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CRUSTAL CONTAMINATION INVERTED: SOME PRELIMINARY RESULTS

MARTA S.M. MANTOVANI* AND CHRIS J. HAWKESWORTH#**

ABSTRACT Wall rock assimilation and fractional crystallization (AFC) as Bowen has pointed out in
1928, should be considered together because the heat required for assimilation can be provided by the latent
heat of crystallization of the magmas. This process (AFC) was discussed by several authors, who sought to
reproduce observed trends on isotope-isotope and isotope-trace element diagrams. In general, these models
were loosely constrained because of the pratical difficulties in handling large numbers of elements and in
exploring the relationships between different variables for any data set. In this work, the approach has been
to consider many trace elements and isotope ratios simultaneously, to calculate the best fit surface through
the analytical data for suites of related samples and to evaluate the relationships between variables in the
AFC model for the range of solutions which are consistent with the best-fit surface. This new analysis of the
AFC model is illustrated with selected samples from a detailed section through basalts and rhyolites of the
Serra Geral Formation in the Parani Basin sequence. Results appear to be inconsistent with the bulk
assimilation of average crustal compositions, but show excellent agreement with the trace element pattern of
typical upper crustal melts.

RESUMO CONTAMINACAO CRUSTAL INVERSA: ALGUNS RESULTADOS PRELIMINARES.
O processo que considera a assimilagdo da rocha encaixante concomitantemente 2 cristalizagfo fracionada
por um determinado magma foi inicialmente enunciado por Bowen e recentemente equacionado por De
Paolo, sendo conhecido como processo AFC, Os modelos AFC disponfveis na literatura t8m-se baseado nas
tendéncias observadas em diagramas isolados que relacionam de vérias formas concentragbes de elemen-
tos-tragos e razes isotdpicas. Em geral, esses modelos nfo sio bem vinculados devido ao grande niimero de
elementos envolvidos e, conseqiientemente, de varifveis em cada conjunto de dados. No presente trabalho
consideram-se simultaneamente vérios elementos bem como razdes isotépicas e calcula-se a superficie de
melhor ajuste por meio de todos os dados analfticos disponfveis de uma seqiiéncia de amostras geneticamente
correlacionadas. Os parfimetros obtidos sfio consistentes com uma das solugbes que satisfazem diferengas
mfnimas entre os dados analfticos e 0 modelo calculado. O tratamento numérico utilizado nesta nova an4lise
de mogdelo AFC € aqui descrito, testado com dados sintéticos e aplicado a uma seqii@ncia baséltica da Forma-
clo Serra Geral, obtendo-se como resultado a composigiio de um possfvel contaminante. Sio fornecidos to-
dos 0s parfimetros do modelo, que resultou compatfvel com um processo AFC tendo como contaminante um
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material proveniente da fusfio parcial da crosta continental.,

INTRODUCTION The extent to which continental basalts
are affected by interaction with the continental crust, and in
particular how such interaction should be established, remains
one of the more perplexing problems in modern igneous
petrology. Many continental alkali basalt suites have isotope
and trace element ratios similar to their oceanic counterparts
and would therefore appear to have suffered little
contamination en route through the lithosphere. Continental

' flood basalt provinces, in contrast, exhibit a range of Sr-,
Nd-, and Pb-isotopes far greater than that reported from
oceanic islands, They equilibrated with mantle source rocks at
shallower pressures, and in many cases the range in radiogenic
isotope compositions probably reflects contributions from
both the mantle and crustal portions of the continental
lithosphere.

Early isotope studies were set in a framework which
regarded the continental crust as the sole repository of old
high Rb/Sr and low Sm/Nd ratios and hence as the source of
high 875r/86Sr and low 143Nd/144N4, However, studies of
mantle xenoliths (Menzies & Murthy 1980; Erlank et al. 1987)

and inclusions in diamonds (Richardson et al, 1984) have since

. demonstrated that segments of the sub-continental mantle are

both old, perhaps locally 3 Ga, and have variable Rb/Sr and
Sm/Nd which with time have also generated a wide range in
8751/86sr and 143Nd/144Nd. Such data highlight the
ambiguities of isotope ratios in magmatic rocks and the risks
involved in interpreting isotope analyses in isolation from
major and trace element results on the same samples.

