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Abstract
Ilmeniteoccursrarely in the carbonatiteplug (five separateintrusions)of the Jacupiranga
Complex,in thejacupirangitenearthe contacts,and in the bandedreactionzonesbetween
carbonatite and jacupirangite. Electron microprobe analysesreveal a wider range of
ilmenite compositionsthan previously reported from carbonatites,as solid solutions in
FeTiO3-MgTiO3-MnTiO3-Fe2O3,
with high-Nb ilmenites containing up to 3.68 wt.To
(Nb2O5 + Ta2O5).A group of discrete primary ilmenites from one carbonatite is
distinguishedby unusuallyhigh MnTiO3 (MnO l5.l-19.67o);ilmeniteinclusionsin magnetites of the carbonatite intrusions are similar in composition to magnesianilmenites
previouslyreported;other ilmenites(a few discretegrains,but mainly lamellaewith some
granulesassociatedwith magnetite),have compositionsthat vary almost completelyfrom
FeTiO3 to MgTiO3, with less than lvVo Fe2O3.Titanomagnetites(with Nb2O5 below
detectionlimits) in jacupirangitehave ilmenitelamellaenearand within the reactionzones,
with Nb2O5increasing(Nb2O5* Ta2O5up to 0.95Vo)and Fe2O3decreasingin ilmenite as
carbonatiteis approached.PentavalentNb and Ta replaceTi in ilmenite, causingcation
deficiency.In coexistingmagnetiteand ilmenite, MgO and MnO partition preferentially
into ilmenite;MgO showsa regularpatternof distributionbetweenilmeniteand magnetite,
whereasMnO is distributedirregularly.Coexistingmagnetiteand ilmenite(with low MgO
and MnO) from the reaction rocks give equilibration temperaturesof 570-595'C and
oxygen fugacitiesof l0-rE5 to l0-le5 atmospheres.The ilmenitesare distinguishedfrom
ilmenitesin kimberlitesby high MnO, very low Cr2O3,and high (Nb2O5+ TazOs).
Introduction
Valuable petrogenetic information has been obtained
from iron-titanium oxide minerals in kimberlites (Boyd
and Nixon, 1973; Haggerty, 1975; Mitchell, 1977), but
their study in carbonatiteshas received less attention.
Detailed field work on the Jacupirangacarbonatite by one
of us (JCG) has provided an unusual opportunity to
samplein detail the variations in mineralogy of magnetite
and ilmenite through five distinct carbonatite intrusive
phaseswithin a single igneous complex. Magnetite is
ubiquitous and abundant, but ilmenite is rare. In this
paper,we presentdata for ilmenite and relate the results
to magnetiteanalyses(Gasparand Wyllie, 1983)to the
extent that this is possible.
Recent studies of masnetiteand ilmenite in carbona'Present address:Department
of Geologicaland planetary
Sciences,CaliforniaInstitute of Technology,pasadena,California 91125.
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tites have been directed toward the questionof whether
or not there is a petrogeneticrelationshipbetweenkimberlites and carbonatites (Mitchell, 1979). Boctor and
Svisero(1978)and Mitchell (1978)presentedanalysesof
magnetitesand ilmenites from the Jacupirangacarbonatite, and concludedthat the evidencedoes not supporta
geneticrelationshipbetweenthe two rock types. Gaspar
and Wyllie (1983)presenteda more detailedstudy of the
magnetitesfrom Jacupirangaand, while agreeingwith
Boctor and Svisero (1978)and Mitchell (1978)that the
crustal petrogenesisof kimberlite is very different from
that of carbonatites,they pointed out that the genetic
links may be forged within the upper mantle,following a
schemesummarizedby Le Bas (1977,Fie. Za.l).
The Jacupiranga Complex
Improved exposuresuncoveredby the quarrying and
mining operationin the JacupirangaComplex, together
with detailed mapping, has revealed that the central
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carbonatiteplug is composednot of two intrusions(Melcher, 1966),but of five. The geologyof the carbonatites
was summarizedby Gasparand Wyllie (1983,Table l).
The five successiveintrusions of carbonatiteare identified as C1to C5,from oldestto youngest.There are many
alvikite and beforsite dikes; one beforsite dike (B) emplaced in the diffuse contact zone between C2 and C3 is
treatedin this paper.The carbonatiteswere intrudedinto
jacupirangite(J). At contacts between carbonatiteand
jacupirangitea bandedrock is developedvaryingin width
from l0 cm to more than 2 m. Centimeter-widebandsof
carbonate alternate with silicate-rich bands composed
mainly of phlogopite, alkali amphibole, magnetite,and
veinsof carbonatea millimeteror so wide. Magnetiteand
ilmenite occur only in the silicate-richbands in these
reactionzones.
The occurrence of ilmenite
The occurrenceof various forms of ilmenite and their
distributionin the different rock types is summarizedin
Table I and described in the Appendix (Figures and
Tables in the Appendix have the prefix "A" before the
number).Near the bandedreactionrock betweenjacupirangite and carbonatite, the titanomagnetitesof the jacupirangite contain ilmenite lamellae. Ilmenite occuri in
various forms in the silicate-richbands of the reaction
rock. Ilmenite is rare in the carbonatites.
There are very few discrete crystals of ilmenite with
primary appearance.Most ilmenite is associatedwith
magnetite,which is relatively abundantin all rock types
encountered,except for the fine carbonatebands in the
reactionrocks. The ilmenite occurs as oxidation exsolution lamellae, or as internal or external granules in
compositegrainswith magnetite(Buddingtonand Lindsley, 1964; Haggerty, 1967a). Some small crystals of
ilmenite enclosedwithin magnetitemay be inclusionsof
primary ilmenite (Haggerty, 1967a).

