, D.C. and Wilshire,
H.G. (1979) Metasomatism of the upper mantle and the genesis of
Kimberlites and alkali basalts; <n Boyd, F.R. and Meyer, H.O0.A. (eds.)
Proceedings of the Second International Kimberlite Conference, 173-182.

Borley, G.D. (1963) Amphiboles from the younger granites of Nigeria.
Part I. Chemical classification. Mineral. Mag., 33, 358-376.

Borley, G.D. (1974) Oceanic islands; in Sgrensen, H. (ed.) The Alkaline
Roeks, 311-330, John Wiley, New York.

Borley, G.D. (1976) Aenigmatite from an aegirine-riebeckite granite,
Liruei Complex, Nigeria. Mineral. Mag., 40, 595-598.

Borodin, L.S. and Pavlenko, A.S. (1974) The role of metasomatic processes
in the formation of alkaline rocks; 17 Sdrensen, H. (ed.) The
Alkaline Rocks, 515-534, John Wiley, New York.

Bottinga, Y. and Weill, D.F. (1970) Densities of liquid silicate systems
calculated from partial molar volumes of oxide components. A4m. J.
Set., 269, 169-182.



202

Bottinga, Y. and Weill, D.F. (1972) The viscosity of magmatic silicate
liquids: a model for calculation. Am. J. Sei., 278, 438-475.

Bowden, P. and Whitley, J.E. (1974) Rare-earth patterns in peralkaline
and assoclated granites. Lithos, 7, 15-21.

Bowen, N.L. (1928) The Evolution of the Igneous Rocks. Princeton University
Press, Princeton.

Boyd, F.R. and England, J.L. (1964) Some effects of pressure on phase
relations in the system MgO.Al,0,.Si0,. Carnegiz Inst. Wash., Yearb.,

62, 121-124.

Brooks, C.K. and Printzlau, I. (1978) Magma mixing in mafic alkaline vol-
canic rocks: the evidence from relict phenocryst phases and other
inclusions. J. Voleanol. Geotherm. Res., 4, 315-331.

Brown, F.H. and Carmichael, I.S.E. (1971) Quaternary volcanoes of the
Lake Rudolf Region. II The lavas of North Island, South Island and
the Barrier. Lithos, 4, 305-323.

Bryan, W.B. (1964) Relative abundance of intermediate members of the
oceanic basalt-trachyte association: evidence from Clarion and Socorro
Islands, Revillagigedo Islands, Mexico. J. Geophys. Res., 69. 3047-
3049.

Bryan, W.B. (1969) An olivine gabbro-microsyenite intrusion from the
Carnarvon range, Queensland, Australia. Carwnegie Inst. Wash., Yearb.,
57, 247-250.

Bryan, W.B. (1970) Alkaline and peralkaline rocks of Socorro Island,
Mexico. Carnegie Inst. Wash., Yearb., 68, 194-200.

Bryan, W.G. (1976) A basalt-pantellerite association from Isla Socorro,
Islas Revillagigedo, Mexico; <n Acki, H. and Iliguka, S. (eds.),
Volcanoes and Tectonosphere, 75-91, Tokai University Press, Tokai.

Bryan, W.B., Finger, L.W. and Chayes, F. (1969) Estimating propcrtions
in petrographic mixing equations by least-squares approximation.
Scetence, 163, 926-927.

Buddington, A.F. and Lindsley, D.H. (1964) Iron-titanium oxide minerals
and synthetic equivalents. J. Petrol., 5, 310-357.

Bultitude, R.J. and Green, D.H. (1971) Experimental study of crystal-
liquid relationships at high pressures in olivine nephelinite and

.

basanite compositions. J. Petrol., 12, 121-147.

Buma, G., Frey, F.A. and Wones, D.R. (1971) New England granites: trace
element evidence regarding their origin and differentiation. Contrid.
Mineral. Petrol., 31, 300-320.

Burns, R.G. (1973) The partitioning of trace transition elements in crystal
structures: a provocative review with applications to mantle geo-
chemistry. Geochim. Cosmochim. Acta, 37, 2395-2403.



263

Burns, R.G. and Fyfe, W.S. (1967) Crystal-field theory and the geochemistry
of transition elements; <7 Ableson, P.H. (ed.) Researches in Geo-
chemistry, 2, 259-285, John Wiley, New York.

Campbell, I.H. and Gorton, M.P. (1980) Accessory phases and the generation
of LREE-enriched basalts ~ a test for disequilibrium melting. Contrib.
ineral. Petrol., 72, 157-163.

Campbell, I.H., Roeder, P.L. and Dixon, J.M. (1978) Plagioclase buoyvancy
in basaltic ligquids as determined with a centrifuging furnace. Contrib.
Mineral. Petrol., 67, 369-377.

Cann, J.R. (1968) Biomodal distribution of rocks from volcanic islands.
Earth Planet. Sci. Lett., 4, 479-480.

Cannillo, E., Mazzi, F., Fang, J.H., Robinson, P.D. and Ohya, Y. (1971)
The crystal structure of aenigmatite. Am. Mineral., 56, 427-446.

Carmichael, I.S.E. (1962) Pantelleritic liquids and their phenocrysts.
Mineral. Mag., 33, 86-113.

Carmichael, I.S.E. (1964) The petrology of Thingmuli, a Tertiary volcano in
eastern Iceland. J. Petrol., &, 435-460.

Carmichael, I.S.E. (1967) The iron-titanium oxides of salic volcanic rocks
and their associated ferromagnesian silicates. Contrib. Mineral.
Petrol., 14, 36-64.

Carmichael, I.S.E. (1979) Glass and the glassy rocks; Zn Yoder, H.S. Jr.
(ed.) The Evolution of the Igneous Rocks: Fiftieth Anniversary
Perspectives, 233-244, Princeton University Press, Princeton.

Carmichael, I.S.E. and Nicholls, J. (1967) Iron-titanium oxides and
oxygen fugacities in voleanic rocks. J. Geophys. FKes., 72, 4665-4687.

Carmichael, I.S.E., Nicholls, J. and Smith, A.L. (1970) Silica activity
in igneous rocks. Am. Mineral., 55, 246-262.

Carter, J.L. (1970) Mineralogy and chemistry of the Earth's upper mantle
based on the partial fusion-partial crystallization model. Geol. Soc.
Am., Bull., 81, 2021-2034.

Carter, S.R., Evensen, N.M., Hamilton, P.J. and O'Nions, R.K. (1978a)
Continental volcanics derived from enriched and depleted source regions:
Nd- and Sr-isotopic evidence. Earth Planet. Sci. Lett., 37, 401-408.

Carter, S.R., Evensen, N.M., Hamilton, P.J. and O'Nions, R.K. (1978b)
Neodymium and strontium isotope evidence for crustal contamination
of continental volcanics. Seience, 202, 743-747.

Carter, S.R. and Norry, M.J. (1976) Genetic implications of Sr isotopic
data from the Aden Volcano, South Arabia. Farth Planet. Sci. Lett.,
81, 16l1-166.



264

Cawthorn, R.G. and Collerson, K.D. (1974) The recalculation of pyroxene
end-member parameters and the estimation of ferrous and ferric iron
content from electron microprobe analyses. Am. Mineral., 59, 1203-
1208.

Cawthorn, R.G., Ford, C.E., Biggar, G.M., Bravo, M.S. and Clarke, D.B.
(1973) Determination of the liquid composition in experimental
samples: discrepancies between microprobe analysis and other methods.
Earth Planet. Seci. Lett., 21, 1-5.

Charles, R.W. (1975) The phase equilibria of richterite and ferro-richterite.
Am. Mineral., 60, 367-374.

Charles, R.W. (1977) The phase equilibria of intermediate compositions on
the pseudobinary NaZCaMgSSiaozz(OH)Z—Na2CaFeSSiSOZZ(OH)2. Am. J.
Sei., 877, 594-625.

Chase, C.G. (1981) Oceanic island Pb: two-stage histories and mantle
evolution. FEarth Planet. Sci. Lett., 52, 277-284.

Chayes, F. (1963) Relative abundance of intermediate members of the
oceanic basalt-trachyte association. J. Geophys. Res., 68, 1519-1534.

Chayes, F. (1964) Variance-covariance relations in some published Harker

diagrams of volcanic suites. J. Petrol., 5, 219-237.

Chayes, F. (1966) Alkaline and subalkaline basalts. 4dm. J. Sei., 564, 128-
145.

Chayes, F. (1970) Experimentation in the electronic storage and manipu-
lation of large numbers of rock analyses. Carnegie Inst. Wash., Yearb.,
68, 174-186.

Chayes, F. (1977) The oceanic basalt-trachyte relation in general and in
the Canary Islands. Am. Mineral., 62, 666-671.

Chen, C.F. and Turner, J.S. (1980) Crystallization in a double-diffusive
system. . Geophys. Res., 85, 2573-2593.

Clark, S.P. (1966) Handbook of physical constants. Geol. Soec. im., Mem., 97.

Clark, S.P. and Ringwood, A.E. (1964) Density distribution and consti-
tution of the mantle. Rev. Geophys., 2, 35-88.

Clark, S.P., Schairer, J.F. and de Neufville, J. (1962) Phase relations
in the system CaMgsi,O.-CaAl Si0,-SiO, at low and high pressure.
Carnegie Inst. Wash., Yearb., 61, 59-68.

Clement, S. and Compston, W. (1972) The design and performance of a mass
spectrometer using beam transport theory. Int. J. Mass Spectrom.
Ion Phys., 10, 323-342.

Cohen, L.H., Ito, K. and Kennedy, G.C. (1967) Melting and phase relations
in an anhydrous basalt to 40 kilobars. A4m. J. Sei., 265, 475-518.



Compston, W., Lovering, J.F. and Vernon, M.J. (1965) The rubidium-strontium
age of the Bishopville Aubrite and its component enstatite and feld-
spar. Geochim. Cosmochim. Acta, 29, 1085-1099.

Coombs, D.S. (1963) Trends and affinities of basaltic magmas and pyroxenes
as illustrated on the diopside-olivine-silica diagram. Minercl. Soc.
Am., Spec. Pap., 1, 227-250.

Coombs, D.S. and Wilkinson, J.F.G. (1969) Lineages and fractionation trends in
undersaturated volcanic rocks from the East Otago volcanic province
(New Zealand) and related rocks. J. Petrol., 10, 440-501.

Coryell, C.D., Chase, J.W. and Winchester, J.W. (1963) A procedure for
geochemical interpretation of terrestrial rare-earth abundance patterns.
J. Geophys. Res., 68, 559-566.

Cox, K.G., Gass, I1.G. and Mallick, D.I.J. (1970) The peralkaline volcanic
suite of Aden and Little Aden, South Arabia. J. Petrol., 11, 433~461.

Crecraft, H.R., Nash, W.P. and Evans, S.H. Jr. (198l1) Late Cenozoic
volcanism at Twin Peaks, Utah: geology and petrology. J. Gzophys.
Res., 86, 10303-10320.

Cullers, R.L., Medaris, L.G. and Haskin, L.A. (1973) Experimental studies
of the distribution of rare earths as trace elements among silicate
minerals and liquids and water. Geochim. Cosmochim. Acta, 37, 1499-
1512.

Dale, I.M. and Henderson, P. (1972) The partition of transition elements
in phenocryst-bearing basalts and the implications about melt structure.
24th Int. Geol. Congr., Montreal, 10, 105-111.

Daly, R.A. (1925) The geology of Ascension Island. Proc. Am. Acad. Arts
Set., 60, 3-80.

D'arco, P. and Maury, R.C. (1981) Comparative geothermometry of some
magnetite-ilmenite-orthopyroxene~-clinopyroxene associations from
volcanic rocks. Can. Mineral., 19, 461-467.

Dawson, J.B. (1972) Kimberlites and their relation to the mantle. £. Soc.
Lond., Phil. Trans., Ser. A, 271, 297-311.

Dawson, J.B. (198l) The nature of the upper mantle. Mineral. Mag., 44,
1-18.

Dawson, J.B. and Smith, J.V. (1973) Alkalic pyroxenite xenoliths from
the Lashaine Volcano, northern Tanzania. J. Petrol., 14, 113-131.

De, A. (1974) Silicate liquid immiscibility in the Deccan Traps. Geol.
Soe. Am., Bull., 85, 471-474.

Deer, W.A., Howie, R.A. and Zussman, J. (1962a) Rock-Forming Minerals,
Vol. 2, Longman, London.



266

Deer, W.A., Howie, R.A. and Zussman, J. (1962b) Rock-Forming Minerals,
Vol. 5, Longman, London.

Deer, W.A., Howie, R.A. and Zussman, J. (1963) Rock-Forming Minerals,
Vol. 4, Longman, London.

Deer, W.A., Howie, R.A. and Zussman, J. (1978) Rock-Forming Minerals,
Vol. 2a, Longman, London.

De Paolo, D.J. and Wasserburg, G.J. (1976) Nd isotopic variations and
petrogenetic models. Geophys. Res. Lett., 3, 249-252.

De Paolo, D.J. and Wasserburg, G.J. (1977) The sources of island arcs as
indicated by Nd and Sr isotopic studies. Geophys. Res. Lett., 4,
465-468.

De Pieri, R. and Quareni, S. (1978) Partition coefficients of alkali and
alkaline-earth elements between alkali feldspar phenocrysts and their
lava matrix. Mineral. Mag., 42, 63-67.

Dickey, J.S. Jr. (1968) Eclogitic and other inclusions in the Mineral
Breccia Member of the Deborah Volcanic Formation at Kakanui, New
Zealand. A4m. Mineral., 53, 1304-1319.

Dickin, A.P. (198l1) 1Isotope geochemistry of Tertiary igneous rocks from
the Isle of Skye, N.W. Scotland. J. Petrol., 22, 155-189.

Dickinson, D.R., Dodson, M.H., Gass, 1.G. and Rex, D.C. (1969) Correlation
of initial ®7sr/®®sr with Rb/Sr in some Late Tertiary volcanic rocks
of South Arabia. Earth Planet. Sci. Lett., 6, 84-90.

Dickinson, D.R. and Gibson, I.L. (1972) Feldspar fractionation and anomalous
87Sr/SSSr ratios in a suite of peralkaline silicic rocks. Geol. Soc.
Am., Bull., 83, 231-240.

Donaldson, C.H. and Brown, R.W. (1977) Refractory megacrysts and magnesium-
rich melt inclusions within spinel in oceanic tholeiites: indicators
of magma mixing and parental magma composition. Eaqrth Planet. Sci.
Lett., 37, 81-89.

Dosso, L. and Murthy, V.R. (1980) A Nd isotopic study of the Kerguelen
Islands: inferences on enriched oceanic mantle sources. Earth Planet.
Sei. Lett., 48, 268-276.

Dostal, J. and Capedri, S. (1975) Partition coefficients of uranium for
some rock-forming minerals. Chem. Geol., 15, 285-294.

Drake, M.J. (1975) The oxidation state of europium as an indicator of
oxygen fugacity. Geochim. Cosmochim. Acta, 39, 55-64.