Contamination of mantle derived melts by crustal
material may be considered in two ways: a) the more primitive
rocks will tend to be more contaminated because they are
hotter and can therefore assimilate more material, and b) the
effects of contamination increase with differentiation and so
are most marked in the more evolved rock types. The former
has shown to be significant in komatiites from the Archaean
(Huppert & Sparks, 1985). However, in the majority of
contaminated Phanerozoic and Recent suites 87Sr/ 6Sr, for
example, tends to increase with SiO; suggesting that
contamination processes are linked to differentiation.

Bowen (1928) pointed out that wall rock assimilation and
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fractional crystallization should be considered together,
because the heat required for assimilation can be provided by
the latent heat of crystallization of the magmas. Several
authors, including De Paolo (1981), then discussed models in
which fractional crystallization was accompanied by
assimilation and sought to reproduce observed trends on
isotope-isotope and isotope-trace element diagrams. In
general, however, these models were loosely constrained not
least because of the practical difficulties in handling large
numbers of elements and in exploring the relationships
between different variables for any data set.

Our approach has been i) to consider many trace
elements and isotope ratios simultaneously; ii) to calculate the
best fit surface through the analytical data for suites of
related samples; and iii) then to evaluate the relationships
between variables in the assimilation-fractional crystallization
(AFC) model for the range of solutions which are consistent
with the best-fit surface. This new analysis of the AFC model
follows De Paolo (1981) and is illustrated with selected
samples from a detailed section through basalts and rhyolites
in the south east portion of the Parand Basin.

THEORETICAL BACKGROUND De Paolo (1981, eq. 6)
related the concentration of a trace element in a magma by the
following equation:

C
Cm = FZ 4 I 1_ e (il F'Z) [6))
Co r—1 zZ CO

where Cm, Co, and Ca are the concentration of the trace
element in the observed magma, the parental magma (i.e.
starting composition) and the assimilated material,
respectively. F is the fraction of the liquid remaining such that

Mo —Mx + Ma

F =
= @)

where My My and M, are the masses of initial magma,
crystals, and assimilated material respectively. r is the rate of
assimilation divided by the rate of fractional crystallization,
and Z relates r and the bulk distribution coefficient D for the
particular trace element as follows:

r+D-1
' il e T (3)

r-1

Equation (1) may be simplified so that for any trace element:

C
o - W+1-WFZ “)
0

where W = : Ca (5)

TED=1  Cp

Cyp is the concentration of the element in the magma being
modelled, C, is the selected starting composition, and F, r, D,
and C, are the unknowns to be calculated from the best fit
surface to the data points for all elements.
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Equation (1) can be re-arranged so that

C 1
o

o 1 .- K ©
1-W

and as F is constant for any sample, the best fit solutions of all
elements in a sample will tend to a common value of F.
Furthermore an approximate lower limit of F is available from
closed system fractional crystallisation models based on major
elements (e.g. the XLFRAC programme of Stormer &
Nicholls 1978).

Isotope ratios are incorporated from equation (15a) of De
Paolo (1981) which can be rewritten:

(o W

C, 1-001-W @

where ¢ expresses the isotope ratios as

RIz - RI
@ = o W L ®)
RI, =RI;

RI,, RI,, and RI, are the isotope ratios of the assimilant, the
magma being modelled, and the starting composition
respectively.

For any sample the change from the starting composition
is then described by a set of N non-linear equations, where N
is the sum of the number of trace elements and isotope ratios
being considered. F is held to be constant for each sample and
the unknowns r, D, C,, and RI; are expressed in the functions
Z, W, and @, which in turn are set up as parameters in each of
the non-linear equations. To describe the AFC process
responsible for a trend defined by more than one sample, the
number of equations increases to N x M, where M is the
number of samples.. The number of unknowns for the whole
suite is held to be the same as that for éach sample, unless is
allowed to vary from sample to sample whereupon (M - 1)
new parameters are added to the set of unknowns.