Table l. Forms of ilmenite in rocks at Jacupiranga
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Ilmenite compositions
The procedures for microprobe analysesof the ilmenites are given in the Appendix. The chemical compositions of ilmenite listed in Table 2 and plotted in Figure I
confirm that the minerals are solid solutions of MgTiO3,
FeTiO3, Fe2O3and MnTiO3. The calculation of Fer+
content is discussedin the Appendix. The analysesof
oxidation exsolution ilmenite lamellae from Jacupiranga
carbonatitesreported by Boctor and Svisero (1978)and
Mitchell (1978)are plotted for comparison.Theseauthors
notedthat the MgO contentswere much higherthan those
of ilmenites from other carbonatite and alkaline rocks.
Values in other carbonatiteshave characteristicallyless
than lVo MgO, except for the 12-15%MgO reported by
Boctor and Svisero(1978)which is similar to ilmenite in
kimberlites, and l5-24VoMgO reported by Mitchell ( 1978)
which is higher than in kimberlitic ilmenites. The high
MnO and low Cr2O3contentsof the ilmenitesdistinguish

0o

Fig. l. Ilmenite compositions (mole Vo) from Jacupiranga
carbonatites,jacupirangite, and banded reaction rocks between
them. See Table I and text for explanation of symbols and
ilmenite occurrences. Inclusions, lamellae, and granules are
are
enclosedin magnetite.Symbolswith cross(+) superimposed
for ilmenite with high Nb. See Table 2 for analyses. Previous
analysesby Boctor and Svisero (1978)and Mitchell (1978)are
plotted for comparison. The two dots connectedto symbols are
rim and core compositions for zoned minerals.
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Table 2. Ilmenite compositions from Jacupiranga
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Ti02
58.2
56.6
58.8
si02
0.00
0.00
0.02
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0.03
0.03
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Nb205
0.14
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0.04
q9.60

Cation nlnber (6 oxygens)
1.901
1.912
1.873
1.845
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0.006
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0.006
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0.00
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24,9
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0.011

0.017
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0.011
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0.106
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0.112
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0 .1 4 6
0.805
0,003
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0.184
0.955
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0.045
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them from kimberlitic ilmenites. The analyses listed in
Table 2 and plotted in Figure I encompassand extend
beyondthe rangeofpreviously publishedcompositionsof
ilmenites from Jacupirangacarbonatite.
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3.49
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Niobium and tantalum, with ionic radii similar to that of
titanium, have a tendency to enter the structure of
ilmenite as a trace element. The first reported values of
Nb2O5and Ta2O5from Jacupirangailmenites are listed in
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wide variation in Mg/Fe. They are ilmenite-geikielite
solid solutions, varying almost from one end-memberto
the other. The reaction band RC3 contains examples of
high-niobium granules (#9 and l0 in Table 2) and lowniobium lamellae(#ll in Table 2). These ilmenitescontain an averageof 85% MgTiOr Gie. l). Small discrete
crystalsof ilmenite occur in the silicate-richlayers RC1
and RCsGable l). The analysisfrom RCr W5-6, Table2)
is relatively low in MgO, in common with the associated
low-niobium lamellae (#4 and 7, Table 2').
Figure 2 shows the results of analytical profiles along
two lamellae in the reaction rock produced by the C5
intrusion. The profile in Figure 2^A is from a lamella
extending from one edge to the other of the magnetite
host, and that in Figure 28 is from a lamella that begins
RIM
and ends inside the magnetitegrain. Theseare composip
RIM
Fig. 2. Electronmicroprobetraversesalong the lengthsof tionally similar to RC5 lamellae.
Sympatheticvariation of FeO and TiOz, and antipathetilmenitelamellaein magnetitefrom the reactionrock of the C5
ic variation of the latter two with Fe2O3,is documentedin
intrusion(RCs).Eachpointrepresents
a singleanalysis.
Figure 24. In Figure 28 the samebehavior occurs except
which show Feo
for the first and the last measurements,
Table 2. The primary ilmenites(#12 to 17, TabIe 2) are
and Fe2O3varying together indicating the involvement of
distinguishedfrom the lamellae ilmenites and most of the
magnetite,becausethe beam spot was very near the end
granulesand inclusionsby their relatively high niobium
of the lamella. In Figure 28, MgO decreasestoward the
(l-3.4% Nb2O5).Three other ilmeniteshave Nb2O5valrims of the lamella, but in Figure 2A it increasesslightly
ues within the samerange: two internal granulesfrom the from
one rim to the other. (Nb2O, + Ta2O5)and MnO
silicate-richlayersofthe bandedreactionzoneassociated vary
little, but there is a perceptibletendencyof enrichwith carbonatiteCr (#9 and 10,Table 2), and an inclusion
ment toward the rims.
of ilmenite within magnetite from carbonatite Cz (#8,
Table 2). Detaileddiscussionof Nb and Ta in the ilmenites is presentedin the Appendix.
The primary ilmenites in carbonatite Ca are distinguished from all others by their extremely high MnO
contents(16-20%),togetherwith high Nb2O5(1.1-3.4%).
The largest of these niobium-manganoan-ilmeniteswas
analyzedat core and rim, and the zoning plotted in Figure
I shows an increasein Fe/Mg from core to rim (analyses
16 and 17 in Table 2). These ilmenitesalso contain less
;g
Fe2O3than the other ilmenites(Fig. lA).
=
The compositionsof the ilmenite inclusionsin magneoG
tites of carbonatitesC1 and C3 are geikielites,plotting in
=
Figures lA and B in approximately the same area as the
exsolution lamellae analyzed by Mitchell (1978). The
discrete ilmenite crystal from the beforsite dike (B, Table
l) is a magnesianilmeniteplotting in Figure I closeto the
exsolution lamellae analyzed by Boctor and Svisero
(1978).The ilmenite lamellaein magnetitefrom the jacu152025
0510
pirangitenearcontactswith carbonatite(Table l, J: Table
MgOwt%
2, #24) coincide closely in Figures 1A and lB with the
Fig. 3. Variation of MnO and MgO in ilmenites from the
lamellae in magnetite from the carbonatite analyzed by
Boctor and Svisero(1978).The lamellaefrom jacupiran- Jacupiranga rocks (see Fig. 1; additional points for,partial
plotted). Note the contrast between
gite are distinguishedfrom the lamellae in reaction rock analyses are also
sympatheticvariation for the lamellae,and antipatheticvariation
by lower MnO, however,as illustratedclearlyin Figure3.
for high-Nb discrete crystals from Ca and the inclusions and
Ilmenite occurs in several forms in the silicate-rich granulesfrom C3 and RC3. The previous analysesof lamellaein
layersofthe reactionrocks developedbetweenjacupiran- magnetites from the carbonatites lie close to the line for the
gite and carbonatites (Table l, Appendix). The lamellae lamellae (Boctor and Svisero, 1978), or straddle this line
and low-niobium internal and external granules exhibit a (Mitchell, 1978).
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Relationships between MgO and MnO in ilmenites
Figure I illustrates the almost continuous chemical
variation from ilmenite to geikielite among individual
grains. The discrete primary ilmenites from carbonatite
Ca are distinguishedfrom the main trend by much higher
MnTiO3 @ig. lB), and lower Fe2O3 (Fig. lA). The
ilmenite lamella in magnetitefrom the jacupirangite (near
the contact with carbonatite) is distinguished from the
main trend by somewhatlower MnTiO3 (Fig. lB), and
slightlyhigherFe2O3comparedwith other ilmeniteswith
similarMg/Fe (Fig. lA). Distinctionsamongthe different
typesof ilmeniteare clearerin Figure 3, which showsthe
absolute contents of MnO and MgO. Figure 3 illustrates
results from severalpartial analyses,in addition to the
completeanalyseslisted in Table 2 and plotted in Figure
l.
The low-niobium lamellae and granules from the silicate-rich layers of the banded reaction rocks define a
straight line illustrating sympathetic variation of MnO
with MgO. The low MnO contents of the lamellae in
magnetitesfrom jacupirangite locate them well below this
line. A second relationship is suggestedby the line
connectingthe Ca analyseswith the other three highniobium ilmenites associatedwith carbonatiteC3. This
relationshipis antipathetic,in contrastwith that connecting the low-niobium lamellae and granules. There are
three ilmenite inclusions in magnetitefrom carbonatite C1
which could representprimary ilmenite (solid triangles in
Fig. 3). A straight line connectingthese three analyses
suggestsan antipathetic relationship among them, similar
to that connectingthe high-niobiumilmenites,but diverging from it.
The analysesin Figure 3 indicatethat the ilmenitesin
the carbonatite intrusions define composition variation
lines trendingin the samegeneraldirection as zoning in
primary discrete ilmenites (from Ca). These trends differ
significantly from the sympathetic variation line defined
by the low-niobium lamellae and granules in the silicaterich layers of the reaction zones.