Duggan, M.B. (1974) The mineralogy and petrology of the southern portion
of the Tweed Shield Volcano, north-eastern New South Wales. Ph.D.
Thesis (unpubl.) University of New England, Armidale, N.S.W.



267

Duggan, M.B. and Wilkinson, J.F.G. (1973) Tholeiitic andesite of high-
pressure origin from the Tweed Shield Volcano, north-eastern New South
Wales. Contrib. Mineral. Petrol., 39, 267-276.

Dungan, M.A., Long, P.E. and Rhodes, J.M. (1978) Magma mixing at mid-ocean
ridges: evidence from Legs 45 and 46 - DSDP. Geophys. Res. Lett., &,
423-425.

Dungan, M.A. and Rhodes, J.M. (1978) Residual glasses and melt inclusions
in basalts from DSDP Legs 45 and 46: evidence for magma mixing.
Contrib. Mineral. Petrol., 67, 417-431.

Dunn, T. and McCallum, I.S. (1982) The partiticning of Zr and Nb between
diopside melts in the system diopside-albite-anorthite. Geochim.
Cosmochim. Acta, 46, 623-629.

Eby, G.N. (1980) Minor and trace element partitioning between immiscible
ocelli-matrix pairs from lamrophyre dikes and sills, Monteregian Hills
petrographic province, Quebec. Contrib. Minerai. Petrol., 75, 269-278.

Edwards, A.C. (1976) A comparison of the methods for calculating Fe3t from
microprobe analyses. WNeues Jahrb. Mineral. Monatsh., 11, 508-512.

Eichelberger, J.C. (1975) Origin of andesite and dacite: evidence of
mixing at Glass Mountain in California and at other circum-Pacific
volcanoces. Geol. Soc. Am., Bull., 86, 1381-1391.

Eichelberger, J.C. (1978) Andesitic volcanism and crustal evolution.
Nature, 275, 21-27.

Eichelberger, J.C. (1980) Vesiculation of magma during replenishment of
silicic magma reservoirs. MNature, 288, 446-450.

Ekren, E.B., Anderson, R.E., Rogers, C.L. and Noble, D.C. (1971) Geology
of northern Nellis bombing range, Nye County, Nevada. U.S5. Geol. Surv.,
Prof. Pap., 651.

Elder, J. (1976) The Bowels of the Earth, Oxford University Press.

Ellis, D.J. (1976) High-pressure cognate inclusions in the Newer Volcanics
of Victoria. Contrib. Mineral. Petrol., 58, 149-180.

Erlank, A.J., Allsop, H.L., Duncan, A.R. and Bristow, J.W. (1980C) Mantle
heterogeneity beneath southern Africa: evidence from the volcanic record.
R. Soe. Lond., Phil. Trans., Ser. A, 297, 295-307.

P

Ernst, W.G. (1957) Alkali amphiboles. Carnegite Inst. Wash., Yearb., 56,
228-230.

Ernst, W.G. (1959) Alkali amphiboles. Carnegie Inst. Wash., Yearb., 58,
121-126.

Ernst, W.G. (1962) Synthesis, stability relations and occurrence of
riebeckite and riebeckite-arfvedsonite solid solutions. J. Geol., 70,
689~-736.



268

Ernst, W.G. (1968) Amphiboles, Springer, New York.

Eugster, H.P. and Wones, D.R. (1962) Stability relations of the ferruginous
biotite, annite. J. Petrol., 3, 82-125.

Ewart, A., Taylor, S.R. and Capp, A.C. (1968) Geochemistry of the pantel-
lerites of Mayor Island, New Zealand. Contrib. Mineral. Petrol., 17,
116-140.

Ferguson, A.K. (1977) The natural occurrence of aegirine-~neptunite solid
solution. Contrib. Mineral. Petrol., 60, 247-253.

Ferguson, A.K. (1978) The crystallization of pyroxenes and amphiboles in
some alkaline rocks and the presence of a pyroxene compositional gap.

Contrib. Mineral. Petrol., 67, 11-15.

Ferguson, J. and Currie, K.L. (1971) Evidence of liquid immiscibility in
alkaline ultrabasic dikes at Callander Bay, Ontario. J. Petrol., 12,
561-585.

Ferguson, J. and Currie, K.L. (1972) Silicate immiscibility in the ancient
'basalts' of the Barberton Mountain Land, Transvaal. Nature, 235,
86-89.

Ferrara, G. and Treuil, M. (1974) Petrological implications of trace
element and Sr isotope distributions in basalt-pantellerite series.
Bull. Volcanol., 38, 548-574.

Finger, L.W. (1972) The uncertainty in the calculated ferric iron content
of a microprobe analysis. Carnegie Inst. Wash., Yearb., 71, 600-603.

Flanagan, F.J. (1973) 1972 values for international geochemical reference
samples. Geochim. Cosmochim. Acta, 37, 1189-1200.

Flower, M.F.J. (1971) Evidence for the role of phlecgopite in the genesis
of alkali basalts. Contrib. Mineral. Petrol., 32, 126-137.

Flynn, R.T. and Burnham, C.W. (1978) An experimental determination of
rare earth partition coefficients between a chloride containing
vapour phase and silicate melts. Geochim. Cosmochim. Acta, 42, 685-
701.

Foster, M.D. (1960) Interpretation of the composition of trioctahedral
micas. U.S. Geol. Surv., Prof. Pap., 354-B.

Francis, D.M. (1976) The origin of amphibole in Iherzolite xenoliths from
Nunivak Island, Alaska. J. Petrol., 17, 357-378.

Frey, F.A. and Green, D.H. (1974) The mineralogy, geochemistry and origin
of Iherzolite inclusions in Victorian basanites. Geochim. Cosmochim.
Acta, 38, 1023-1059.

Frey, F.A., Green, D.H. and Roy, S.D. (1978) Integrated models of basalt
petrogenesis: a study of quartz tholeiites to olivine melilitites from
south-eastern Australia utilizing geochemical and experimental petro-
logical data. J. Petrol., 19, 463-513.



269

Frey, F.A., Roden, M.F. and Zindler, A. (1980) Constraints on mantle source
compositions imposed by phosphcrus and the rare-earth elements: critical
comments on the paper by A.E. Beswick and I.S.E. Carmichael. Contrib.
Mineral. Petrol., 75, 165-173.

Frisch, T. (1970) Chemical variations among the amphiboles of Shefford
Mountain, a Monteregian intrusion in southern Quebec. Can. Mineral.,
10, 553-570.

Frisch, T. and Schmincke, H.-U. (1969) Petrology of clinopyroxene-amphibole
inclusions from the Roque Nublo volcanics, Gran Canaria, Canary Islands.
Bull. Voleanol., 33, 1073-1088.

Frisch, T. and Wright, J.B. (1971) Chemical composition of high-pressure
megacrysts from Nigerian Cenozoic lavas. WNeues Jahrb. Mineral.,
Monatsh., 7, 289-304.

Frondel, C. (1970) Scandium: crystal chemistry; <n Wedepohl, K.H. (ed.)
Handbook of Geochemistry, Vol. I1/2, 21-A-1-5, Springer, Berlin.

Fryer, B.J. and Edgar, A.D. (1977) Significance of rare earth distributions
in coexisting minerals of peralkaline undersaturated rocks. Contrib.
Mineral. Petrol., 61, 35-48.

Fuster, J.M., Hernandez-Pacheco, A., Munoz, M., Rodriguez Badiola, E. and
Garcia Cacho, L. (1968) Geologia y volcanologia de las Islas Canarias:
Gran Canaria, Inst. Lucus Mallada, C.S.I.C. (Espana).

Gass, I.G. and Mallick, D.I.J. (1968) Jebel Khariz: an Upper Miocene strato-
volcano of comenditic affinity on the South Arabian coast. Bull.
Volearnol., 32, 33-88.

Gast, P.W. (1968) Trace element fractionation and the origin of tholeiitic
and alkaline magma types. Geochim. Cosmochim. Acta, 32, 1057-1086.

Gast, P.W. (1969) The isotopic composition of lead from St. Helena and
Ascension Islands. Earth Planet. Sei. Lett., 5, 353-359.

Gast, P.W., Tilton, G.R. and Hedge, C. (1964) Isotopic composition of
lead and strontium from Ascension and Gough Islands. Secience, 145,
1181-1185.

Gerlach, T.M. (1979) Evaluation and restoration of the 1970 volcanic gas
analyses from Mount Etna, Sicily. J. Voleanol. Geotherm. Res., 6,
165-178.

Gerlach, T.M. (1980) Evaluation of volcanic gas analyses from Surtsey
Volcano, Iceland, 1964-1967. J. Volcanol. Geotherm. Res., 8, 191-198.

Gibson, I.L. (1972) The chemistry and petrogenesis of a suite of pantel-
lerites from the Ethiopian Rift. J. Petrol., 13, 31-44.

Gilbert, M.C. (1969) High-pressure stability of acmite. 4m. J. Sez.,
267-4, 145-159.



270

Gill, R.C.O. (1973) Mechanism for the salic magma bias of continental
alkaline provinces. WNature, 242, 41-42.

Gill, R.C.0. (1974) African swells, magmatism and plate tectonics. Nature,
247, 25-26.

Glyuk, D.S. and Trufanova, L.G. (1977) Melting at 1000 kg/cm? in a granite-
H,0 system with the addition of HF, HCl and Li, Na and K fluorides,
chlorides and hydroxides. Geochem. Int., 14, 28-36.

Goles, G.G. (1976) Some constraints on the origin of phonolites from the
Gregory Rift, Kenya, and inferences concerning basaltic magmas in the
rift system. Lithos, 9, 1-8.

Grant, N.X., Rex, D.C. and Freeth, S.J. (1972) Potassium-argon ages and
strontium isotope ratio measurements from volcanic rocks in north-
eastern Nigeria. Contrib. Mineral. Petrol., 35, 277-292.

Grapes, R., Yagi, K. and Okumura, K. (1979) Aenigmatite, sodic pyroxene,
arfvedsonite and associated minerals in syenites from Morotu, Sakhalin.
Contrib. Mineral. Petrol., 69, 97-103.

Green, D.H. (1969) The origin of basaltic and nephelinitic magmas in the
Earth's mantle. Tectonophysics, 7, 409-422.

Green, D.H. (1972) Magmatic activity as the major process in the chemical
evolution of the Earth's crust and mantle; <7 Ritsema, A.R. (ed.),
The upper mantle. Tectonophysics, 13, 47-71.

Green, D.H. (1973a) Experimental melting studies on a model upper mantle
composition at high pressure under water-saturated and water-
undersaturated conditions. Earth Planet. Seci. Lett., 19, 37-53.

Green, D.H. (1973b) Conditions of melting of basanite magma from garnet-
peridotite. Earth Planet. Sci. Lett., 17, 456-465.

Green, D.H. (1976) Experimental testing of 'equilibrium' partial melting
of peridotite under water-saturated, high-pressure conditions. Can.
Mineral. 14, 255-268.

Green, D.H., Edgar, A.D., Beasley, P., Kiss, E. and Ware, N.G. (1974)
Upper mantle source for some hawaiites, mugearites and benmoreites.
Contrib. Mineral. Petrol., 48, 33-43.

Green, D.H. and Hibberson, W. (1970) Experimental duplication of conditions
of precipitation of high-pressure phenocrysts in a basaltic magma.
Phys. Earth Planet. Inter., 3, 247-254.

Green, D.H., Hibberson, W.0. and Jaques, A.L. (1979) Petrogenesis of mid-
ocean ridge basalts; <n McElhinney, M.W. (ed.) The Earth: Its
Origin, Structure and Evolution, 265-290, Academic Press, London.

Green, D.H. and Ringwood, A.E. (1967) The genesis of basaltic magma.
Contrib. Mineral. Petrol., 15, 103-190.



271

Greig, J.W. (1927) Immiscibility in silicate melts. 4m. J. Sci., 213, 133-
154.

Griffin, W.L. and Murthy, V.R. (1969) Distribution of K, Rb, Sr and Ba
in some minerals relevant to basalt genesis. Geochim. Cosmochim. Acta,
35, 1389-1414.

Gupta, A.K., Onuma, XK., Yagi, XK. and Lidiak, E.G. (1973) Effect of silica
concentration on the diopsidic pyroxenes in the system diopside-
CaTiAl ,0.SiO,. Contrib. Mineral. Petrol., 41, 333-344.

Haggerty, S.E. (1978) The redox state of planetary basalts. Geophys. Res.
Lett., &, 443-446.

Haggerty, S.E. and Baker, I. (1967) The alteration of olivine in basaltic
and associated lavas. Part I: High temperature alteration. Contrib.
Mineral. Petrol., 16, 233-257.

Hamilton, D.L. and Anderson, G.M. (1967) Effects of water and oxygen
pressures on the crystallization of basaltic magmas; %7 Hess, H.H.
and Poldervaart, A. (eds.) Basalts, vol. 1, 445-482, Interscience,
New York.

Hards, N. (1976) Distribution of elements between the fluid phase and
silicate melt phase of granites and nepheline syenites. ZFProg. Zxp.
Petrol., 3, 88-90.

Harris, C. and Bell, J.D. (1982) Natural partial melting of syenite blocks
from Ascension Island. Contrib. Mineral. Petrol., 79, 107-113.

Harris, N.B.W. (1981) The role of fluorine and chlorine in the petro-
genesis of a peralkaline complex from Saudi Arakia. Chem. Geol., 31,

303-310.

Harris, N.B.W. (1982) The petrogenesis of alkaline intrusives from Arabia
and north-east Africa and their implications for within-plate magma-
tism. Tectonophysics, 83, 243-258.

Harris, N.B.W. and Marriner, G.F. (1980) Geochemistry and petrogenesis
of a peralkaline granite complex from the Midian Mountains, Saudi
Arabia. Lithos, 13, 325-337.

Harris, P.G. (1957) Zone refining and the origin of potassic basalts.
Geochim. Cosmochim. Acta, 12, 195-208.

Harris, P.G. (1963) Comments on a paper by F. Chayes, 'Relative abundance
of intermediate members of the oceanic basalt-trachyte association'.
J. Geophys. Res., 68, 5103-5107.

Harris, P.G. (1974) Origin of alkaline magmas as a result of anatexis;
in Sé¢rensen, H. (ed.) The Alkaline Rocks, 427-436, John Wiley, New
York.



272

Harris, P.G., Reay, A. and White, I.G. (1967) Chemical composition of
the upper mantle. J. Geophys. Res., 72, 6359-6369.

Haskin, L.A., Haskin, M.A., Frey, F.A. and Wildeman, T.R. (1968) Relative
and absolute terrestrial abundances of the rare earths; <7 Ahrens,
L.H. (ed.), Origin and Distribution of the Elements, 889-912, Pergamon
Press, Oxford.

Hawthorne, F.C. (1976) The crystal chemistry of the amphiboles: V. The
structure and chemistry of arfvedsonite. Can. Mineral., 14, 346-356.

Heald, E.F., Naughton, J.J. and Barnes, I.L. (1963) The chemistry of volcanic
gas samples. J. Geophys. Res., 68, 545-558.