Such calculations lead to a very large number of
mathematically possible solutions, but since a proportion of
these are geologically unrealistic, it is necessary to set limiting
values for the unknowns (Tab. 3). For example, the bulk
distribution coefficient D for Sr in a crustal magma chamber
is likely to be in the range 0.2-9 (Henderson 1982). The
solutions are also much better constrained if approximate
values of F, the fraction of liquid remaining, can be estimated
independently perhaps from the major element data,

The non-linear least squares fitting of N x M equations
(from (1) and (7) above) result in complex multidimensional
surfaces which are the geometric representations of possible
solutions to the AFC process. In practice, it is necessary to
ensure that the number of unknowns is always less than the
number of equations, or the problem can not be solved. If M
is the number of samples and N is the number of trace
elements and isotope ratios, then:
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= T i.e. for five samples we need a minimum of four

elements (which can, but need not, include isotope ratios) per
sample.,

Clearly for any number of samples, the solutions are
better constrained if more trace elements and isotope ratios
are used. However, every additional trace element, or isotope
ratio, generates a further 2M equations to solve and that may
be restricted by the size of the computing system. Partly to
accommodate possible computing restrictions the intention is
to carry out AFC calculations in two stages. The first stage
will consider the full range of magma compositions: the
programme working through from sample 1 (assumed Co) to
2, from 1 to 3, from 1 to 4, etc., but both the composition of
the assimilant and the bulk partition coefficient D for any
element will be assumed to be the same throughout. This
should yield reasonable average values for C, and D, and
actual changes in D, within the suite will be detected by
sudden variations in the calculated values of r.

In the second stage, the whole magma suite will be
broken down into subsets of samples with similar
compositions within which D may reasonably be assumed to
be constant. C, is still held to be the same for the whole suite
and r and F are likely to change little within any subset. The

Table I - Analytical Results

Samples MV MV2  MV3  MV4  MVS  MV6A MV6B  MV7  MV8
50, 508 527 525 557 5.5 622 519 618 613
TiOy 130 LI L19 L4 LO7T 134 L6T 095 098
A0y 140 158 148 137 143 129 132 128 130
FeO 43 L5 133 143 132 106 132 691 699
MnO 0.9 016 019 019 020 0I5 BT 012 042
MgO 651 587 619 379 609 247 315 148 LIS
Ca0 1.0 10 938 B35 100 494 609 347 309
NayO 23N CRAT Al 2000 A2 2086 3,030 301 | 307
K0 065  LIL L0 095 048 322 266 378 408
Py05 006 020 019 020 015 025 029 - 035 029
Total 104 1008 1013 1013 1012 10i,0 1053 _ 1006 _ 100.6
Ba %2 369 w62 462 37 82 598 643 862

Rb 21 3 25 55 15 127 110 160 178

sr 181 169 238 218 241 163 189 141 131

Zr 105 127 150 186 18 223 221 254 232

Nb 7 9 12 14 (X 7 21 21

b 4 27 25 38 37 25 42 41 42 78

La 106 161 306 223 157 36 M9 407 442
“ce 244 355 454 568 328 762 727 864 892
Nd 146 200 299 299 175 364 369 409 449
Sm 3.88 4,29 6.52 6.42 4,03 7.54 T.41 8,10 9.09
Eu L30 1.26 1.92 L70 1.30 173 1.84 165 1.88
T 050 00 CLI0N L 220 O L, 128 63 e
Yb 277 232 329 350 233 336 399 361 480
Lu 042 037 053 055 036 059 064 060 081
Cs 0.91 1.04 0.54 3.28 0.79 4.48 3.88 8.80 8.70
Hf 478 319 394 490 295 606 600 &M &M
Ta 042 0S8 061 087 081 141 L2 LM LT
™ 231 369 465 748 370 11,5 103 140 142
1] 0.8 10 0.7 14 0.9 3.3 2.3 4.8 5.4
BT5B8sr30 070690 070985 071029 0.71247 071059 0.71673 0.71495 0.71918 0.71896