bonatiteintrusion Cr (Fig. 4). A small intrusive carbonatite vein (distinct from carbonate-richlayers in the banded rock) cuts the reaction rock and has a distinctive effect
on the ilmenite composition.
The ilmenitesS1 and 52 are lamellaein magnetiteson
each side of the boundary betweenjacupirangite and the
reaction rock. Ilmenite Sais from the reaction rock nearly
l0 cm away from the contact. The textures (following the
summary by Haggerty, 1976a)are as follows: S1-trellis
with fine lamellae; 52 and Sa-trellis and sandwich type
with large lamellae. The titanomagnetitesin the jacupirangite a few centimeters from the contact are homogeneous, optically (Gasparand Wyllie, 1983).These textures indicate that there is an increase in degree of
oxidation exsolution from magnetite within the silicate
rock, from jacupirangite towards the carbonatite contact.
Figure 4 illustrates that the increasing oxidation exsolution is accompaniedby increase in Nb and decreasein
Fe3* contentsof the ilmenites.
The influence ofcarbonatite is clearly displayed by the
analysisof 53 near the small intrusive carbonatitevein.
There is no magnetitein the silicate-rich layer containing
53, and the ilmenite occurs as discrete, anhedral to
subhedralcrystals. The core composition has higher Nb
and lower Fe3+ than Sz and Sa, and the same trend is
illustrated from core to rim of the zoned Sr ilmenite.
Thus, the carbonatite vein produced the same trend of
increasingNb and decreasingFe3* in ilmenite as that
developed in the reaction rock from the jacupirangite
contact towards the carbonatite contact (Sr-S2-S4).
The decreasein Fe3* in ilmenite caused by proximity
to carbonatite indicates lower oxygen fugacity in carbonatite magma than in the silicate country rocks. Furthermore, as discussedin connection with Figure 42, it
appears that each carbonatite intrusion is characterized
by differentoxidation conditions.

Contact relationships involving Nb and Fe3+
As illustrated in Figures 1, 3, and Al, the ilmenite
lamellae produced by oxidation exsolution from titanomagnetitesin jacupirangite have compositionsdistinct
from the ilmenites in the carbonatites,and from the
variety of ilmenites in the silicate-rich layers of the
bandedreactionzonesbetweenjacupirangiteand carbonatites. For example, the ilmenite in jacupirangite(#24,
Table 2) is one of only two ilmenites analyzed with no
detectableniobium and tantalum. The other is a lamella in
the reactionzone of carbonatiteC1.
The influence of carbonatite on the composition of
ilmenite in jacupirangite, and in silicate-rich bands of the
reaction rocks between jacupirangite and carbonatite,
was explored by sampling across the transition from
jacupirangite through the reaction zone towards the car-

b.e
+

=

e
;€
3

d
o

z.