Hellman, P.L. and Green, T.H. (1979) The role of sphene as an accessory
phase in the high-pressure partial melting of hydrous mafic compositions.
Earth Planet. Sci. Lett., 42, 191-201.

Heming, R.F. and Rankin, P.C. (1979) Ce-anomalous lavas from Rabaul caldera,
Papua New Guinea. Geochim. Cosmochim. Acta, 43, 1351-1355.

Henderson, P. (1977) Effect of silicate-melt structure on mineral-melt
partition. Can. Mineral., 15, 202.

Henderson, P. and Williams, C.T. (1979) Variation in trace element partition
(crystal/magma) as a function of crystal growth rate. Phys. Chem. Earth,
17, 191-198.

Hess, H.H. (1941) Pyroxenes of common mafic magmas, Part II. Am. Mineral.,
26, 573-594.

Higuchi, H. and Nagasawa, H. (1969) Partition of trace elements between
rock-forming minerals and the host volcanic rocks. Earth Planet. Sct.
Lett., 7, 281-287.

Hildreth, W. (1979) The Bishop Tuff: evidence for the origin of compo-
sitional zonation in silicic magma chambers. Geol. Soc. Am., Spec.
Pap., 180, 43-75.

Hildreth, W. (1981) Gradients in silicic magma chambers: implications for
lithospheric magmatism. J. Geophys. Res., 86, 10153-10192.

Hodges, F.N. and Barker, D.S. (1973) Solid solution in aenigmatite.
Carnegie Inst. Wash., Yearb., 72, 578-581.

Hoffer, J.M. and Hoffer, R.L. (1973) Composition and structural state of
feldspar inclusions from alkali olivine basalt, Potrillo Basalt,
southern New Mexico. Geol. Soc. Am., Bull., 84, 2139-2142.

Hofmann, A.W. and Hart, S.R. (1978) Aan assessment of local and regional
isotopic equilibrium in the mantle. £Farth Planet. Sci. Lett., 38, 44-
62.

Hofmann, A.W. and Margaritz, M. (1977) Diffusion of Ca, Sr, Ba and Co in a
basalt melt: implications for the geochemistry of the mantle. J.
Geophys. Res., 82, 5432-5440.



273

Holloway, J.R. (1973) The system pargasite-H,0-CO,: a model for melting
of a hydrous mineral with a mixed-volatile fluid - I. Experimental
results to 8 kbar. Geochim. Cosmochim. Acta, 37, 651-666.

Holloway, J.R. (1981) Volatile interactions in magmas; %7 Newton, R.C.,
Navrotsky, A. and Wood, B.J. (eds.) Thermodynamics of Minercls and
Melts, 273-293, Springer, New York.

Holloway, J.R. and Ford, C.E. (1975) Fluid-absent melting of the fluoro-
hydroxy amphibole pargasite to 35 kilobars. Earth Planet. Sci. Lett.,
25, 44-4s8.

Holloway, J.R., Mysen, B.O. and Eggler, D.H. (1976) The solubility of CO,
in liquids on the join Ca0O-Mg0-$i0,-CO,. Carmegie Inst. Wash., Yearb.,
756, 626-630.

Huppert, H.E. and Sparks, R.S.J. (1980a) Restrictions on the compositions
of mid-ocean ridge basalts: a fluid dynamical investigation. Nature,
286, 46-48.

Huppert, H.E. and Sparks, R.S.J. (1980b) The fluid dyanmics of a basaltic
magma chamber replenished by influx of hot, dense ultrabasic magma.
Contrib. Mineral. Petrol., 75, 279-289.

Huppert, H.E., Sparks, R.S.J. and Turner, J.S. (1982) Effects of volatiles
on mixing in calc-alkaline magma systems. Nature, 297, 554-557.

Huppert, H.E. and Turner, J.S. (198l) A laboratory model of a replenished
magam chamber. Earth Planet. Sci. Lett., 54, 144-152.

Hutchison, R., Chambers, A.L., Paul, D.K. and Harris, P.G. (1975) Chemical
variation among French ultramafic xenoliths - evidence for a hetero-
geneous upper mantle. Mineral. Mag., 40, 153-170.

Imsland, P., Larsen, J.G., Prestvik, T. and Sigmond, E.M. (1977) The geology
and petrology of Bouvetoya, south Atlantic. Lithos, 10, 213-234.

Irving, A.J. (1974a) Megacrysts from the Newer Basalts and other basaltic
rocks of scuth-eastern BAustralia. Geol. Soc. Am., Bull., 85, 1503-1514.

Irving, A.J. (1974b) Pyroxene-rich ultramafic xenoliths in the Newer
Basalts of Victoria, Australia. Neues Jahrb. Mineral. Abh., 120, 147-
167.

Irving, A.J. (1978) A review of experimental studies of crystal/liguid
trace element partitioning. Geochim. Cosmochim. Acta, 42, 743-770.

Irving, A.J. (1980) Petrology and geochemistry of composite ultramafic
xenoliths in alkalic basalts and implications for magmatic processes
within the mantle. 4m. J. Sci., 280-4, 389-426.

Irving, A.J. and Green, D.H. (1972) Experimental study of phase relation-
ships in a high-pressure mugearitic basalt as a function of water
content. Geol. Soc. Am., Abstr. Programs, 4, 550-551.



274

Irving, A.J. and Green, D.H. (1976) Geochemistry and petrogenesis of the
Newer Basalts of Victoria and South Australia. Geol. Soc. Aust., J.,
23, 45-66.

Irving, A.J. and Price, R.C. (1974) Mantle-derived phonolitic rocks from
Nigeria, eastern Germany and New Zealand. EO0S, 55, 487.

Irving, A.J. and Price, R.C. (1981) Geochemistry and evolution of Iherzolite-
bearing phonolitic lavas from Nigeria, Australia, East Germany and New
Zealand. Geochim. Cosmochim. Acta, 45, 1309-1320.

Jaques, A.L. and Green, D.H. (1979) Determination of ligquid compositions in
high-pressure melting of peridotite. Am. Mineral., 64, 1312-1321.

Jaques, A.L. and Green, D.H. (1980) Anhydrous melting of peridotite at
0-15 kb pressure and the genesis of tholeiitic basalts. Contrib. Mineral.
Petrol., 73, 287-310.

Jones, A.P. and Peckett, A. (1980) Zirconium-bearing aegirines from
Motzfeldt, south Greenland. Contrib. Mineral. Petrol., 75, 251-255.

Jones, A.P., Smith, J.V. and Dawson, J.B. (1982) Mantle metasomatism in
14 veined peridotites from Bultfontein mine, South Africa. J. Geol., 90,
435-453.

Jones, W.B. (1981) Chemical effects of deuteric alteration in some Kenyan
trachyte lavas. Mineral. Mag., 44, 279-285.

Kay, R.W. and Gast, P.W. (1973) The rare earth content and origin of alkali-
rich basalts. J. Geol., 81, 653-682.

Kelsey, C.H. and McKie, D. (1964) The unit-cell of aenigmatite. Mineral.
Mag., 33, 986-1001.

Kesson, S.E. (1973) The primary geochemistry of the Monaro alkaline
volcanics, south-eastern Australia - evidence for upper mantle hetero-
geneity. Contrib. Mineral. Petrol., 42, 93-108.

de Keyser, F. (1966) Arfvedsonite in granites of the Ingham district, north
Queensland. Contrib. Mineral. Petrol., 12, 315-324.

Khitarov, N.I. and Kadik, A.A. (1973) Water and carbon dioxide in magmatic
melts and peculiarities of the melting process. Contrib. Mineral.
Petrol., 41, 205-215.

Kilinc, I.A. and Burnham, C.W. (1972) Partitioning of chloride between a
silicate melt and coexisting aqueous phase from 2 to 8 kilobars. £Econ.
Geol., 67, 231-235.

Kleeman, J.D., Green, D.H. and Lovering, J.F. (1969) Uranium distribution
in ultramafic inclusions from Victorian basalts. Earth Planet. Sct.

Lett., 6, 449-458.



275

Knutson, J. (1975) Petrology and geochemistry of igneous rocks in the
Comboyne Plateau-Lorne Basin area, N.S.W. Ph.D. Thesis (unpubl.)
Macquarie University, North Ryde, N.S.W.

Knutson, J. and Green, T.H. (1975) Experimental duplication of a high-
pressure megacryst/cumulate assemblage in a near-saturated hawaiite.
Contrib. Mineral. Petrol., 52, 121-132.

Kogarko, L.N. (1974) Role of volatiles; <n Sgrensen, H. (ed.) The Alka-
line Rocks, 474-487, John Wiley, New York.

Korringa, M.K. and Noble, D.C. (1972) Genetic significance of chemical,
isotopic, and petrographic features of some peralkaline salic rocks
from the island of Pantelleria. FEarth Planet. Sci. Lett., 17, 258~
262.

Kosterin, A.V. (1959) The possible modes of transport of the rare earths
by hydrothermal solutions. Geochem., 4, 381-387.

Kovalenko, N.I. (1977) Measurement of the Li and Rb distributions in the
ongonite-H,0-HF system. Geochem. Int., 14, 133-139.

Kudo, A.M. and Weill, D.F. (1970) An igneous plagioclase thermometer.
Contrib. Mineral. Petrol., 25, 52-65.

Kuno, H. (1964) Aluminian augite and bronzite in alkali olivine basalt
from Taka-sima, northern Kyushu, Japan; in Advancing Frontiers in
Geology and Geophysics, 205-220, Osmania University Press, Hyderabad.

Kushiro, I. (1960) Si-Al relations in clinopyroxenes from igneous rocks.

Am. J. Sei., 258, 548-554.

Kushiro, I. (1962) Clinopyroxene solid solutions. Fart I. The CaAl,SiOg
component. Jap. J. Geol. Geog., 33, 213-220.

Kushiro, I. (1970) Stability of amphibole and phlogopite in the upper
mantle. Carnegie Inst. Wash., Yearb., 68, 245-247.

Kushiro, I. (1972) Effect of water on the composition of magmas formed at
high pressures. . Petrol., 13, 311-334.

Kushiro, I., Shimizu, N., Nakamura, Y. and Akimoto, S. (1972) Compositions
of coexisting liquid and solid phases formed upon melting of natural
garnet and spinel lherzolites at high pressures: a preliminary report.
Earth Planet. Sei. Lett., 14, 19-25.

Kushiro, I., Syono, Y. and Akimoto, S. (1967) Stability of phlcgopite at
high pressures and possible presence of phlogopite in the Earth's upper
mantle. FEarth Planet. Sei. Lett., 3, 197-203.

Kushiro, I., Yoder, H.S. Jr. and Mysen, B.O. (1976) Viscosities of basalt
and andesite melts at high pressures. J. Geopnys. Res., 81, 6351-6356.



276

Larsen, L.M. (1976) Clinopyroxenes and coexisting mafic minerals from
the alkaline Ilimaussag intrusion, south Greenland. J. Petrol., 17,
258-290.

Larsen, L.M. (1977) Aenigmatites from the Ilimaussaqg intrusion, south
Greenland: chemistry and petrological implications. Lithos, 10, 257-
270.

Larsen, L.M. (1979) Distribution of REE and other trace elements between
phenocrysts and peralkaline undersaturated magmas, exemplified by
rocks from the Gardar igneous province, south Greenland. Lithos, 12,
303-315.

Laughlin, W., Manzer, K. Jr. and Carden, R. (1974) Feldspar megacrysts in
alkali basalts. Geol. Soc. Am., Bull., 85, 413-416.

Leake, B.E. (1978) Nomenclature of amphiboles. Can. Mineral., 18, 501-520.

Le Bas, M.J. (1962) The role of aluminium in igneous clinopyroxenes with
relation to their parentage. 4m. J. Sei., 260, 267-288.

Leeman, W.P. and Phelps, D.W. (1981) Partitioning of rare earths and other
trace elements between sanidine and coexisting volcanic glass. J.
Geophys. Res., 86, 10193-10199.

Le Maitre, R.W. (1962) Petrology of volcanic rocks, Gough Island, south
Atlantic. Geol. Soe. Am., Bull., 73, 1309-1340.

Le Maitre, R.W. (1965) The significance of gabbroic xenoliths from Gough
Island, south Atlantic. Mineral. Mag., 34, 303-317.

Le Maitre, R.W. (1968) Chemical variation within and between volcanic rock
series - a statistical approach. J. Petrol., 9, 220-252.

Le Maitre, R.W. (1979) A new generalized petrological mixing problem.
Contrib. Mineral. Petrol., 71, 133-137.

Lindsley, D.H. (1962) Investigations in the system FeO-Fe,0,-TiO,. Carmnegie
Inst. Wash., Yearb., 61, 100-106.

Lindsley, D.H. (1963) Fe-Ti oxides in rocks as thermometers and oxygen
barometers. Carnegie Inst. Wash., Yearb., 62, 60-65.

Lindsley, D.H. (1971) Synthesis and preliminary results on the stability
of aenigmatite (Na,FegTiSig0,,). Carmegie Inst. Wash., Yearb., 69,
188-190.

Lindsley, D.H., Smith, D. and Haggerty, S.E. (1971) Petrography and
mineral chemistry of a differentiated flow of Picture Gorge Basalt
near Spray, Oregon. Carnegie Inst. Wash., Yearb., 69, 264-290.

Lindstrom, D.J. and Weill, D.F. (1978) Partitioning of transition metals
between diopside and coexisting silicate liquids. I. Nickel, cobalt
and manganese. Geochim. Cosmochim. Acta, 42, 817-831.



277

Lipman, P.W. and Friedman, I. (1975) Interaction of meteoric water with
magma: an oxygen—isotope study of ash-flow sheets from southern
Nevada. Geol. Soc. Am., Bull., 86, 695-702.

Lippard, S.J. (1973) The petroclogy of phonolites from the Kenya Rift.
Lithos, 6, 217-234.

Lloyd, F.E. and Bailey, D.K. (1975) Light element metasomatism of the
continental mantle: the evidence and the consequences. Phys. Chem.

Earth, 9, 389-416.

Long, P.E. (1978) Experimental determination of partition coefficients for
Rb, Sr and Ba between alkali feldspar and silicate ligquid. Geochim.
Cosmochim. Acta, 42, 833-846.

Ludden, J.N. (1978a) Magmatic evolution of the basaltic shield volcanoes
of Réunion Island. J. Voleanol. Geotherm. Res., 4, 171-198.

Ludden, J.N. (1978b) Fracticnation trends defined by residual glasses in
the lavas and xenoliths of Piton de la Fournaise, Réunion Island.
Can. Mineral., 16, 265~276.

Luhr, J.F. and Carmichael, I.S.E. (1980) The Colima volcanic complex,
Mexico. I. Post-caldera andesites from Volcan Colima. Contrip.
Mineral. Petrol., 71, 343-372.

Maalgde, S. (1973) Temperature and pressure relations of ascending primary
magmas. J. Geophys. Res., 78, 6877-6886.

Maalde, S. (1976) Quantitative aspects of fractional crystallization of
major elements. . Geol., 84, 81-96.

Maalge, S. (1981) Magma accumulation in the ascending mantle. Geol. Soec.
Lond., J., 138, 223-236.