INa/1¥Nd 5 0512320~ 0.512080 0.512130 0,512170 0.51204 0.512110 0,51207 0.51208

composition of C, from stage one offers a good starting
position for C,, and by breaking the magma suite up into
subsets it becomes possible to evaluate changes in r, D, and F
as fractional crystallisation and assimilation proceeds.
However, such an analysis can only be undertaken on data
sets with enough samples for there to be an adequate number
in each subgroup.
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ANALYTICAL RESULTS In 1984, nine samples were
collected from the Mugum-Vespasiano Correia (RS) road
section (29.5°S and 53°W) through basalts and rhyolites of the
Serra Geral Formation in the Paran4 Basin Sequence. Major
and trace elements and Nd and Sr-isotopes were determined
at the Open University and the results are summarised in table
1. Following the work of Bellieni et al. (1984) and Mantovani
et al. (1985), these rocks are all within the low P, Ti snite
which characterize the southern Paran4.

Simple element-element and element-isotope diagrams
are presented in figure 1 illustrating the observed range in
composition. Three samples (MV1, MV2, MV3) fall off the
main trend and so for the purposes of evaluating this new
AFC model they were left out of further calculations, MV5 is
thus the most primitive rock considered and is used as the
starting composition. Major element closed system fractional

*'81/°°80),,

Figure 1. - Element-element and element-isotope diagrams for
the observed range in composition. Dots correspond to the
measured values and solid lines to the average calculated in
this work

crystallization calculations using XLFRAC (Stormer &
Nicholls 1978) and the mineral analyses in table 2, yield an F
value of 0.18 for the change in composition from MV5 to
MV38 (53.5 to 67.3% SiO9).

AFC CALCULATIONS In order to test the numerical
inversion technique, calculations were performed for five
elements in a suite of five synthetic samples. C, values were
chose to vary between 5 and 100, D between 1.5 and 10"3,
and two r values of 0.4 and 0.8 were selected for different
subgroups of samples. C,, r, F, D, and C, were then fixed
and the concentration of each element in a more evolved
magma C;, was calculated.

The calculated composition C,, then became the test
sample of known Cg, r, F, D, and C, with which to evaluate
the inversion technique. Initially one of the known values of F
were used, Cg, r, and D were unbalanced randomly within
+20% of the correct answers and the programme was
asked to recalculate Cp, and to find its preferred values of C,,
r, and D for the five elements. The sum of the square of the
difference between calculated and target values of Cy, is
0.01, and calculated and target values of C,, r, and D agree to
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Table 2 - Average mineral compositions used in XLFRAC*
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Tholeiitic basalts Tholeiitic andesi-basalts [Dacites| Lati-andesites Rhyodacites
CPX PLAG OPC | CPX PIG PLAG OPC |PLAG|CPX PLAG OPC | CPX PLAG OPC

N2ofsamples) (7) (10) (4 (2 2) (6) 2 @ @ (3) (2) (%) 6) 4
Si0y 52.41 52.15 0.62| 51.59 52.23 53.76 0.21| 52.42| 51.62 54.38 0.24 [ 51.31 53.48 (.19
TiO, 0.55 0.07 28.08| 0.77 0.35 0 08 22,5 0.08| 0.74 0,08 29.62 | 0.61 0.07 15.46
AlyO4 1.85 29,36 1.92| 1.49 0.87 28.3 1.77| 28.96| 1.44 28 0.81 1.65 27.82 192
FeO 11.41 0.84 68,16 17.72 22.1 0.78 175.1 1.05| 16,79 0.95 68.85 | 13.84 1.2 81,88
MnO 0,28 0.01 0.84| 0.38 0,55 001 04 - 0.4 0,02 0.37| 054 - 0.52
MgO 1546 0,02 - 15:2 . 19,77 :.0,03 .~ - 12,92 - - 13.74 - -
CaO 17.67 13.56 0.28| 12.67 4.06 12.37 0,02| 13.05| 15.79 11.83 0.05| 18.02 12.05 0.03
Na,O 025" 3,71, 0.1 0.16 0.05 4.28 - 4,14| 0.3 441. 0.06| 029 507 =
K50 0.28 - 039 - 0.3 - 033 - - 031 =
CryOs 0 12 0.02 0.02 -