(cm)
Distonce
Fig. 4. Nb2O5 and Fe2O3contents of ilmenites in a traverse
across reaction zone RC1, with jacupirangite to the left, and C1
sovite to the right. The reaction rock is cut by a narrow
carbonatite vein. 51, 52 and Saare lamellae and 53 is a discrete,
zoned crystal. See Table 2. The same points are plotted in the
areaJ-RC1of Fig. 7.
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(1978) and Mitchell (1978) for MgO in ilmenite and
magnetite compositions from Jacupiranga carbonatites
overlap our values plotted within the band in Figure 5.

//

The partitioning

of Mn

Figure 6 compares the MnO content of ilmenites and
magnetitescoexistingin the same rocks, and shows the
//
preference of Mn for the ilmenite structure. Haggerty
,/
oe
F
o,"
(1976b)reviewedthe extensivework on the crystal chem.
'
6
^
=
,"o
#:"
istry of Mn substitution in magnetite and ilmenite, and
->"
reported the universal agreement that Mn is strongly
partitioned towards ilmenite, regardless of whether ilmenite is primary, or the result of oxidation exsolution.
Wt% MgOin llmenite
Fig. 5. Distribution of MgO between ilmenite and coexisting Except for the extreme enrichment of MnO in the carbonmagnetite in Jacupiranga rocks. A general trend favoring atite C4, there is nothing in Figure 6 to distinguish the
ilmenite is evident, except for the Ca discrete crystals (+) that distribution in carbonatitesfrom that in the reaction zone
plot near a l:l line. See Figures I and 3 for symbols. The rocks.
compositionsof ilmenite are from Table 2, and of magnetitefrom
The ranges of values given by Boctor and Svisero
Gasparand Wyllie (1983).
(1978)and Mitchell (1978)for MnO in ilmenite(2.2-3.5Vo,
with one at7.9%)and magnetite(0.5-1.2%)compositions
from
Jacupirangacarbonatites,definesan areaconsistent
Coexisting ilmenite and magnetite
with the values in Figure 6.
Magnetitesin the carbonatites and associatedrocks of
Haggerty(1976b,Fig. Hg-4lC) dividedthe field equivaJacupiranga have compositions in the magnesioferritelent to Figure 6 into areas showing the generalized
magnetiteseriesvery closeto Fe3Oa(Gasparand Wyllie,
distribution of MnO as a function of rock type. His
1983).The most common occurrenceof ilmenite is as
boundariesbetweenareasfor (A) tholeiites, (B) rhyolites,
oxidation exsolution lamellaein the magnetite.There are
(C) granites,and (D) granodiorites,monzodiorites,pegalso composite grains with internal and external ilmenite
matites and syenites are reproduced in Figure 6. The
granules which could be interpreted as either primary
Jacupirangaminerals straddle the areasfor the extrusive
crystals or as products of oxidation exsolution (Haggerty,
and intrusive acidic rocks. The irregular distribution of
1976a), and there are possibly primary inclusions of
MnO between magnetite and ilmenite in the same rock
ilmenite enclosedin magnetitealong with other minerals.
indicates that the two minerals were not produced by
Discrete primary ilmenite crystals are rare.
simple exsolution in equilibrium with each other.
partitioning
The
of Mg
Petrogenetic considerations
Figure 5 compares the MgO content of ilmenites and
Gaspar and Wyllie (1983)concluded on the basis of
magnetitescoexisting in the same rocks. The abundant
field relationships and magnetite compositions that the
ilmenite lamellae have probably equilibrated with the
carbonatiteswere magmatic, that the oldest carbonatite,
coexisting magnetite host, but in other examples the
magnetite and ilmenite need not represent equilibrated
mineral pairs. Most points plotted representanalysesof
92
-Especificcoexisting minerals, but somerepresentthe averb
qr
ageof ilmenites in one rock plotted againstthe averageof
o
=
magnetites in the same rock. Except for the discrete
primary ilmenites in carbonatite Ca, all points lie within a
broad trend illustrating strongly preferential concentration of MgO into the ilmenites(note the l:l ratio line).
;e
+
This behavioris consistentwith the experimentaldata of
=^
Pinckney and Lindsley (1976).There is nothing in this
6
8-- t8
o
2 4
figure that allows distinction between equilibrated interin
Wt%
MnO
Ilmenite
grown mineral pairs, and the coexisting assemblagesof
Fig. 6. Distribution of MnO between ilmenite and coexisting
magnetite and possible primary ilmenite in any of the
magnetite in jacupiranga rocks. (Table 2 for ilmenites; Gaspar
rocks, except for the carbonatite C+.In Cq, the averageof
and Wyllie, 19E3,for magnetites).The areasdefinedby Haggerty
the primary ilmenites(very rich in MnO, Fig. 3) contains (1976b)are: A - tholeiites, B - rhyolites, C - granites, and D almost the sam€amount of MgO as the averagemagnetite granodiorites,monzonites,pegmatites,and syenites.Most of the
in the rock.
Jacupiranga minerals spread across the ranges B and C for
The ranges of values given by Boctor and Svisero rhyolites and granites. See Figures I and 3 for symbols.
./a