Maalde, S. and Acki, K. (1977) The major element composition of the upper
mantle estimated from the composition of Iherzolites. Contrib.
Mineral. Petrol., 63, 161-173.

Maalge, S. and Printzlau, I. (1979) Natural partial melting of spinel
lherzolite. J. Petrol. 20, 727-741.

Macdonald, G.A. and Katsura, T. (1964) Chemical composition of Hawaiian
lavas. J. Petrol., 5, 82-133.

Macdonald, R. (1969) The petrology of alkaline dykes from the Tugtutogq
area, south Greenland. Geol. Soc. Den., Bull., 19, 256-281.

Macdonald, R. and Bailey, D.K. (1973) The chemistry of the peralkaline
oversaturated obsidians. U.S. Geol. Surv., Prof. Pap., 440V-1.

Macdonald, R., Bailey, D.K. and Angell, G.R. (1971) Trace element variation
in pantellerite volcanoes of the Gregory Rift. Geol. Soc. ILond., J.,

127, 411-412.



278

Macdonald, R., Bailey, D.K. and Sutherland, D.S. (1970) Oversaturated
peralkaline glassy trachytes from Kenya. J. Petrol., 1Z, 507-517.

Macdonald, R. and Gibson, I.L. (1969) Pantelleritic obsidians from the
volcano Chabbi (Ethiopia). Contrib. Mineral. Petrol., 24, 239-244.

Macdonald, R., Upton, B.G.J. and Thomas, J.E. (1973) Potassium- and
fluorine~rich hydrous phase coexisting with peralkaline granite in
south Greenland. Earth Planet. Sci. Lett., 18, 217~222.

Mahood, G.A. (198la) Chemical evolution of a Pleistocene rhyolitic center:
Sierra la Primavera, Jalisco, Mexico. Contrib. Mineral. Petrol., 77,
129-1409.

Mahood, G.A. (1981lb) A summary of the geology and petrology of the Sierra
la Primavera, Jalisco, Mexico. J. Geophys. Res., 86, 10137-10152.

Manning, D.A.C., Hamilton, D.L., Henderson, C.M.B. and Dempsey, M.J. (1980)
The probable occurrence of interstitial Al in hydrous F-bearing and
F-free aluminosilicate melts. Contrib. Mineral. Petrol., 75, 257-262.

Margaritz, M. and Hofmann, A.W. (1978a) Diffusion of Sr, Ba and Na in
obsidian. Geochim. Cosmochim. Acta, 42, 595-605.

Margaritz, M. and Hofmann, A.W. (1978b) Diffusion of Eu and Gd in basalt
and obsidian. Geochim. Cosmochim. Acta, 42, 847-858.

Marsh, J.S. (1975) Aenigmatite stability in silica-undersaturated rocks.
Contrib. Mineral. Petrol., 50, 135-144.

Martin, R.F. (1974) Controls of ordering and subsolidus phase relations
in the alkali feldspars; in MacKenzie, W.S. and Zussman, J. (eds.)
The Feldspars, Manchester University Press, Manchester.

Martin, R.F. and Piwinskii, A.J. (1969) Experimental data bearing on the
movement of iron in an agueous vapour. Econ. Geol., 64, 798-803.

Martin, R.F., Whitley, J.E. and Woolley, A.R. (1978) An investigation of
rare—earth mobility: fenitized quartzites, Borralan Complex, N.W.
Scotland. Contrib. Mineral. Petrol., 68, 69-73.

Mathez, E.A. (1973) Refinement of the Kudo-Weill plagioclase thermcmeter
and its application to basaltic rocks. Contrib. Mineral. Petrol., 41,
61-72.

Mazzullo, L.J., Dixon, S.A. and Lindsley, D.H. (1975) T—sz relationships
in Mn-bearing Fe-Ti oxides. Geol. Soc. Am., Abstr. Programs, 7,
1192.

McBirney, A.R. (1980) Mixing and unmixing of magmas. J. Volcarol. Geo-
therm. Res., 7, 357-371.

McBirney, A.R. and Noyes, R.M. (1979) Crystallization and lavering of the
Skaergaard intrusion. J. Petrol., 20. 487~554.



279

McCall, G.J.H. and Hornung, G. (1972) A geochemical study of Silali
Volcano, Kenya, with special reference to the origin of the interme-
diate-acid eruptives of the Central Rift Valley. Tectonophysics, 15,
97-113.

McClenaghan, M.P., Weaver, S$.D. and Webb, P.K. (1971) Pliocene trachyte
volcanoes of the northern Rift Valley, Kenvya. Geol. Soe. Lond., J.,
127, 294.

McCulloch, M.T. and Chappell, B.W. (1982) Nd isotopic characteristics
of S- and I-type granites. Earth Planet. Sct. Lett., 58, 51-64.

McCulloch, M.T. and Perfit, M.R. (1981) **°nd/'*"nd, ®’sr/%%sr and trace
element constraints on the petrogenesis of the Aleutian island arc
magmas. Earth Planet. Seci. Lett., 56, 167-179.

McDougall, I. and Compston, W. (1965) Strontium isotope compositions and
potassium-rubidium ratios in some rocks from Réunion and Rodriguez,
Indian Ocean. Nature, 207, 252-253.

McIntyre, G.A., Brooks, C., Compston, W. and Turek, A. (1966) The
statistical-assessment of Rb/Sr isochrons. J. Geophys. Res., 71,
5459-5468.

McIntire, W.L., (1963) Trace element partition coefficients - a review of
theory and applications to geology. Geochim. Cosmochim. Acta, 27,
1209~-1264.

McKelvey, B.C. and White, A.H. (1964) Gelogical Map of New England
1:100,000, Horton Sheet (No. 290), with marginal text. The University
of New England, Armidale, New South Wales, Australia.

McKie, D. (l1966) Fenitization; <m Tuttle, O.F. and Gittins, J. (eds.)
The Carbonatites, 261-294, John Wiley and Sons, New York.

Menzies, M. and Murthy, V.R. (1980a) Mantle metasomatism as a precursor
to the genesis of alkaline magmas -~ isotopic evidence. dm. J. Sci.,
280-4, 622-638.

Menzies, M. and Murthy, V.R. (1980b) Nd and Sr isotope geochemistry of
hydrous mantle nodules and their host alkali basalts: implications
for local heterogeneities in metasomatically veined mantle. Earth
Planet. Sci. Lett., 46, 323-334.

Menzies, M. and Murthy, V.R. (1980c) Enriched mantle: Nd and Sr isotopes
in diopsides from Kimberlite nodules. Nature, 283, 634-636.

Middlemost, E.A.K. (1981) The Canobolas complex: N.S.W., an alkaline
shield volcano. Geol. Soc. Aust., J., 28, 33-49.

Mineyev, D.A. (1963) Geochemical differentiation of the rare earths.
Geochem., 12, 1129-1149.

Mineyev, D.A., Dikov, Yu.P., Sobolev, B.P. and Borutskaya, V.L. (1966)
Differentiation of rare-earth elements under supercritical conditions.
Geochem. Int., 3, 357-359.



280

Mitchell, R.H. and Brunfelt, A.0. (1975) Rare earth element geochemistry
of the Fen alkaline complex, Norway. Contrib. Mineral. Petrol., 52,
247-259.

Miyashiro, A. (1957) The chemistry, optics and genesis of the alkali
amphiboles. J. Fae. Sei., Uni. Tokyo, 11, 57-83.

Modreski, P.J. and Boettcher, A.L. (1972) The stability of phlogopite +
enstatite at high pressures: a model for micas in the interior of
the Earth. 4m. J. Set., 272, 852-869.

Mohr, P.A. (1968) The Cainozoic volcanic succession in Ethiopia. BullZ.
Voleanol., 32, 5-14.

Moorbath, S. and Thompson, R.N. (1980) Strontium isotope geochemistry and
petrogenesis of the Early Tertiary lava pile of the Isle of Skye,
Scotland, and other basic rocks of the British Tertiary province: an
example of magma-crust interaction. J. Petrol., 21, 295-321.

Morris, R.V. and Haskin, L.A. (1974) EPR measurement of the effect of glass
composition on the oxidation states of europium. Geochim. Cosmochim.
Acta, 38, 1435-1445.

Muir, I.D. and Tilley, C.E. (1958) The compositions of coexisting pyroxenes
in metamorphic assemblages. Geol. Mag., 95, 403-408.

Mukherjee, A. (1967) Role of fractional crystallization in the descent:
basalt-trachyte. Contrib. Mineral. Petrol. 16, 139-148.

Mysen, B.O. (1975) Partitioning of iron and magnesium between crystals
and partial melts in peridotite upper mantle. Contridb. Mireral.
Petrol., 52, 69-76.

Mysen, B.0O. (1976) ©Nickel partitioning between upper mantle crystals and
partial melts as a function of pressure, temperature and nickel con-
centration. Carnegie Inst. Wash., Yearb., 75, 662-668.

Mysen, B.O. (1978) Limits of solution of trace elements in minerals
according to Henry's Law: review of experimental data. Geochim.
Cosmochim. Acta, 42, 871-885.

Mysen, B.O. (1979) Trace-element partitioning between garnet peridotite
minerals and water-rich vapour: experimental data from 5 to 30 kbar.

Am. Mineral., 64, 274-287.

Mysen, B.O. and Boettcher, A.L. (1975) Melting of a hydrous mantle: II.
Geochemistry of crystals and liquids formed by anatexis of mantle
peridotite at high pressures and high temperatures as a function of
controlled activities of water, hydrogen, and carbon dioxide. .
Petrol., 16, 549-593.

Mysen, B.O., Eggler, D.H., Seitz, M.G. and Holloway, J.R. (1976) Carbon
dioxide solubility in silicate melts and crystals. Part I. Solu-
bility measurements. Am. J. Sci., 276, 455-479.



281

Mysen, B.O. and Holloway, J.R. (1977) Experimental determination of rare
earth fractionation patterns in partial melts from peridotites in the
upper mantle. Earth Planet. Sci. Lett., 34, 231-237.

Mysen, B.O. amd Kushiro, I. (1977) Compositional variations of coexisting
phases with degree of melting of peridotite in the upper mantle. Am.
Mineral., 62, 843-865. :

Mysen, B.O. and Kushiro, I. (1978) The effect of pressure on the parti-
tioning of nickel between olivine and aluminous silicate melt. Carnegie
Inst. Wash., Yearb., 77, 706-709.

Mysen, B.O., Kushiro, I. and Fujii, T. (1978) Preliminary experimental
data bearing on the mobility of H,O in crystalline upper mantle.
Carnegie Inst. Wash., Yearb., 77, 793-797.

Mysen, B.O. and Virgo, D. (1980) Trace element partitioning and melt
structure: an experimental study at 1 atm pressure. Geochim. Cosmo-
chim. Acta, 44, 1917-1930.

Mysen, B.O., Virgo, D., Harrison, W.J. and Scarfe, C.M. (1980) Solubility
mechanisms of H,O in silicate melts at high pressures and temperatures:
a Raman spectroscopic study. Am. Mineral., 65, 900-914.

Nagasawa, H. (1970) Rare earth concentrations in zircons and apatites and
their host dacites and granites. zZarth Planet. Sei. Lett., 9, 359-364.

Nagasawa, H. (1973) Rare-earth distribution in alkali rocks from Oki-
Dogo Island, Japan. Contrib. Mineral. Petrol., 39, 301-308.

Nagasawa, H., Wakita, H., Higuchi, H. and Cnuma, N. (1969) Rare earths in
peridotite nodules: an explanation of the genetic relationship between
basalt and peridotite nodules. Earth Planet. Sci. Lett., 5, 377-381.

Nash, W.P. (1972) Apatite chemistry and phosphorus fugacity in a differen-
tiated igneous intrusion. Am. Mineral., 57, 877-886.

Nash, W.P., Carmichael, I.S.E. and Johnson, R.W. (196%9) The mineralogy
and petrology of Mount Suswa, Kenya. . Petrol., 10, 409-439.

Nash, W.P. and Crecraft, H.R. (198l) Evolution of silicic magmas in the
upper crust: an experimental analecg. EOS, 62, 1075.

Nash, W.P. and Wilkinson, J.F.G. (1970) Shonkin Sag Laccolith, Montana.
I. Mafic minerals and estimates of temperature, pressure, oxygen
fugacity and silica activity. Contrib. Mineral. Petrol., 25, 241-269.

Nehru, C.E. and Wyllie, P.J. (1975) Compositions of glasses from St.
Paul's peridotite partially melted at 20 kilobars. J. Geol., 83, 455-
471.

Nelson, D.O. and Dasch, E.J. (1976) Disequilibrium of strontium isotopes
between mineral phases of parental rocks during magma genesis - a
discussion. J. Voleanol. Geotherm. Res., 1, 183-191.



282

Nesbitt, R.W. and Hamilton, D.L. (1970) Crystallization of an alkali
olivine basalt under controlled PO,-P  conditions. Phys. Earth Planet.
Inter., 3, 309-315. 2

Neumann, E.-R. (1976) Compositional relations among pyroxenes, amphiboles
and other mafic phases in the 0Oslo Region plutonic rocks. Lithos, 9,
85-109.

Nicholls, I.A. (1974) Ligquids in equilibrium with peridotitic mineral
assemblages at high water pressures. Contrib. Mineral. Petrol., 45,

289-31l6.

Nicholls, I.A. and Ringwood, A.E. (1973) Effect of water on olivine
stability in tholeiites and the production of silica saturated magmas
in the island arc environment. J. Geol., 81, 285-300.

Nicholls, J. and Carmichael, I.S.E. (1969) Peralkaline acid liquids: a
petrological study. Contrib. Mineral. Petrol., 20, 268-294.

Nielsen, R.L. and Drake, M.J. (1979) Pyroxene-melt equilibria. Geochim.
Cosmochim. Aecta, 43, 1259-1272.

Nielsen, T.F.D. (1979) The occurrence and formation of Ti-aegirines in
peralkaline syenites. Contrib. Mineral. Petrol., 63, 235-244.

Noble, D.C. (1965) Gold Flat member of the Thirsty Canyon Tuff - a
pantellerite ash-flow sheet in southern Nevada. U.S. Geol. Surv., Prof.
Pap., 475-D, 24-27.

Noble, D.C. (1967} Sodium, potassium and ferrous iron contents of some
secondarily hydrated natural silicic glasses. 4m. Mineral., 52, 280-
286.

Noble, D.C. and Parker, D.F. (1974) Peralkaline silicic volcanic rocks of
the western United States. Bull. Volecanol., 38, 803-827.

Noble, D.C., Smith, V.C. and Peck, L.C. (1967) Loss of halogens from
crystallized and glassy silicic volcanic rocks. Geochim. Cosmochim.
Adcta, 31, 215-223.

Nockolds, S.R. (1947) The relation between chemical composition and
paragenesis in the biotite micas of igneous rocks. Am. J. Sei., 245,
401-420.