Total 100,00 10000 100 00]100.00_100.00 100 00 100 00]100.00 100,00 100,00 100,00 [100,00 100.00 100.00

* In addition olivine compositions were taken from Bellieni et al. (1984)

better than 2% for each element. Expanding the range over
which C,, r, and D are unbalanced simply increases the
number of iterations required before these data are
reproduced.

Subsequently F was also unbalanced randomly within
115% of the corret answer while C,, r, and D were still
unbalanced within 1 20%. In this case, the sum of the square
of the difference between calculated and target values of Cp,
is 5, and the accompanying values of D, Cg, r, and F are
compared with the target values in table 3. In general, the
agreement is satistactory, but perhaps the real potential of this
technique can only be illustrated using natural rocks; viz. the
MYV samples (Fig. 1).

AFC calculations were undertakcn usm% Ba, Rb Th; X,
Zr, La, Nd, Hf, Ta, U, Sr, 8781/86sr, and 143Nd/144Nd for
the six samples (MV5, MV4, MV6A, MV6B, MV7, and
MV8). MV5 is the assumed starting composition, the
calculated steps are MV5—MV4, MV5—MV6B, MV5—
MV6A, etc., and table 4 summarises the set limits for C,, D,
r, and F within which the programme operates. Starting
values of F were taken to be 5-10% higher than those
calculated for closed system fractionation, and at this stage C,
and D for each element are held to be the same for all
samples.

Table 3 - Test Data

ELEMENTS

A B C D E
C, target 100 80 50 20 5
cale. 109 87 54 21 4.9
D target 10-3 1072 0.1 0.4 1.5
calc. 12x103 2x10-2 0.1 0.4 0.48

SAMPLES

I i} I v v
1 target 0.4 0.4 0.4 0.8 0.8
calc. 0.45 0.35 0.45 0.82 0.82
F target 0.9 0.8 0.7 0.5 0.3
cale. 0.92 0.78 0.75 0.55 0.35

In practice, the computer quickly arrives at values
for r and F because these are the same for all elements in the
sample being modelled. However, while r and F remain

Table 4 - Selected limits for C,, D, and F

(e}, D

max., min. max, min,
Ba 1100 100 0.5 0.0005
Rb 300 5 0.5 0.0005
Th 30 1 0.1 0.0005
Y 70 3 0.9 0.05
Zr 250 20 0.8 0.01
La 85 0.6 0.1
Hf 14 1 0.55 0.015
Ta 6 0.5 0.5 0,005
U 8 0.5 0.3 0.0001
Sr 800 20 8.8 0.2
875865 0.8 0.705

constant the computer may continue to explore how changes
in D can be accommodated by altering C,, in the search for a
slightly better fitting for C,;, . Overall reducing D, for
example, also reduces C, because a lower D results in higher
concentrations in the liquid and hence a lower C, is required
for the same CmICO, F, and r, If D is > 0.5, CaIC is vey
sensitive to changes in D, but at lower D values changes of
several orders of magnitude have little effect on C,/C,,. This
may imply that C,, is better determined for elements with very
low D values, or simply that at very low D it is relatively
unimportant in determining Cp,. Work is in progress to
evaluate further whether better constrained AFC solutions
are available using elements with low or high D, or a
combination of both, in case it is desirable to weight elements
depending on their likely D values.

Table 5 summarises the values of C, and the bulk
distribution coefficient D for each element, and C, is
compared with estimates of the bulk crust and upper crustal
melts in figure 2. The striking features are the negative Ba
and Sr anomalies and the related high Rb/Ba and La/Sr ratios.
These appear to be inconsistent with the bulk assimilation of
average crustal compositions, but show excelent agreement
with the trace element pattern for average syn-collision
granites (Pearce et al. 1984) which are regarded as typical
upper crustal melts. In general, as indicated above, for any
particular values of F and r there is some trade off between D
and C,.