o

/ ./ /

/a
/a

/
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C1,was derivedfrom a sourcesomewhatdiferent chemically from the magmas precipitating the successively
youngercarbonatites,and that Cz,Cq,and C5representa
continuumin time and magmaticevolution.Other conclusions related to the transformation products ofjacupirangite titanomagnetitesin the banded reaction zones, and
the sourceof the beforsikedikes, will be reviewedalong
with the following discussionof the petrogeneticevidence
from ilmenites.
Petrogeneticinterpretations based on the ilmenite are
more complicatedthan those based on magnetite,both
becausethe ilmenite has more varied forms and occurrencesand also becauseof the rarity of ilmenite.
Significant chemical variations among the ilmenites
involve the substitutionof Mn for Mg (Fies. I and 3), and
the rangeof Nb and Ta (Figs.Al and A2). Figure3 shows
an antipatheticrelationshipbetween MgO and MnO in
sovites.The Nb2O5contentsof ilmenitesin jacupirangite
and carbonatite are quite different, and Nb2O5 plays a
role in the compositions of ilmenites in the banded
reactionrocks (Fig. 4). The contentof Ta2O5is generally
smallcomparedwith that of Nb2O5.The ilmenitecompositions are compared in Figure 7 in terms of (MgO +
MnO) verszs(Nb2O5+ TazOs).
Ilmenites from the sovites (C) in Figure 7 plot in an area
separatedfrom that of the other ilmenites. Becauseof the
antipatheticrelationshipbetweenMgO and MnO (Fig. 3),
despite the significant difference in composition between
the primary discrete manganoanilmenites of Ca and the
ilmeniteinclusionswithin magnetitefrom Cr and C3,all of
the ilmenitesfrom sovitesoccupy a band betweenabout
22Voand26% (MeO + MnO).
The Nb2O5content of the sovite ilmenites increases
with the ageof the inrrusions,from C1 (<)5% Nb2O5),to
q (0.96%Nb2Os),to C4 (1.13-3.27%Nb2O), which is
consistentwith the geochemicalconcentrationof incompatible element Nb into successiveliquids during differentiation. Similarly, there is an increase in the MnO
contentof the sovite ilmeniteswith increasingage of the
intrusions, Cr, Cr, and Ca Gig. 3). According to the
results for sovite ilmenite C1 and C3-Ca in Figure 3,
increasingMnO appears to be accompaniedby decreasing MgO.
The ilmenitein the beforsitedike (B) hasessentiallythe
same composition as ilmenite lamellae in the reaction
zone RC5, as shown by the areas for RC5 in most
diagrams(Fig. l, 3, A1, 5, 6, andT),but it is distinguished
from most of the lamellaeby its higher Nb2O5(Fig. Al
and 7).
Gasparand Wyllie (1983)concluded,on the basis of
magnetitecompositionsin carbonatite C5,a beforsite dike
85 emanatingfrom it, and in dolomite-rocks in the contact
zone betweencarbonatitesC2 and C3, that the dolomitic
rocks could be related. This conclusionnow extendsto
the beforsitedike B, becauseof the compositionalsimilarity between the ilmenites in beforsite B and reaction
rocks RC5.
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Fig. 7. The variationof (MnO+MgO)and(NbzOs+Ta2O5)
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combining
resultsin Figs.3 andAl. SeeFiguresI and
3 for symbols,andTable2 for analyses.
Distinctrangesexistfor
ilmenites
from the sovites,andfrom RCr,RCa,andRCs.High
( N b 2 O 5 + T a 2 Oo
5 c) c u r s o n l y i n i l m e n i t e sw i t h h i g h
(MnO+MsO).

Ilmenite in the jacupirangite (J) is distinguishedfrom all
ilmenites in the carbonatites,and all but one in the
banded reaction rocks, by the absence of detectable
(Nb2O5+ Ta2O5),as shownin Figure Al, A2,4, and7.
More than 90Vo of the ilmenites in the silicate-rich
bands of the banded reaction rocks (RC) are lamellae,
produced by oxidation exsolution from the titanomagnetite of the jacupirangite country rock. The titanomagnetites ofthejacupirangite have charactisticsize and shape
that are preserved within the banded rock through a few
centimeters,until recrystallizationand exsolution alters
them. However, as demonstratedby the fact that the
magnetitesenclosingthe lamellaecontain more MnO than
the starting titanomagnetite(Gasparand Wyllie, 1983),
despite the fact that MnO should partition strongly into
the coexistingilmenite(seeFig. 6), the processcannotbe
simply one of oxidation exsolution. Fluids or magmas
involvedin the generationofthe bandedrocks must cause
chemical changes in addition. This is confirmed by the
Nb2O5and Ta2O5contentsof the ilmenitesin the banded
reactionzones(Figs. A1,4, andT).
The changesin Nb2O5and Fe2O3occurring across the
contact betweenjacupirangite and banded reaction rock
RCl were illustrated in Figure 4. The compositionsof
mineralsSr, Sz, Sa, and zoned 53 from Figure 4 occupy
the area J-RC1, in Figure 7. Within the banded reaction
rock RC1, as a contact with carbonatiteis approached,
the ilmenite lamellae in the original jacupirangite lose
Fe2O3(Fig.4), gain MnO (Fig. 3), lose MgO (Table2, Fig.
7), and gain Nb2O5and Ta2O5(Figs. 4 and 7). The direct
role of carbonatite is indicated by the zoning in the RC1
discreteilmenite in Figure 7 (S3in Fig. 4), where zoning
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showsenrichmentin (Nb2O5+ Ta2O5),and depletionin
Fe2O3.
Ilmenitesin the reactionrocks RCI (Fig. 7) are ferroan
geikieliteswith MgO contents higher than those of any
other ilmenitesanalyzedin this complex(Fig. l, Table 2),
and nearly twice as high as the MgO in jacupirangite
ilmenite. Their MnO contents are only slightly higher
than those of the RC1 ilmenites. Their magnetitehosts
contain much more MgO than the titanomagnetitein the
nearbyjacupirangite (Fig. 5). The lamellae contain about
the sameamountof Nb2O5as those in the RC1zone, but
internal granules of ilmenite with otherwise similar compositionare greatlyenrichedin (NbzOs+ Ta2O5)Gig. 7).
Magnetitesenclosingilmenitegranulesin the RC3zone
may or may not encloselamellae,as well. When both are
present,they retain their respectivelow- and high-Nb as
shown for the examplesplotted in Figure 7. It is clear that
these internal granules are not the end-products of progressiveexsolution.The involvementof fluidsor magmas
in the transformation and recrystallization of the banded
reaction rocks RC3 appears to have been much more
extensivethan in the other examplesstudied.According
to the available data, the internal granulescrystallized as
primary crystals in a medium rich in magnesiumand
niobium, and thesewere enclosedby magnesianmagnetites which subsequentlyexsolved lamellae of ilmenite
with lower concentrationsof niobium.
The lamellaeof ilmenitein RC5occupy a limited areain
Figure 7. The one internal granuleanalyzedhas essentially the samecompositionas the lamellae.In this example,
in contrast with that described for RC3, the internal
granulewas apparentlyproducedby the sameprocessas
that generating the lamellae. The increase in (Nb2O5 +
TazOs) and MnO compared with the ilmenite in the
jacupirangite confirms that here, as in the other banded
reactionzones,the processofexsolution is accompanied
by significantchemicalreactions.