Nolan, J. (1966) Melting relations in the system NaAlSi3zOg-NaAlSiOy-NaFeSi»Os
CaMgSi0¢-H,0 and their bearing on the genesis of alkaline under-
saturated rocks. Geol. Soc. Lond., J., 122, 119-158.

Nolan, J. (1969) Physical properties of synthetic and natural pyroxenes in
the system diopside-hedenbergite-acmite. Mineral. Mag., 37, 216-229.

Norman, J.C. and Haskin, L.A. (1968) The geochemistry of scandium: a
comparison to the rare earths and Fe. Geochim. Cosmochim. Acta, 32,
93-108.



283

Norrish, K. and Chappell, B.W. (1977) X-ray fluorescence spectrometry;
in Zussman, J. (ed.) Physical Methods in Determinative Mineralogy,
(2nd ed.), 201-272, Academic Press, London.

Norrish, K. and Hutton, J.T7. (1969) An accurate X-ray spectrographic
method for the analysis of a wide range of geological samples. Geochim.
Cosmochim. Acta, 33, 431-453.

O'Hara, M.J. (1977) Geochemical evolution during fractional crystallization
of a periodically refilled magma chamber. Nature, 266, 503-507.

O'Hara, M.J. and Mathews, R.E. (198l) Geochemical evolution in an advancing,
periodically replenished, periodically tapped, continuously fractionated
magma chamber. Geol. Soc. Lond., J., 138, 237-277.

O'Nions, R.K., Carter, S.R., Evensen, N.M. and Hamilton, P.J. (1979) Geo-
chemical and cosmochemical applications of Nd isotope analysis. Ann.
Rev. FBarth Planet. Set., 7, 11-38.

O'Nions, R.K., Evensen, N.M. and Hamilton, P.J. (1980) Differentiation
and evolution of the mantle. RA. Soc. Lond., Phil. Trans., Ser. A, 297,
479-493.

O'Nions, R.K., Evensen, N.M., Hamilton, P.J. and Carter, S.R. (1978) Melting
of the mantle past and present: isotopic and trace element evidence.
R. Soc. Lond., Phil. Trans., Ser. A, 258, 547-559.

O'Nions, R.K., Hamilton, P.J. and Evensen, N.M. (1977) Variations in
1938a/1**Nd and 87sr/%%sr ratios in oceanic basalts. Earth Planet.
Sei. Lett., 34, 13-22.

O'Nions, R.K. and Pankhurst, R.J. (1974) Petrogenetic significance of
isotope and trace element variations in volcanic rocks from the
Mid-Atlantic. J. Petrol., 15, 603-634.

Onuma, N., Higuchi, H., Wakita, H. and Nagasawa, H. (1968) Trace element
partition between two pyroxenes and the host lava. Earth Planet. Sct.
Lett., 5, 47-51.

Oversby, V.M. (1972) Genetic relations among the volcanic rocks of Réunion:
chemical and lead isotopic evidence. Geochim. Cosmochim. Acta, 36,
1167-~1179.

Oversby, V.M. and Gast, P.W. (1970) Isotopic composition of lead from
oceanic islands. J. Geophys. Res., 75, 2097-2114.

Page, R.W., Blake, D.H. and Mahon, M.W. (1976) Geochronology and related
aspects of acid volcanics, associated granites and other Proterozoic
rocks in the Granites - Tanami region, north-western Australia. BMR

J. Aust. Geol. Geophys., 1, 1-13.

Papike, J.J., Cameron, K.L. and Baldwin, K. (1974) Amphiboles and pyroxenes:
characterization of other than quadrilateral components and estimates
of ferric iron from microprobe data. Geol. Soc. Am., Abstr. Programs,
6, 1053-1054.



284

Paul, A. and Douglas, R.W. (1965) Ferrous-ferric equilibrium in binary
alkali silicate glasses. Phys. Chem. Glasses, 6, 207-211.

Paul, D.K., Buckley, F. and Nixon, P.H. (1976) Fluorine and chlorine geo-
chemistry of kimberlites. Chem. Geol., 17, 125-133.

Pedersen, A.K., Engell, J. and Rgnsbo, J.G. (1975) Early Tertiary volcanism
in the Skagerrak: new chemical evidence from ash-layers in the mo-
clay of northern Denmark. Lithos, 8, 255-268.

Peterman, Z.E. and Hedge, C.E. (1971) Related strontium isotopic and
chemical variations in oceanic basalts. Geol. Soc. 4Am., Bull., 82,
493-500.

Philpotts, A.R. (1971) Immiscibility between feldspathic and gabbroic
magmas. Nature, 229, 107-109.

Philpotts, A.R. (1972) Density, surface tension and viscosity of the
immiscible phase in a basic alkaline magma. ZLithos, 5, 1-18.

Philpotts, A.R. (1976) Silicate liguid immiscibility: its probable extent
and petrogenetic significance. Am. J. Set., 276, 1147-1177.

Philpotts, A.R. (1979) sSilicate liquid immiscibility in tholeiitic basalts.
J. Petrol., 20, 99-118.

Philpotts, A.R. and Hodgson, C.J. (1968) Role of liquid immiscibility in
alkaline rock genesis. 23rd Int. Geol. Congr., Prague, 2, 175-188.

Philpotts, J.A. and Schnetzler, C.C. (1970) Phenocryst-matrix partition
coefficients for K, Rb, Sr and Ba with applications to anorthosite
and basalt genesis. Geochim. Cosmochim. Acta, 34, 307-322.

Porritt, R.E.J. and Porritt, P.M. (1977) The determination of some rare-
earth elements in rocks by neutron activation analysis. Radiochem.
Radioanal. Lett., 31, 265-276.

Powell, M. and Powell, R. (1974) An olivine-clinopyroxene geothermometer.
Contrib. Mineral. Petrol., 48, 249-263.

Powell, R. and Powell, M. (1977) Geothermometry and oxygen barometry using
coexisting iron-titanium oxides: a reappraisal. Mineral. Mag., 41,
257-263.

Prestvik, T. (1982) Trace element geochemistry of volcanic rocks from
Bouvetoya; <#n Craddock, C. (ed.) Antarctic Geoscience, 771-774,
University of Wisconson Press, Wisconsin.

Prévot, M. and Mergoil, J. (1973} Crystallization trend of titanomagnetites
in an alkali basalt from Saint-Clément (Massif Central, France).
Mineral. Mag., 39, 474-481.

Price, R.C. and Compston, W. (1973) The geochemistry of the Dunedin
Volcano: strontium isotope chemistry. Contrib. Mineral. Petrol., 42,
55-61.



285

Price, R.C. and Green, D.H. (1972) Lherxrzolite nodules in a 'mafic phono-
lite' from north-east Otago, New Zealand. Nature, 235, 133-134.

Price, R.C. and Taylor, S.R. (1980) Petrology and geochemistry of the
Banks Peninsula volcanoes, South Island, New Zealand. Contrib.
Mineral. Petrol., 72, 1-18.

Radain, A.A.M., Fyfe, W.S. and Kerrich, R. (198l) Origin of peralkaline
granites of Saudi Arabia. Contrib. Mineral. Petrol., 78, 358-366.

Rice, A. (198l1) Convective fractionation: a mechanism to provide cryptic
zoning (macrosegregation), layering, crescumulates, banded tuffs and
explosive volcanism in igneous processes. J. Geophays. Res., 86, 405-
417.

Ridley, W.I. (1970) The abundance of rock types on Tenerife, Canary Islands,
and its petrogenetic significance. Bull. Voleanol., 34, 196-205.

Ringwood, A.E. (1955) The principles governing trace element behaviour
during magmatic crystallization. Part II. The role of complex
formation. Geochim. Cosmochim. Acta, 7, 242-254.

Ringwood, A.E. (l1966) The chemical composition and origin of the Earth;
in Hurley, P. (ed.) Advances in Earth Science, 287-356, M.I.T. Press,
Cambridge, Massachusetts.

Ringwood, A.E. (1975) Composition and Petrology of the Earth's Mantle.
McGraw-Hill, New York.

Roedder, E. (1951) Low-temperature immiscibility in the system K,0-FeO-
Al,0,-5i0,. Am. Mineral., 36, 282-286.

Roedder, E. (1979) Silicate liquid immiscibility in magmas; Z# Yoder, H.S.
Jr. (ed.) The Evolution of the Igneous Rocks: Fiftieth Anniversay
Perspectives, 15-57, Princeton University Press, Princeton.

Roedder, E. and Coombs, D.S. (1967) Immiscibility in granitic melts,
indicated by fluid inclusions in ejected granitic blocks from
Ascension Island. J. Petrol., 8, 417-451.

Roedder, E. and Weiblen, P.W. (1970) Silicate liquid immiscibility in
lunar magmas evidenced by melt inclusions in lunar rocks. Science,
167, 641-644.

Roedder, E. and Weiblen, P.W. (1971) Petrology of silicate melt inclusions,
Apollo 11 and 12, and terrestrial equivalents; <in Proc. Second Lunar
Sei. Conf.: Geochim. Cosmochim. Acta, Suppl. &, 1, 507-528.

Roeder, P.L. and Emslie, R.F. (1970) Olivine-liquid equilibria. Contrib.
Mineral., Petrol., 29, 275-289.

le Roex, A.P. and Erlank, A.J. (1982) Quantitative evaluation of fractional
crystallization in Bouvet Island lavas. J. Volcanol. Geotherm. Res.,
13, 309-338.



286

Rogers, J.J.W. and Adams, J.A.S. (1969) Thorium: abundances in common
igneous rocks; in Wedepohl, K.H. (ed.) Handbook of Geochemistry,
Vol. II/5, 90-E-1-12, Springer, Berlin.

Rosholt, J.N. and Noble, D.C. (1969) Loss of uranium from crystallized
silicic volcanic rocks. Earth Planet. Sci. Lett., 6, 268-270.

Rutherford, N.F. (1978) A comment on the source of Mayor Island pantel-
lerite magma. N.Z. J. Geol. Geophys., 21, 449-453.

Ryabchikov, I.D. and Boettcher, A.L. (1980) Experimental evidence at
high pressure for potassic metasomatism in the mantle of the Earth.
Am. Mineral., 65, 915-919.

Ryerson, F.J. and Hess, P.C. (1978) Implications of liquid-liquid distri-
bution coefficients to mineral-liquid partitioning. Geochim. Cosmochim.
Acta, 42, 921-932.

Sakuyama, M. (1979) Evidence of magma mixing: petroclogical study of
Shirouma-Oike calc-alkaline andesite volcano, Japan. J. Volcanol.
Geotherm. Res., 5, 197-208.

Sakuyama, M. (198l) Petrological study of the Myoko and Kurohime volcances,
Japan: crystallization segquence and evidence for magma mixing. J.
Petrol., 22, 553-583.

Sato, M. (1978) Oxygen fugacity of basaltic magmas and the role of gas-
forming elements. Geophys. Res. Lett., 5, 447-449.

Sato, M. and Moore, J.G. (1973) Oxygen and sulphur fugacities of magmatic
gases directly measured in active vents of Mount Etna. K. Soc. Lond.,
Phil. Trans., Ser. A, 874, 137-146.

Sato, M. and Wright, T.L. (1966) Oxygen fugacities directly measured in
magmatic gases. Science, 153, 1103-1105.

Scarfe, C.M. (1977) Viscosity of a pantellerite melt at one atmosphere.
Can. Mineral., 15, 185-189.

Sceal, J.S.C. and Weaver, S.D. (1971) Trace element data bearing on the
origin of salic rocks from the Quaternary volcano Paka, Gregory Rift,
Kenya. FEarth Planet. Sci. Lett., 12, 327-331.

Schmincke, H.-U. (1969) Ignimbrite sequence on Gran Canaria. Bull.
Voleanol., 33, 1199-1219.

Schmincke, H.-U. (1973) Magmatic evolution and tectonic regime in the
Canary, Madeira, and Azores Island Groups. Geol. Soc. Am., Bull., 84,
633-648.

Schmincke, H.-U. and Swanson, D.A. (1967) Laminar viscous flowage structures
in ash-flow tuffs from Gran Canaria, Canary Islands. J. Geol., 75,
641-664.



287

Schmincke, H.-U. and Weibel, M. (1972) Chemical study of rocks from

Madeira, Porto Santo, and Sdo Miguel, Terceira (Azores). Neues Jahrb.
Mineral. Abh. 117, 253-281.

Schnetzler, C.C. and Philpotts, J.A. (1970) Partition coefficients of rare-
earth elements between igneous matrix material and rock-forming mineral
phenocrysts - II. Geochim. Cosmochim. Acta, 34, 331-340.

Schock, H.H. (1979) Distribution of rare-earth and other trace elements
in magnetites. Chem. Gecl., 26, 119-133.

Schreiber, H.D., Lauer, H.V. Jr. and Thanyasiri, T. (1980) The redox
state of cerium in basaltic magmas: an experimental study of iron-
cerium interactions in silicate melts. Geochim. Cosmochim. Acta, 44,
1599-~1612.

Schuiling, R.D. and Feenstra, A. (1980) Geochemical behaviour of vanadium
in iron-titanium oxides. Chem. Geol., 30, 143-150.

Schwarzer, R.R. and Rogers, J.J.W. (1974) A worldwide comparison of
alkali olivine basalts and their differentiation trends. FEarth Planet.
Set. Lett., 23, 286-296.

Scott, S.C. (1982) Evidence from Longonot Volcano, central Kenya, lending
further support to the argument for a coexisting Co,-rich vapour in
peralkaline magma. Geol. Mag., 119, 215-217.

Searle, R.C. (1970) Evidence from gravity anomalies for thinning of the
lithosphere beneath the Rift Valley in Kenya. Geophys. J. R. Astr.
Soe., 21, 13-31.

Self, S. and Gunn, B.M. (1976) Petrology, volume and age relations of
alkaline and saturated peralkaline volcanics from Terceira, Azores.
Contrib. Mineral. Petrol., 54, 293-313.

Seward, T.M. (1971) The distribution of transition elements in the system
CaMgSi,0g-NapSis0s~-H,0O at 1000 bars pressure. Chem. Geol., 7, 73-95.

Shaw, D.M. (1970) Trace element fractionation during anatexis. Geochim.
Cosmochim. Acta, 34, 237-243.

Shaw, H.R. (1965) Comments on viscosity, crystal settling, and convection
in granitic magmas. 4m. J. Sci., 263, 120-152.

Shaw, H.R. (1972) Viscosities of magmatic silicate liguids: an empirical
method of prediction. A4m. J. Sei., 272, 870-893.

Shaw, H.R. (1974) Diffusion of H,O in granitic liquids: Part I.
Experimental data; Part II. Mass transfer in magma chambers; 1in
Hofmann, A.W., Giletti, B.J., Yoder, H.S. Jr. and Yund, R.A. (eds.)
Geochemical Transport and Kinetics, 139-170, Carnegie Inst. Wash.
Publ., Washington.



288

Shaw, H.R., Smith, R.IL. and Hildreth, W. (1976) Thermogravitational
mechanisms for chemical variations in zoned magma chambers. Geol.
Soc. Am., Abstr. Programs, 8, 1102.

Shimizu, N. and le Roex, A.P. (1982) Trace element zoning of augite pheno-
crysts in alkaline basalts from Gough Island. EOS, 63, 453.