Revista Brasileira de Geociéncias, Volume 18, 1988

Table 5 - Values of Ca and the bulk distribution coefficient D
for each element

Ca D
Ba 185 0.003
Rb 217 0.002
Th 11.4 0.026
Y 17 0.30
Zr 97 0.16
La 23 0.05
Hf 2 0.11
Ta 1.6 0.17
U 4.6 0.001
Sr 86 1.23
87517865 0.7493 =
143Ng/144N4 0.51186 -

However, for elements with low D, changes in D have
little effect on C, so that ratios of such elements (Rb/Ba,
Th/Ba, etc.) in C, are well constrained. This is less true for
Sr, but the calculated average D = 1.23 is consistent with
likely crystallizing assemblages, which lends support to the
calculated high La/Sr in C,, (Fig. 2).

500
§yn—CuIilsion Granite
100+
50—
£
E .................
[0}
g Average crust
)
e}
o
10+
5l Calculated contaminant
i
1 | | | | | | | | |

Rb Ba Th U Ta La Sr Zr Hf Y

Figure 2 - Composition of the calculated assimilated magma
compared to syn-collision granite composition (Harris et al.
1986), and average crust (Weaver & Tarney 1984)
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Radiogenic isotopes are more precisely determined than
minor and trace elements, and they are widely regarded as
more sensitive indicators of contamination processes. Thus
there is a strong case for preferentially weighting the
radiogenic isotopes, and this has been done by a factor of 107,
The calculated contamination trend is illustrated in figure 3,
and the isotope ratios of C, suggest that it is both of upper
crustal origin (relatively high Rb/Sr) and has a model Nd age
of 1.5 Ga. Moreover, the latter is in good agreement with the
available model Nd ages on basement rocks in the underlying
Brasiliano belt (Mantovani ef al. in press).

The F values calculate for AFC and for closed system
fractional crystallisation are clearly different. The two are
related by r as follows:

FARC-F
i BABC T FEC ®
1-FrC

For closed system fractional crystallization from MV5 to
MV8 F = 0.18, for AFC F = 0.44, and thus from equation
(8) r = 0.32 consistent with the AFC model illustrated here
(Tab. 5).

Wh——

0.6130 v T
MV Samples at 120 Ma
3 05126} , , +Bu|k Earth 4
&
&
~
2
E '-.-...__‘_‘. AFC Trend
g LS
0.5120 &
Crustal O
Contaminant
0.70 a7 .72 v W 0.76

8751 /%0gr

Figure 3 - Nd versus isotope correlation. Both isotope ratios
are reduced to 130 Ma. Dots correspond to the measured
values and the solid line to the AFC trend calculated in this

work

SUMMARY STATEMENT The numerical inversion
approach to AFC allows us to analyse such processes in some
detail. It differs from attempts to fit curves or surfaces
through isotope data (e.g. Zindler et al. 1982) because it is
formulated in terms of the AFC process, and it considers a
range of isotope and minor and trace element data together,
The multi-element technique provides better estimates of E, 1,
and C, and suggests that the ratios of incompatible elements
in the contaminant are well determined, However, as in any
non-linear fitting program different initial conditions can lead
to different minima, and hence different solutions. Many such
solutions are geologically unrealistic, but the extent to which
preferred solutions are sensitive to the operator’s judgement is
still under investigation. The preliminary model illustrated in
figures 2 and 3 is simply to demonstrate the inversion
approach and it does not yet take account of other geological
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constraints available in the Parand. In practice, the MV suite
is unusual in the number of rocks with intermediate SiOp
values, because mogt of the Parand volcanic field is
characterised by a bimodal SiO, distribution. The next stage
is to analyse larger data sets which can be broken down into
subgroups in order to chart changing r and D values with
differentiation, to reverse the contamination calculations to
investigate the nature of parental “uncontaminated” magmas,
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and to evaluate models in which the rhyolites represent the
crustal contaminant.
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