Prins (1972)estimatedtemperaturesof 540-575"Cand
.p2 from 10-23 to 10-2a from exsolved ilmenites of
carbonatitesfrom Galapo and Oldonyo Dili, From intrinsic.lO2 measurementsfor minerals in carbonatitesfrom
Oka, Friel and Ulmer (1974)determineda temperatureof
710+15"C,and /)z of l0-r7 r+-1g-0's.These data from
other carbonatitescorrespondapproximately to the FMQ
buffer.
Comparison with ilmenites from other carbonatites
and from kimberlites
Mitchell (1978) cortUriled analyses of ilmenites from
carbonatites,kimberlites, and other rocks, with results
reproducedin Figures 8A and 8C. Our figures are slightly
modifiedcomparedwith Mitchell's diagrams,with some
additional analysesplotted. We have expanded the area
for ilmenite from Jacupirangato enclosethree analysesof
ilmenite lamellae and a discrete crystal, presentedby
Boctor and Svisero(1978).The additionalpoints nearthe
Jacupirangaarea are for ilmenite lamellae from Russian
carbonatites(Garaninet al., 1980).The compositionsof
ilmenites from carbonatites in and near the area A are
definedby the points plotted in Figures 8A and C. These
( tL9 7 8 )
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with oddilionol
corbonotites-.
M g T0i 3

J A C UP IR AN G A
lhis work
M gT i0 3

ond C3

R e o ci lo n

Fe203

MgTi0,

Temperatures and oxygen fugacity
The oxide pairs in most of the occurrences cannot be
used to estimate temperaturesand oxygen fugacities by
the Buddington-Lindsleymethod becausethe ilmenites
containtoo much MgO and MnO (Buddingtonand Lindsley, l9&). Only the ilmenites52 and Safrom the banded
reactionrock RC1 shown in Figure 4 are suitable.Using
the graph of Spencer and Lindsley (1981),the results
obtained are for Sz, ./Oz = 10-185and temperature=
595"C, and for Sa, JOz : 16-tes un6 temperature =
570'C. 52 and Sa plot, respectively,slightly above and
below the NNO buffer. As expected from the Fe2O3
contentof theseilmenites,.lO2is lower for Sathan for 52.
The decreasingFe2O3in the ilmenitesfrom the jacupirangite towards the carbonatite C1, and the sameeffect of the
carbonatitevein on nearby ilmenite, as shown in Figure 4
(S3),indicatethat the carbonatitehas even lower oxygen
fugacity than that estimatedfor thejacupirangite contact.

FeTi0,

M g T0i 3

gronites,
Lomprophyres,
bosolts ond
corbonolites

FeTiOr

MnTi0,

F e T0r 3

Fig. 8. A, C. Ilmenite compositions in carbonatites,
kimberlites, and other rocks from Mitchell (1978) with
carbonatite ilmenites plotted as dots. Mitchell (1978) used
carbonatite results from Prins (1972) and McMahon and
Haggerty (1976). Additional dots are from Secher and Larsen
(1980) and Garanin et al. (1980). B, D. New analyses of
Jacupirangailmenites basedon points plotted in Figures lA and
B.
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pointsincludesomeof thoseplotted by Mitchell, together
with additional analyses from the literature. With one
exception(high MnTiO3), these cluster near the FeTiO3
cofner.
Mitchell (1978)reported that the magnesianilmenites
from the Jacupiranga carbonatite differ from those of
other carbonatites,and from kimberlites.Ilmenitesfrom
Jacupirangaoverlap with those from kimberlites in Figure
8A, but they are distinguishedin Figure8C by their higher
Mn content.
The ranges of ilmenite compositionsin carbonatites
according to previous studies (Figures 8A and C) is now
considerablyexpandedby the new analysesfrom Jacupiranga carbonatites reported in this paper. The individual
analysesplotted in Figure I have beengrouped in Figures
88 and D for comparisonwith Mitchell's (1978)compilation. Ilmenites from the carbonatiteintrusions and the
beforsitedike occupy three distinct areas, whereasthe
ilmenitesfrom the bandedreaction rocks between carbonatite andjacupirangite occupy a large rangeofcompositions extending parallel to the geikielite-ilmenite axis,
almost from one extreme to the other. The ilmenite
inclusionsfrom intrusionsC1and C3plot within the range
previouslyidentifiedfor Jacupirangaby Mitchell (1978)in
Figures8A and C. The reactionrock areaextendsbeyond
the Jacupirangacarbonatite range, and connects it with
the other carbonatite range identified by Mitchell (197S)
in area A of Figures 8A and C. The ilmenite in the
beforsite dike is centrally placed within the reaction rock
area, between the two carbonatiteareas of Figures 8A
and C.
The discrete primary ilmenites from intrusion Ca have
distinctivecompositions.They occupy an areawith less
Fe2O3and considerablymore MnTiO3 than any of the
other Jacupirangailmenites. In addition, they are less
magnesianthan the ilmenites previously reported from
Jacupiranga.The Ca ilmenites approach the composition
ofthe ferroan pyrophanite reported from the Oka carbonatite by McMahon and Haggerty (1976).This discrete
crystalwith compositionnear IlaePy5eHemlo
(the dot near
the middle of the MnTiO3-FeTiO3 axis in Figure 8C)
differs from all other reported ilmenites from carbonatites.
Except for the carbonatites from Jacupiranga,Russia,
and Oka, ilmenites from carbonatites cluster around the
FeTiO3 corner of Figure 8. The ilmenite compositions
extend from FeTiO3 toward MgTiOr and MnTiO3, with
characteristicallylow Fe2O3and Cr2O3.All analysesso
far publishedcontainless than l0 mole VoFe2O3.Cr2O3is
usuallyless than 0.1% (Mitchell,1979).
Magnesianilmenitesare rare, and Mitchell (1978)noted
that their occurrence in the Jacupirangacarbonatites is
unusual.Magnesianilmenites are characteristicallyfound
in kimberlites, which are distinguished from carbonatite
ilmenitesby their low MnO (<1.0%, Figure 8C), and high
Cr2O3(0. l-2. 5%, Mitchel| 1979).
According to Garanin et al. (1981),the averageNbzOs