Siedner, G. (1965) Geochemical features of a strongly fractionated alkali
igneous suite. Geochim. Cosmochim. Acta, 29, 113-137.

Sigvaldason, G.F. and Oskarsson, N. (1976) Chlorine in basalts from Iceland.
Geochim. Cosmochim. Acta, 40, 777-789.

Simkin, T. and Smith, J.V. (1970) Minor-element distribution in olivine.
J. Geol., 78, 304-325.

Sleep, N.H. (1974) Segregation of magma from a mostly crystalline mush.
Geol. Soec. Am., Bull., 85, 1225-1232.

Smith, J.V. (1975) Some chemical properties of feldspars; in Ribbe, P.H.
(ed.) Feldspar mineralogy. Mineral. Soc. Am., Short Course Notes, 2,
18-29.

Smith, J.V. (1981) Halogen and phosphorus storage in the Earth. ~Nature, 289,

762-765.

Smith, J.vV., Delaney, J.S., Hervig, R.L. and Dawson, J.B. (198l) Storage of
F and Cl in the upper mantle: geochemical implications. L<Zthos, 14,
133-147.

Smith, R.L. (1979) Ash-flow magmatism. Geol. Soc. 4m., Spec. Pap., 180,
5-27.

Sparks, R.S.J. (1978) Gas release rates from pyroclastic flows: an
assessment of the role of fluidization in their emplacement. Bull.
Voleanol., 41, 1-9.

sparks, R.S.J. and Pinkerton, H. (1978) Effect of degassing on rheology
of basaltic lava. Nature, 276, 385-386. -

Speidel, D.H. (1970) Effect of magnesium on the iron-titanium oxides.
Am. J. Sei., 268, 341-353.

Spencer, K.J. and Lindsley, D.H. (1981) A solution model for coexisting
iron-titanium oxides. A4m. Mineral., 66, 1189-1201.

Spera, F.J. (198l) Carbon dicxide in igneous petrogenesis: II. Fluid
dynamics of mantle metasomatism. Contrib. Mineral. Petrol., 77, 56-65.

Steiger, R.H. and Jager, E. (1977) Subcommission on geochronology:
convention on the use of decay constants in geo- and cosmochronology.
Earth Planet. Sci. Lett., 36, 359-362.

Stephenson, D. (1972) Alkali clinopyroxenes from nepheline syenites of the
South Qdroq Centre, south Greenland. Lithos, &, 187-201.



289

Stern, C.R. and Wyllie, P.J. (1973) Water-saturated and undersaturated
melting relations of a granite to 35 kilobars. Farth Planet. Sc<.
Lett., 18, 163-167.

Stevens, N.C. (1970) Miocene lava flows and eruptive centres near Brisbane,
Australia. Bull. Voleancl., 34, 353-371.

Stevens, N.C. (1971) The Glass Houses; in Playford, G. (ed.) Geological
Excursion Handbook, A.N.Z.A.A.S. 43rd Congress & Geol. Soc. Aust.,
Qld. Div., 153-158.

Stewart, D.B. (1975) Lattice parameters, composition and Al/Si order in
alkali feldspars; ti»n Ribbe, P.H. (ed.) Feldspar mineralogy. Mineral.
Soc. Am., Short Course Notes, 2, 1-52.

Stipp, J.J. and McDougall, I. (1968) Potassium-argon ages from the
Nandewar Volcano, near Narrabri, New South Wales. Aust. J. Sei., 31,
84-85.

Stolper, E. and Walker, D. (1980) Melt density and the average composition
ot basalt. Contrib. Mineral. Petrol., 74, 7-12.

Stormer, J.C. Jr. (1973) Calcium zoning in olivine and its relationship
to silica activity and pressure. Geochim. Cosmochim. Acta, 37, 1815-
1821.

Stout, J.H. and Johnston, A.D. (1980) Natural partial melt assemblages in
spinel Iherzolites, Kauai, Hawaii. EO0S, 61, 1143.

Strong, D.F. (1982) Carbothermal metasomatism of alaskitic granite, St.
Lawrence, Newfoundland, Canada. Chem. Geol., 35, 97-114.

Stuckless, J.S. and Irving, A.J. (1976) Strontium isotope geochemistry
of megacrysts and host basalts from south-eastern Australia. Geochim.
Cosmochim. Acta, 40, 209-213.

Stull, R.J. (1973) Calcic and alkali amphiboles from the Golden Horn
Batholith, north Cascades, Washington. Am. Mineral., 58, 873-878.

Sun, S.-S. (1980) Lead isotopic study of young volcanic rocks from mid-
ocean ridges, ocean islands and island arcs. K. Soc. Lond., Phil.
Trans., Ser. A, 297, 409-445.

Sun, S.-S. and Hanson, G.N. (l1975a) Origin of Ross Island basanitoids and
limitations upon the heterogeneity of mantle sources for alkali basalts
and nephelinites. Contrib. Mineral. Petrol., &2, 77-106.

Sun, S.-S. and Hanson, G.N. (1975b) Evolution of the mantle: geochemical
evidence from alkali basalt. Geology, 3, 297-302.

Sun, S.-S. and Nesbitt, R.W. (1978) Petrogenesis of Archean ultrabasic
and basic volcanics: evidence from rare earth elements. Contrio.
Mineral. Petrol., 65, 301-325.



290

Sun, C.-0.,Williams, R.J. and Sun, S.-S. (1974) Distribution coefficients
of Eu and Sr for plagioclase~liquid and clinopyroxene-liquid equilibria
in oceanic ridge basalt: an experimental study. Geochim. Cosmochim.
Acta, 38, 1415-1433.

Sutherland, D.S. (1974) Petrography and mineralogy of the peralkaline
silicic rocks. Bull. Volearnol., 38, 517-547.

Sutherland, F.L. (1969) A review of the Tasmanian Cainozoic volcanic
province. Geol. Socc. Aust., Spec. Publ., 2, 133-144.

Takahashi, E. (1978) Partitioning of Ni2t, Co2*, Fe2t, Mn2+ and Mgzt
between olivine and silicate melts: compositional dependence of
partition coefficients. Geochim. Cosmochim. Acta, 42, 1829-1844.

Tatsumoto, M. (1966) Genetic relations of oceanic basalts as indicated
by lead isotopes. Science, 153, 1094-1101.

Tatsumoto, M., Hedge, C.E. and Engel, A.E.J. (1965) Potassium, rubidium,
strontium, thorium, uranium, and the ratio of strontium-87 to
strontium~-86 in oceanic tholeiitic basalt. Science, 150, 886-888.

Taylor, H.P. Jr. (1977) Water/rock interactions and the origin of H,0 in
granitic batholiths. Geol. Soc. Lond., J., 133, 509-558.

Taylor, R.P., Strong, D.F. and Fryer, B.J. (198l1) Volatile control of
contrasting trace element distributions in peralkaline granitic and
volcanic rocks. Contrib. Mineral. Petrol., 77, 267-271.

Taylor, R.P., Strong, D.F. and Kean, B.F. (1980) The Topsails igneous
complex: Silurian-Devonian peralkaline magmatism in western Newfound-
land. Can. J. Earth Sei., 17, 426-439.

Taylor, S.R. (1965) The application of trace element data to prcblems in
petrology. Phys. Chem. Earth, 6, 133-213.

Taylor, S.R. and Gorton, M.P. (1977) Geochemical application of spark-
source mass spectrography - III. Element sensitivity, precision and
accuracy. Geochim. Cosmochim. Acta, 41, 1375-1380.

Teng, H.C. and Strong, D.F. (1976) Geology and geochemistry of the St.
Lawrence peralkaline granite and associated fluorite deposits, south-
east Newfoundland. Can. J. Earth Sei., 13, 1374-1385.

Thompson, R.N. (1972a) The l-atmosphere melting patterns of some basaltic
volcanic series. A4m. J. Sez., 272, 901-932.

Thompson, R.N. (1972b) Evidence for a chemical discontinuity near the
basalt-andesite transition in many anorogenic volcanic suites. Nature,
236, 106-110.

Thompson, R.N. (1974) Primary basalts and magma genesis. I. Skye, north-
west Scotland. Contrib. Mineral. Petrol., 45, 317-341.



291

Thompson, R.N. (1975) The l-atmosphere liquidus oxygen fugacities of some
tholeiitic intermediate, alkalic and ultra-alkalic lavas. 4dm. J.
Set., 275, 1049-1072.

Thompson, R.N. (1976) Alkali amphiboles in the Eocene high-level granites
of skye, Scotland. Mineral. Mag., 40, 891-893.

Thompson, R.N., Dickin, A.P., Gibson, I.L. and Morrison, M.A. (1982)
Elemental fingerprints of isotopic contamination of Hebridean Palaeocene
mantle-derived magmas by Archaean sial. Contrib. Mineral. Petrol., 79,
159-168.

Thompson, R.N., Esson, J. and Dunham, A.C. (1972) Major element chemical
variation in the Eocene lavas of the Isle of Skye, Scotland. J.
Petrol., 13, 219-253.

Thompson, R.N., Gibson, I.L., Marriner, G.F., Mattey, D.P. and Morrison,
M.A. (1980) Trace element evidence of multistage mantle fusion and poly-
baric fractional crystallization in the Palaeocene lavas of Skye,
NW Scotland. J. Petrol., 21, 265-293.

Thornton, C.P. and Tuttle, O0.F. (1960) Chemistry of igneous rocks. 1I.
Differentiation index. A4Am. J. Sci., 258, 664-684.

Treuil, M., Varet, J. and Billhot, M. (1971) Distribution of nickel,
copper and zinc in the volcanic series of Erta Ale, Ethiopia. Contrid.
Mineral. Petrol., 30, 84~94.

Turner, J.S. (1980) A fluid-dynamical model of differentiation and layering
in magma chambers. Nature, 285, 213-215.

Turner, J.S. and Gustafson, L.B. (1978) The flow of hot saline solutions
from vents in the sea floor - some implications for exhalative massive
sulfide and other ore deposits. Eeon. Geol., 73, 1082-1100.

Tuttle, O.F. and Bowen, N.L. (1958) Origin of granite in the light of
experimental studies in the system NaAlSi,04-KAlSi;04-S1i0,-H,0.
Geol. Soc. Am., Mem., 74.

Tyler, R.C. and King, B.C. (1967) The pyroxenes of the alkaline igneous
complexes of eastern Uganda. Mineral. Mag., 36, 5-21.

Uchimizu, M. (1966) Geology and petrology of alkali rocks from Dogo, Oki
Islands. J. Fac. Sei. Univ. Tokyo., Sec. II, 16, 85-159.

Upton, B.G.J. and Thomas, J.E. (1980) The Tugtutog younger giant dyke
complex, south Greenland: fractional crystallization of transitional

olivine basalt magma. J. Petrol., 21, 167-198.

Upton, B.G.J. and Wadsworth, W.J. (1967} A complex basalt-mugearite sill
in Piton des Neiges volcano, Reunion. Am. Mineral., 52, 1475-1492.

Upton, B.G.J. and Wadsworth, W.J. (1972) Aspects of magmatic evolution on
Réunion Island. R. Soe. Lond., Phil. Trans., Ser. A, 271, 105-130.



292

Usselman, T.M. and Hodge, D.S. (1978) Thermal control of low-pressure

fractionation processes. J. Voleanol. Geotherm. Res., 4, 265-281.

Varne, R. (1970) Hornblende lherzolite and the upper mantle. Contrib.
Mineral. Petrol., 27, 45-51.

Rare earth abundances in hornblende and

Varne, R. and Graham, A.L. (1971)
clinopyroxene of a hornblende lherzolite xenolith: implications for
Earth Planet. Sei. Lett., 13,

upper mantle fractionation processes.

11-18.
Distribution of titanium between silicates and oxides

Am. J. Set., 260, 211-220.

Verhoogen, J. (1962)
Bull. Voleanol., 38, 680-

in igneous rocks.

The island of Pantelleria.

Villari, L. (1974)

724.
The evolution of the Tibesti volcanic province,
African

Vincent, P.M. (1970)
eastern Sahara; 17n Clifford, T.N. and Gass, I.G. (eds.)
Magmatism and Tectonics, 301-320, Oliver-Boyd, Edinburgh.

Electron paramagnetic resonance data on isomorphism

Vinokurov, V.M. (1966)
of manganese and iron ions in certain minerals. Geochem. Int., &,

996-1002.
Alkali basalt from Nye County,

Vitaliano, C.J. and Harvey, R.D. (1965)
Am. Mineral., 50, 73-84.

Layered igneous rocks. Oliver-Boyd,

Nevada.

Wager, L.R. and Brown, G.M. (1968)

Edinburgh.
The distribution of trace elements

Wager, L.R. and Mitchell, R.L. (1951)

during strong fractionation of basic magma - a further study of the
Skaergaard intrusion, east Greenland. Geochim. Cosmochim. Acta, 1,
129-208.

Thermal diffusion - convection as a cause of magmatic

Am. J. Sci., 244, 417-441.

(1978) A numerical treatment of

Walkexr, D., Stolper, E.M. and Hays, J.F.
melt/solid segregation: size of the eucrite parent body and stability
of the terrestrial low-velocity zone. J. Geophys. Res., 83, 6005-

wWahl, W. (1946)

differentiation. 1I.

6013.
U.s. Geol.

Chemical analyses of igneous rocks.

Washington, H.S. (1917)
Surv., Prof. Pap., 99.
Oxides of low-pressure origin from alkali basaltic rocks,

Wass, S.Y. (1973)
southern highlands, N.S.W., and their bearing on the petrogenesis of
alkali basaltic magmas. Geol. Soc. Aust., J., 20, 427-448.

Wass, S.Y. (1979) Multiple origins of clinopyroxenes in alkali basaltic
Lithos, 12, 115-132.

S.Y. (1980) Geochemistry and origin of xenolith-bearing and related

alkali basaltic rocks from the southern highlands, New South Wales,
Am. J. Sei., 280-A, 639-666.

rocks.

Wass,

Australia.



293

Wass, S.Y., Henderson, P. and Elliott, C.J. (1980) Chemical heterogeneity
and metasomatism in the upper mantle: evidence from rare earth and
other elements in apatite-rich xenoliths in basaltic rocks from
eastern Australia. R. Soc. Lond., Phil. Trans., Ser. A, 297, 333-346.

Wass, S.Y. and Rogers, N.W. (1980) Mantle metasomatism - precursor to
continental alkaline volcanism. Geochim. Cosmochim. Acta, 44, 1811-
1823.

Watson, E.B. (1976) Two-liquid partition coefficients: experimental data
and geochemical implications. Contrib. Mineral. Petrol., 56, 119-134.

Watson, E.B. (1977) Partitioning of manganese between forsterite and
silicate liquid. Geochim. Cosmochim. Acta, 41, 1363-1374.

Watson, E.B. (1979a) Calcium content of forsterite coexisting with silicate
liquid in the system Na_,0-CaO-MgO-Al_O_-SiO,. Am. Mineral., 64, 824~
829.