and Ta2O5 contents of ilmenites from kimberlites are,
respectively, 0.22% and0.16%, compared with values for
ilmenites from carbonatites of l.llVo and 0J3%. They
concluded that the higher contents of Nb2O5 and TazOs
distinguished ilmenites of carbonatites from those of
kimberlites. Our results for Nb2O5 and Ta2O5 for the
Jacupiranga ilmenites (Table 2) are consistent with this
conclusion.
These results for ilmenite from the Jacupiranga carbonatite and banded reaction rocks extend the known range
of compositions for carbonatites, without changing the
chemical criteria for distinction between ilmenites from
carbonatites and kimberlites. The variety of compositions
promises more general petrogenetic interpretations when
the study of other minerals in the carbonatites is completed.
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Appendix
The occurrence of ilmenite
The occurrenceof the various forms of ilmenite in the different
rock types, summarized in Table l, is described in more detail
below.
Ilmenite in jac upirangite
The jacupirangite contains anhedral crystals of titanomagnetite with maximum diameter I mm. Up to I cm from the contact
betweenjacupirangite and the banded reaction rock, the titanomagnetiteexhibits progressivedevelopmentof ilmenite lamellae,
producing the typical trellis intergrowth described by Buddington and Lindsley (1964).
Ilmenite in the silicate-rich bands of the reaction rocks
The carbonate rocks of the banded reaction zone contain
neither magnetitenor ilmenite. Magnetite and ilmenite occur in
the silicate bands of the reaction zones borderins carbonatite
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intrusions C,, Cr, and Cs; rocks of the banded zones from
intrusions Cz and C+ were not surveyed.
At least 90Voof the ilmenite in the banded rocks consists of
lamellae apparently produced by oxidation exsolution from
magnetite, with textures varying from trellis to sandwich (Buddington and Lindsley, 1964). There are in addition composite
grains with internal or external granulesof ilmenite (Buddington
and Lindsley, 1964), which could have been derived either
through continuation of the process that produced the lamellae,
or by the inclusion of primary ilmenite crystals within magnetite
(Haggerty, 1976a).The magnetitesof banded rock RC1 contain
lamellaeonly, or lamellaeand external glanules of ilmenite. The
magnetitesof RC3 and RC5 contain lamellae only, lamellae and
internal granules,or lamellaeplus internal and external granules.
There are discrete crystals of ilmenite in the groundmassof
amphibole and phlogopite of the banded rocks from RCl and
RCs. They are anhedralto subhedralprismatic grains varying in
size from about 3 pm up to I mm. Approaching the contact with
carbonatite C1, in RCr, they become larger and less abundant.
Those that were too small to be analyzed successfullycould be
identified by the electron microprobe.
Ilmenite in carbonatites
Discrete ilmenite crystals well removed from the more abundant magnetite occur in the sovite intrusion Ca. They form
elongatedprisms with lengths from 0.1 mm to I mm, and have
the appearanceof primary crystals.
Only a few ilmenite grains are likely candidatesfor a primary
origin, e.g..' 10 pm to 30 pm long ilmenite with associated
dolomite inclusions in magnetitegrains from the Cr sovite (#l' 2
and 3, Table 2), 0.6 mm long ilmenite intergrown with a pyrite
inclusionin a 1.5mm magnetitefrom the Cr sovite(#E, Table2)'
and a 0.1 mm ilmenite in the beforsite dike in the difuse contact
zone betweenintrusions Cz and Cg (dike B of Gasparand Wyllie'
1983,Table l; #23,Table 2). This could be a primary ilmenite,
but its position very close to a much larger anhedral magnetite
grain (4 mm diameter) makes it suspect.
We found no ilmenites in the Jacupirangacarbonatitescomparable with those described by Mitchell (1978) and Boctor and
Svisero(1978),whose sampleswere collected at a higher level in
the carbonatite plug, before the quarry surface was lowered to
the horizon of the present mapping and collection. Both papers
refer to apatite-magnetite-phlogopite carbonatite, with large
rounded olivine crystals, which resemblebut may not correlate
with the carbonatite Cy described by Gaspar and Wyllie (1983'
Table l, Fig. 10).
According to Mitchell (197E),ilmenite occurs exclusively as
oxidation exsolution lamellae within large magnetite crystals.
According to Boctor and Svisero (1978), ilmenite occurs as
exsolution lamellae in magnetite, or as subhedral crystals enclosed in magnetite, or as agigregatesof tabular crystals at the
interface between magnetite and the carbonateminerals (cdcite
and dolomite). These textures correspond to the lamellae,internal granules, and external granules in Table I for the ilmenite
occurring in the banded reaction rocks.
Analytical Procedure
Microprobe analyseswere carried out in the ilmenites using an
ARL/EMX automated electron microprobe operated at 15 kv
and 1.0 rrA beam current. Data were corrected by a modified
Magic IV computer program. Standardsused were diopsideglass
(for Ca, Si and Mg); Fe metal (for Fe); synthetic rutile (for Ti);
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Table Al. Corrected values of FeO and Fe,O. for ilmenites
910
FeOa
Fe0D
Fer0r3