Watson, E.B. (1979b) Apatite saturation in basic to intermediate magmas.
Geophys. Res. Lett., 6, 937-940.

Watson, E.B. (1979¢c) Zircon saturation in felsic liquids: experimental
results and applications to trace element geochemistry. Contrid.
Mineral. Petrol., 70, 407-419.

Watson, E.B. (1979d) Diffusion of cesium ions in H_ O-saturated granitic
melt. Setence, 205, 1259-1260.

Watson, E.B. (1981) Diffusion in magmas at depth in the Earth: the effects
of pressure and dissolved H,0. Eartn Planet. Sci. Lett., 62, 291-301.

Watson, E.B. (1982) Melt infiltration and magma evolution. Geology, 10,
236-240.

Watson, E.B. and Capobianco, C.J. (198l1) Phosphorus and the rare earth
elements in felsic magmas: an assessment of the role of apatite.
Geochim. Cosmochim. Acta, 45, 2349-2358.

Watson, E.B. and Green, T.H. (1981) Apatite/liquid partition coefficients
for the rare earth elements and strontium. Farth Planet. 5¢i. Lett.,
56, 405-421.

Weaver, S.D., Sceal, J.S.C. and Gibson, I.L. (1972) Trace-element data
relevant to the origin of trachytic and pantelleritic lavas in the
East African Rift system. Contrib. Mineral. Petrol., 36, 181-194.

Webster, E.A. and Holloway, J.R. (1980) The partitioning of REE's, Sc, Rb
and Cs between a silicic melt and a Cl1 fluid. £EOS, 61, 1152.

Wedepohl, K.H. (1974) Copper: abundance in rock-forming minerals; <¢n
Wedepohl, K.H. (ed.) Handbook of Geochemistry, Vol. 11/3, 29-D-1-16,
Springer, Berlin.



294

Weill, D.F. and Drake, M.J. (1973) Europium anomaly in plagioclase feld-
spar: experimental results and semiquantitative model. Science, 180,
1059-1060.

Wellman, P. and McDougall, I. (1974a) Cainozoic igneous activity in eastern
Australia. Tectonophysies, 23, 49-65.

Wellman, P. and McDougall, I. (1974b) Potassium-argon ages on the
Cainozoic volcanic rocks of New South Wales. Geol. Soe. Aust., J., 21,
247-272.

Wellman, P., McElhinny, M.W. and McDougall, I. (1969) On the polar-wander
path for Australia during the Cenozoic. R. Adstron. Soc., Geophys. J.,
18, 371-395.

Wells, P.R.A. (1977) Pyroxene thermometry in simple and complex systems.
Contrib. Mineral. Petrol., 62, 129-139.

Wendlandt, R.F. and Eggler, D.H. (1980) The origins of potassic magmas:
2. Stability of phlogopite in natural spinel lherzolite and in the
system KAlSiOyu-MgO-Si0O;-H20-CO2 at high pressures and high temperatures.
Am. J. Sei., 280, 421-458.

Wendlandt, R.F. and Harrison, W.J. (1979) Rare earth partitioning between
immiscible carbonate and silicate liquids and CO, vapour: results and
implications for the formation of light rare earth-enriched rocks.
Contrib. Mineral. Petrol., 69, 409-419.

White, A.H. (1965) Geological Map of New England 1:100,000, Tareela Sheet
(No. 300), with marginal text. The University of New England, Armidale,
New South Wales, Australia.

wWhite, W.M., Tapia, M.D.M. and Schilling, J.-G. (1979) The petrology and
geochemistry of the Azores Islands. Contrib. Mineral. Petrol., 69,
201-213.

White, R.W. (1966) Ultramafic inclusions in basaltic rocks from Hawaii.
Contrib. Mineral. Petrol., 12, 245-314.

Whitney, J.A., Simon, F.0., Hemley, J.J. and Davis, N.F. (1979) Iron
concentrations in chloride solutions equilibrated with synthetic
guartz monzonite assemblages, Part 1l: sulfur free systems. Geol. Soc.
Am., Abstr. Programs, 11, 540.

Wilcox, R.E. (1979) The liquid line of descent and variation diagrams;
in Yoder, H.S. Jr. (ed.) The Evolution of the Igneous Rocks: Fiftieth
Anniversary Perspectives, 205-232, Princeton University Press, Princeton.

Wilkinson, J.F.G. (1962) Mineralogical, geochemical and petrogenetic aspects
of an analcite-basalt from the New England District of New South Wales.
J. Petrol., 3, 192-214.

Wilkinson, J.F.G. (1966) Residual glasses from some alkali basaltic lavas
from New South Wales. Mineral. Mag., 35, 847-860.



295

Wilkinson, J.F.G. (1973) Pyroxenite xenoliths from an alkali trachybasalt
in the Glen Innes area, north-eastern New South Wales. Contrib.
Mineral. Petrol., 42, 15-32.

Wilkinson, J.F.G. (1975) Ultramafic inclusions and high-pressure megacrysts
from a nephelinite sill, Nandewar mountains, north-eastern New South
Wales, and their bearing on the origin of certain ultramafic inclusions
in alkaline volcanic rocks. Contrib. Mineral. Fetrol., 51, 235-262.

Wilkinson, J.F.G. (1977) Petrogenetic aspects of some alkali volcanic
rocks. R. Soe. N.S.W., J. Proc., 110, 117-138.

Wilkinson, J.F.G. (1980) Continental and mid-ocean ridge tholeiites: some
similarities and contrasts. Geol. Soe. India, Mem., 3, 340-361.

Wilkinson, J.F.G. (1982) The genesis of mid-ocean ridge basalt. Ffarth-Sct.
Rev., 18, 1-57.

Wilkinson, J.F.G. and Binns, R.A. (1969) Hawaiite of high pressure origin
from north-eastern New South Wales. Nature, 222, 553-555.

Wilkinson, J.F.G. and Binns, R.A. (1977) Relatively Fe-rich lherzolite
xenoliths of the Cr-diopside suite: a guide to the primary nature of
anorogenic tholeiitic andesite magmas. Contrib. Mineral. Petrol., 65,
199-212.

Wilkinson, J.F.G. and Duggan, N.T. (1973) Some tholeiites from the Inverell
area, New South Wales, and their bearing on low-pressure tholeiite
fractionation. . Petrol., 14, 339-348.

Williams, L.A.J. (1972) The Kenya Rift volcanics: a note on volumes and
chemical composition. Tectonophysics, 15, 83-96.

Wilshire, H.G., Pike, J.E.N., Meyer, C.E. and Schwarzman, E.C. (1980)
Amphibole~-rich veins in lherzolite xenoliths, Dish Hill and Deadman
Lake, California. 4m. J. Sei., 280-4, 576-593.

Wilshire, H.G. and Shervais, J.W. (1975) Al-augite and Cr-diopside ultra-
mafic xenoliths in basaltic rocks from the western United States.
Phys. Chem. Earth, 9, 257-272.

Wise, W.S. (1966) Zeolitic basanite from south-eastern California. Bull.
Voleanol., 29, 235-252.

Wones, D.R. and Eugster, H.P. (1965) Stability of biotite: experiment,
theory and application. A4m. Mineral., 50, 1228-1272.

Wood, B.J. (1976a) On the stoichiometry of clinopyroxenes in the system
Ca0-Mg0-Al,0,-8i0,. Carnegie Inst. Wash., Yearb., 75, 741-742.

Wood, B.J. (1976b) An olivine-clinopyroxene geothermometer. A discussion.
Contrib. Mineral. Petrol., 56. 297-303.

Wood, B.J. and Banno, S. (1973) Garnet-orthopyroxene and clinopyroxene-
orthopyroxene relationships in simple and complex systems. Contrib.
Mineral. Petrol., 42, 109-124.



296

Woolley,A.R., Symes, R.F. and Elliott, C.J. (1972) Metasomatized
(fenitized) quartzites from the Borralan Complex, Scotland. Mineral.
Mag., 38, 819-836.

Wright,.J.B. (1968a) Deep crustal origin for oligoclase and andesine pheno-
crysts in basalt from Gombe, Nigeria. Nature, 218, 262-263.

Wright, J.B. (1968b) Oligoclase andesine phenocrysts and related inclusions
in basalts from part of the Nigerian Cenozoic Province. Mineral. Mag.,
36, 1024.

Wright, J.B. (1969) Olivine nodules in trachyte from the Jos plateau,
Nigeria. WNature, 223, 285-286.

Wright, J.B. (1970) High-pressure phases in Nigerian Cenozoic lavas:
distribution and tectonic setting. Bull. Voleanol., 34, 833-847.

Wright, J.B. (1971) The phonolite-trachyte spectrum. Lithos, 4, 1-5.

Wright, J.B. (1972) K/Ar data and the origin of feldspar megacrysts in
alkali basalt. Nature, 236, 89.

Wright, T.S. and Doherty, P.C. (1970) A linear programming and least-
squares computer method for solving petrologic mixing problems. Geol.
Soc. Am., Bull., 81, 1995-2008.

Wyllie, P.J. (1963) Effects of the changes in slope occurring on liquidus
and sclidus paths in the system diopside-anorthite-albite. Mineral.
Soe. Am., Spec. Fap., 1, 204-212.

Wyllie, P.J., Huang, W., Stern, C.R. and Maalde, S. (1976) Granitic magmas:
possible and impossible sources, water contents, and crystallization
sequences. Can. J. Earth Set., 13, 1007-1019.

Wyllie, P.J. and Tuttle, O.F. (1961) Experimental investigation of
silicate systems containing two volatile components. A4m. J. Scz.,
269, 128-143.

Yagi, K. (1953) Petrochemical studies on the alkalic rocks of the Morotu
district, Sakhalin. Geol. Soc. Am., Bull., 64, 769-810.

Yagi, K. (1966) The system acmite-diopside and its bearing on the stability
relations of natural pyroxenes of the acmite-hedenbergite-diopside
series. Am. Mineral., 61, 976-1000.

Yagi, K. and Onuma, K. (1967) The join CaMgSi;0g-CaTiAl;0s and its bearing
on the titanaugites. J. Fac. Scti. Hokkaido Univ., 13, 463-483.

Yagi, XK. and Souther, J.G. (1974) BRenigmatite from Mt. Edziza, British
Columbia, Canada. A4m. Mineral., 59, 820-829.

Yoder, H.S. and Tilley, C.E. (1962) Origin of basalt magmas: an
experimental study of natural and synthetic rock systems. J. Petrol.,
3, 342-532.



297

Zielinski, R.A. (1975) Trace element evaluation of a suite of rocks from
Réunion Island, Indian Ocean. Geochim. Cosmochim. Acta, 39, 713-734.

Zielinski, R.A. and Frey, F.A. (1970) Gough Island: evaluation of a
fractional crystallization model. Contrib. Mineral. Petrol., 29,
242-254.



298

APPENDIX I

ANALYTICAL TECHNIQUES

SAMPLE PREPARATION

Approximately 300 g of each sample was sawn into thin slabs,
broken into chips and crushed to -150# in a tungsten-carbide vessel of
a Siebtechnik disc-mill. Contamination was assessed as negligible for

all analyzed elements.

MAJOR ELEMENT ANALYSES

5 TlOZ, A1203, total Fe as Fe203, MnoO,

were determined by X-ray fluorescence spectrometry

The major elements SiO
MgO, Cao, Kzo and P2O5
(XRF) on a Philips PW1540 spectrometer at the U.N.E. Geology Department.
The method employed was that of Norrish and Hutton (1969) involving linear
calibration after sample dilution in a lanthanum oxide-lithium tetraborate
glass. MgO was also determined by atomic absorption spectrometric (AAS)

techniques for samples in which it was found to be at low concentrations.

The AAS results are presented in this thesis.

A Corning EEL flame photometer was used for the determination of

Nazo on solutions diluted with appropriate quantities of an interral

standard (Li SO4).

2

Ferrous iron was determined titrametrically against a standardized
ammonium cexrric sulphate solution following dissolution of 0.5 g of sample
in a mixture of hydrofluoric and sulphuric acids. N-phenyl anthranilic

acid was used as an indicator.

Total HZO was determined by weighing the cooled condensate after

heating the powdered sample at 1050°C for 40 minutes. H2O_ was determined

. o
by measuring the loss in weight after heating the sample at 100 C for
+ -—
1 hour. HZO is reported as the difference between total Hzo and H20 .

TRACE ELEMENT ANALYSES

Li, Cu and Zn were determined by AAS on solutions containing 1.0 g

sample/100 ml.

v, Cr, Ni, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Pb and Th were
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analyzed by XRF on pelletized powder samples following the general procedures
outlined by Norrish and Chappell (1977). Linear calibrations were obtained
for each element using the USGS and NIM international rock standards. Mass
absorption coefficients were calculated from major element analyses and
corrections were applied to remove effects of interfering peaks where
appropriate. Sc was also determined by XRF on several phenocryst and

groundmass separates.

Trace element analyses of rock samples which include data for Sc,
Cs, La, Ce, Nd, Sm, Eu, Tb, Dy, ¥Yb, Lu, Hf, Ta, Th and U, were determined
by instrumental neutron activation analysis (INAA) in the Geochemistry
laboratory of the Atomic Energy Commission at Lucas Heights, N.S.W. REE
analyses of phenocryst and groundmass separates used for the calculation of
mineral/liquid partition coefficients were also determined by neutron

activation analysis following a radiochemical group separation.

The analytical procedures followed at the Lucas Heights facility
were detailed by Porrit and Porrit (1977). They involve 2 radiation periods
and 4 separate counting intervals. Short irradiations (1 minute) and long

13

irradiaticons (9 hours) are performed at thermal neutron fluxes of 5 x 10

1
and 5 x 10 2 n. cm s respectively.

Short irradiation samples (20 to 80 mg) are irradiated individually
and allowed to decay for 20 minutes before counting at an appropriate
geometry to limit dead time to less than 20 percent. The Ge(Li) detector
is coupled to a 4096 channel analyzer, has a resolution of 2.1 keV for the
1332 keV peak of 60Co, and a relative efficiency of 15 percent. : Each
sample is counted for 10 minutes and gamma ray analysis 1s repeated after

24 hours.

Long irradiations are performed simultaneously for samples and
standards (100 to 200 mg). High resolution gamma ray spectrometry
measurements are made after 5 to 7 and 28 to 40 days cooling interval on
a detector having a resolution of 1.8 keV for the 1332 keV peak and a

relative efficiency of 20 percent.

The gamma ray spectra are stored on floppy disk and processed by
computer programs devised at the Lucas Heights laboratory. The USGS
standard rock BCR-1 is used as a rare-earth standard. The rare-earth

concentrations adopted for this standard (J. Fardy, personal communication)
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are as follows:-

Hg/g ug/g
La 25.5 Dy 6.40
Ce 54.4 Tb 0.96
Na 28.8 Yb 3.37
Sm 6.64 Lu 0.504
Eu 1.98

ISOTOPE ANALYSES

Isctope analyses were performed by Dr. H.D. Hensel at the Research
School of Earth Sciences (RSES), A.N.U., Canberra following the isotope
dilution techniques outlired by Compston et al. (1965), Arriens ard Compston
(1969), Page et al. (1976), McCulloch and Perfit (1981) and McCulloch
and Chappell (1982).

Strontium Isotopes

Rock samples (0.06 to 0.3 g, depending on Rb and Sr concentration)
were dissolved and converted to chlorides using HF, HClO4 and HCl. Rb
and Sr were concentrated using large and small anion exchange columns

containing Dowex AG 50W resin. Rb and Sr blanks were approximately 0.02 ug,
which would result in errors an order of magnitude less than instrumental

7 8
errors for 8 Sr/ 6Sr.

Most Sr isotope measurements were made by magnetic-field switching
on a Nuclide Analysis Associates instrument (30.5 cm radius of curvature,
60° sector). Most Rb isotope measurements were determined on a MSX mass
spectrometer (15.25 cm radius of curvature, 90O sector). Both instruments
employed 6 kV accelerating voltage, Faraday cup collector and Cary electro-
metexr. They were operated on-line to a HP-1000E computer which also

controlled magnetic-field peak-switching.

The remaining Rb and Sr isotopic measurements were performed on
. o .
a MSZ mass spectrometer (23 cm radius of curvature, 60 sector) which was
described by Clement and Compston (1972). Rhenium triple-filament sources

were used for all determinations.

Analysis of NBS 987 strontium carbonate on the Nuclide and MSZ

instruments gave 87Sr/86Sr = 0.71022 * 4 and 0.71027 £ 5 respectively.
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Results derived from the Nuclide mass spectrometer were normalized to the
MSZ value. All strontium isotopic ratios were corrected for variable mass

. I . - 8
discrimination by normalizing 8 Sr/86Sr to 8.3752.

. C 7 7 .
Experimental uncertainties for 8 Rb/86Sr and 8 Sr/86Sr are estimated
to be less than 0.5 and 0.2 percent respectively.
. . . -11 -1
The Rb decay constant used in age calculations is 1.42 x 10 v

and regression analysis of the data is based on the technique of McIntyre

et al. (1966).

Neodymium Isotopes

Samples were dissolved in open beakers using a HF—HClO4 mixture
and then converted to chlorides by addition of HCl. The REE were separated
from the major elements in cation exchange columns using HCl as an
elutriant. Nd was subsequently separated from the other REE in a second
coclumn using 0.2M 2-methyllactic acid with a pH of 4.6. Total chemical
blank for Nd was ~0.00l1 ug and hence no corrections tc measured ratios
were necessary. Nd was measured as Nd+ on the MSZ mass spectrometer
(described above) using rhenium triple filament sources. Effects of mass
fractionation were eliminated by normalizing Nd isotopic ratios to 146Nd/142Nd

= 0.636151. The 143Nd/l44Nd ratio for BCR~1 determined in the RSES
laboratory is 0.511843 = 20.

ANALYTICAL PRECISION AND ACCURACY

Precision of the major element analyses is generally considered
to be better than * 1 percent relative. Precision for the trace elements
determined by XRF is better than 5 percent for most elements, whereas
uncertainties for the INAA analyses are, Sc (2 percent), La, Eu (3 percent),
Ce, Sm, Tb, ¥Yb, Lu, Th (5 percent), Hf (7 percent) and Cs, Ba, Nd, Ta,
U (10 to 20 percent).

The accuracy of the major and trace element analyses determined
at U.N.E. was monitored by concurrent analysis of several international
rock standards. Analyzed and recommended values (Flanagan, 1973) are

listed in Table I for comparison.

The accuracy of the trace element analyses determined at Lucas

Heights was checked by inclusion of two unidentified standard rocks in
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TABLE I

Comparison of analyzed major and trace element values with

recommended values (from Flanagan, 1973) of several U.S.G.S. rocks

G-2 AGV-1 BCR-1
Wt.Percent Analyzed Recommended Analyzed Recommended Analyzed Recommended

sio, 69.34 69.11 59.58 59.00 54.70 54.50
Tio, 0.49 0.50 1.05 1.04 2.25 2.20
Al,0, 15.29 15.40 17.24 17.25 13.63 13.61
Fe,0, 1.08 1.08 4.40 4.51 3.58 3.68
FeO 1.45 1.45 2.08 2.05 9.00 8.80
MnO 0.03 0.03 0.10 0.10 0.19 0.18
MgO 0.76 0.76 1.56 1.53 3.50 3.46
cao 1.95 1.94 4.91 4.90 6.95 6.92
Na,0 4.07 4.07 4.32 4.26 3.32 3.27
K,0 4.49 4.51 2.90 2.89 1.71 1.70
P,0¢ 0.14 0.14 0.49 0.49 0.37 0.36
H20+ - 0.55 - 0.81 0.50 0.77
H,0 - 0.11 - 0.16 0.83 0.80
Hg/g

Li - 35 - 12 12 13

v 37 35 122 125 416 399

Cr 7 12 12 12 18

Ni 6 5 18 19 17 16

Cu - 12 - 60 18 18

Zn - 85 - 84 125 120

Rb 169 168 67 67 48 47

Sr 476 479 659 657 337 330

Y 11 12 16 21 28 37

zr 301 300 219 225 184 190

Nb 13 14 14 15 14 14

Ba 1922 1870 1209 1208 662 675

La 103 96 43 35 28 26

Ce 154 150 62 63 54 54

Nd 61 60 35 39 29 29

Pb 31 31 36 35 20 18

Th 25 24 7 6 7 6
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the sample set. The analyses of these standards are presented in Table II

with the recommended values from Flanagan (1973) for comparison.

MINERAL ANALYSES

The majority of electron probe microanalyses were performed at
the Research School of Earth Sciences, A.N.U. using a T.P.D. probe fitted
with a Si(Li) detector. Instrumental conditions and data reduction

techniques were outlined by Ware (1981).

The remaining probe analyses were performed at the University of
New England on a JSM-35 SEM with Tracor-Northern TN2000 EDS system.

Analytical conditions were as follows:-

accelerating voltage 15 kV
beam current 10 nA (measured with a Faraday cup)

take-off angle 35°.

The calibration standards were simple silicates such as CaSiO3

5 NaA151206 for NaZO, KAlSl308 for K2O; simple oxides for MgO

and TiOZ; pure metals for Zr, VvV, Cr, Mn, Ni and Zn; pyrite for FeO

and halite for Cl. A series of well-analyzed secondary mineral standards

for SiO

were checked on both instruments and compared satisfactorily. Data

reduction techniques were the same as those described by Ware (1981).

Detection limits for both instruments are as follows:-

Sio2, A1203, MgO, Nazo, NiO - 0.1 wt. percent
FeO, MnO, SO3 - 0.09 " "
TlO2, Cr203, V203 - 0.08

cao - 0.07 " "
K2O, Cl - 0.05 " "

MINERAL SEPARATIONS

The groundmass and phenocrysts of several strongly porphyritic
lavas were separated to determine crystal/liquid trace element partition
coefficients. Rock powders (-120#) were cleansed of fine dust by washing
and decanting. Initial separation involved repeated runs through a Franz
Isodynamic separator. Further concentration of phases was achieved by
centrifuging in diodomethane-acetone mixtures or Clerici's soluticn, and

finally hand-picking until >98 percent purity was obtained.
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Comparison of INAA analyses of U.S.G.S. standard rocks
with recommended values from Flanagan (1973)

304

Trace Elements AGV-1 BCR-1

Hg/g Analyzed Recommended Analyzed Recommended
Sc 12 13 32 33

Cs 1.2 1.4 0.89 0.95
La 39 35 24 26

Ce 71 63 54 54

Nd 31 39 30 29

Sm 5.5 5.9 3.5 6.6
Eu 1.7 1.7 1.8 L.9
Tb 0.68 0.70 1.1 1.0
Yb 1.5 1.7 3.5 3.4
Lu 0.26 0.28 0.58 0.55
Hf 4.9 5.2 4.9 4.7
Ta 1.1 0.9 0.92 0.91
Th 6.1 6.4 6.2 6.0
) 2.4 1.9 1.3 1.7




SPECIMEN NUMBERS, ROCK TYPES AND GRID REFERENCES

APPENDIX I1I

The following specimen numbers refer to samples housed
University of New England Geology Department collection and
based on the 1000 metre universal transverse mercator grid,
Australian National Spheroid, refer to the Horton 1:100 000

sheet. This sheet was used as a base map to prepare the accompanying

geological map.

in the

zone 56J,

topographic

UTN.E' Rock Type Grid
Specimen No. Reference
49000 Hawaiite 375393
49001 Hawaiite 475389
49002 Hawaiite 483398
49003 Hawaiite 398387
49004 Hawaiite 247459
49005 Trachyandesite 500363
49006 Trachyandesite 263426
49007 Trachyandesite 362397
49008 Trachyandesite 501415
49009 Trachyandesite 500415
49010 Trachyandesite 270426
49011 Trachyandesite 274469
49012 Trachyandesite 178466
49013 Trachyandesite 202469
49014 Trachyandesite 497412
49015 Trachyandesite 491408
49016 Trachyandesite 425368
49017 Trachyandesite 404367
49018 Trachyandesite 2lo4e8
49019 Trachyandesite 325428
49020 Trachyandesite 317433
49021 Trachyandesite 288467
49022 Trachyandesite 285468
49023 Trachyandesite 272469
49024 Trachyandesite 263467
49025 Trachyandesite 257456
49026 Trachyandesite 258454
49027 Trachyandesite 258452
49028 Trachyandesite 258450
49029 Trachyandesite 257452
49030 Trachyandesite 238467
49031 Trachyandesite 218471
49032 Trachyandesite 213473
49033 Trachyandesite 204469
49034 Trachyandesite 185464
49035 Trachyandesite 206473
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U.N.E. Grid
Specimen No. Rock Type Reference
49036 Trachyandesite 277470
49037 Trachyandesite 268468
43038 Trachyandesite 205470
49039 Trachyandesite 198468
49040 Trachyandesite 171472
49041 Trachyandesite 192461
49042 Trachyandesite 181657
49043 Trachyandesite 182648
49044 Trachyandesite 500364
49045 Trachyandesite 173669
49046 Trachyandesite 255535
49047 Trachyandesite 215532
49048 Trachyandesite 239748
49049 Trachyandesite 179378
49050 Trachyvandesite 251465
49051 Trachyandesite 220536
49052 Trachyandesite 374458
49053 Trachyandesite 168670
49054 Porphyritic Trachyandesite 265440
49055 Porphyritic Trachyandesite 271422
49056 Porphyritic Trachyandesite 287411
49057 Porphyritic Trachyandesite 289457
49058 Porphyritic Trachyandesite 259453
49059 Porphyritic Trachyandesite 257453
49000 Porphyritic Trachyandesite 22545¢
49061 Porphyritic Trachyandesite 213473
49062 Porphyritic Trachyandesite 174458
49063 Porphyritic Trachyandesite 286412
49004 Porphyritic Trachyandesite 177375
49065 Porphyritic Trachyandesite 371470
49066 Vesicular Trachyandesite 198461
49067 Tuffaceous Trachyandesite 1974463
49068 Tuffaceous Trachyandesite 418270
49069 Tuffaceous Trachyandesite 286413
49070 Monzonite 218535
49071 Monzonite 216533
49072 Monzonite 216533
49073 Micromonzonite 220530
49074 Monzonitic inclusion in Alkali Rhyolitel 170525
49075 Tristanite 267471
49076 Tristanite 258451
49077 Tristanite 272420
49078 Tristanite 253457
49079 Tristanite 207458
49080 Tristanite 271460
49081 Tristanite 183647
43082 Trachyte 286410
49083 Trachyte 175468
49084 Trachyte 187640
49085 Trachyte 263448

1

Chemically a tristanite

(see Tables 5.1 and 5.2, p 97 and 112).
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U.N.E. Grid

Specimen No. Rock Type Reference
49086 Trachyte 260455
49087 Trachyte 264603
49088 Trachyte 263450
49089 Trachyte 297458
49090 Trachyte 175402
49091 Trachyte 172474
49092 Trachyte 190472
45093 Trachyte 171481
49094 Trachyte 223536
49095 Trachyte 272423
49096 Trachyte 275458
49097 Porphyritic Trachyte 206408
45098 Peralkaline Trachyte 164481
49099 Peralkaline Trachyte 265436
49100 Peralkaline Trachyte 265433
49101 Peralkaline Trachyte 1853380
49102 Peralkaline Trachyte 301459
49103 Peralkaline Trachyte 263471
49104 Peralkaline Trachyte 192455
49105 Peralkaline Trachyte 194468
49106 Peralkaline Trachyte 173469
49107 Peralkaline Trachyte 277463
49108 Peralkaline Trachyte 214680
49109 Peralkaline Trachyte 280464
49110 Peralkaline Trachyte 310446
49111 Peralkaline Trachyte 277463
49112 Peralkaline Trachyte 276461
49113 Peralkaline Trachyte 274459
49114 Peralkaline Trachyte 277465
49115 Peralkaline Trachyte 250462
49116 Peralkaline Trachyte 180465
49117 Peralkaline Trachyte 194469
49118 Peralkaline Trachyte 295470
49119 Alkali Rhyolite 180379
49120 Alkali Rhyolite 181332
49121 Alkali Rhyolite 244511
49122 Alkali Rhyolite 208620
49123 Alkali Rhyolite 196588
49124 Alkali Rhyolite 274603
49125 Alkali Rhyolite 181604
49126 Alkali Rhyolite 175659
49127 Alkali Rhyolite 140465
49128 Alkali Rhyolite 234637
49129 Alkali Rhyolite 179660
49130 Alkali Rhyolite 138681
49131 Alkali Rhyolite 209618
49132 Alkali Rhyolite 142511
49133 Alkali Rhyolite 132564
49134 Alkali Rhyolite 231615

49135 Alkali Rhyolite 230561



U.N.E. Rock Type Grid
Specimen No. Reference
49136 Alkali Rhyolite 266537
49137 Alkali Rhyolite 267538
49138 Alkali Rhyolite 268538
49139 Alkali Rhyolite 270538
49140 Alkali Rhyolite 270540
49141 Alkali Rhyolite 271541
49142 Alkali Rhyolite 272543
49143 Alkali Rhyolite 159628
49144 Alkali Rhyolite 151581
49145 Alkali Rhyolite 232539
49146 Alkali Rhyolite 250551
49147 Alkali Rhyolite 230546
49148 Alkali Rhyolite 232544
49149 Alkali Rhyolite 276558
49150 Alkali Rhyolite 211493
49151 Alkali Rhyolite 283534
49152 Alkali Rhyolite 204572
49153 Alkali Rhyolite 258642
49154 Alkali Rhyolite 151517
49155 Alkali Rhyolite 172560
49156 Alkali Rhyolite 174547
49157 Alkali Rhyolite 208712
49158 Alkali Rhyolite Breccia 266549
49159 Alkali Rhyolite Breccia 183570
49160 Comendite 252454
49161 Comendite 258464
49162 Comendite 200600
49163 Comendite 287588
49164 Comendite 223660
49165 Comendite 179660
49166 Comendite 225523
49167 Comendite 282597
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