rejolb

9.77 14.1 L0.7 33.6 3 3 . 9
9.70 14.6 10,6 33.5 33,7
7,51 6.55 6.23 4.79 3.83
7.67 6.71 6.39 4.95 3.99

L2
Fe0a

14

21.1

16

L7

L9.7 L6.2

l8
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Fig. Al. Variation of Nb2O5and Ta2O5in ilmenites from the
Jacupirangarocks (see Fig. l). Note the very high Ta2O5in the
C3 inclusion, the trend for primary discrete ilmenites from Ca,
and the contrasted zoning for one of them.

synthetic enstatite with l0 wt.Vo Al2O3(for Al); synthetic glass
with 0.65 wt.Vo MnO (for Mn); natural baddeleyite (for Zr); Nb
metal (for Nb) and Ta metal (for Ta). The detection limit for
The low-Nb ilmenite lamellaeand granulesin magnetitesfrom
minor elementscalculatedaccordingto Reed(1973)is near 0.02
the
reaction zones,and the inclusion in magnetitesofcarbonatite
wt.Vo. The accuracy of the analyses is +5Vo of the amount
presentfor concentrationsbelow 2 wt.Voand +zVoof the amount intrusion Cr, are restricted to a limited range with less than
presentfor major elements,except for Nb and Ta where the use 0.El% Nb2Osand less than 0.lVo Ta2O5.There is no detectable
Nb2O5or Ta2O5in the ilmenite lamellae in a magnetitefrom the
of metal standards for low concentrations (<4 wt.%) leads to
jacupirangite (#24, Table 2), and in one magnetite from the
much larger errors, especiallyfor concentrationsbelow I wt.Vo.
reaction zone of q (#4, Table 2).
Long count times (100seconds)were used for better accuracy in
Figure A2 shows the efect of substitution of Ti by (Nb+Ta).
Nb and Ta analyses.
For ilmenite with composition RTiO3 and a trace of SiO2, but
The method used to calculateFe3* is discussedbelow. Mn
was assumedto be Mn2+, following custom (Haggerty,1976b). without Nb or Ta, the (Ti+Si) cationsshouldtotal 2.0 (Zr is not
The data presented in Table 2 are averages. The results significantin these ilmenites). The line drawn through the value
of 2.0 representsl:l substitutionof (Ti+Si) by (Nb+Ta). The
presentedfor lamellae may represent one lamella or may be the
averugeof 2 or 3 lamellaechemically similar to eachother, where primary ilmenites from the C4 carbonatite plot very close to this
2 to 3 points were analyzed in each one. Ifthe chemical features line. The variation from core to rim of the zoned crystal also
follows this antipathetic substitution line.
of a lamella are distinct, its results are presentedseparately.All
For the ilmenite associatedwith each carbonatite intrusion, a
the other results representindividual crystals where 2 to 6 points
were measured. Many grains were too small for complete diferent line can be drawn through the analyses,each parallel to
analyses, but the results of satisfactory partial analyses have the Ca line, representingl:l substitution.The fit ofpoints to the
been plotted in some figures, in addition to the values tabulated. substitution lines is good for C3, fair for C5, and for C; the linear
relationshipis poor but the position between the lines for C3 and
Many grains were testedfor Cr2O3,but its concentrationwas too
low to merit attemptsat useful analyses.The distiirction between C5 is established.The intersection points of these lines with the
low- and high-Nb ilmenites was estabiishedby an extensive (Ti+SD axis give the sumsof the cations(Ti+Si) corresponding
searchof many grains using the display of the energy dispersive to the structure without Nb and Ta. Intersection numbers less
.than2.00 are causedby replacementof (Ti+Si) by some other
system(EDS).
cation. According to the analysesin Table 2, the only available
Nb and Ta contents
cation for this site (except for minute traces of Zr) is Fe3*.
Variation of Fe2O3in the ilmenites is illustrated in Figure lA, but
The high valuesof Nb2O5were noted in connection with Table
Figure lA does not reveal the distinctive oxidation statesimplied
2 and Figure 3. Nb2O5 and Ta2O5 contents are compared in
in Figure A2 for the rocks associated with each carbonatite
Figure Al.
The high-Nb, discrete, primary ilmenites from carbonatite Ca intrusion.
and that from the beforsite dike illustrate a sympathetictrend of
increasingTa2O5with increasingNb2O5contents, with the slope
o
of the variation line increasing for the highest values of Nb2Os
(lpto3.27Vo). The zonedilmeniteshowsdecreaseof Nb2O5and
+
increase of Ta2O5from core to rim. Another ilmenite from a
FO
carbonatite intrusion, the primary inclusion in magnetite from
+
C3, has relatively high Nb2O5(0.96Vo)and extremely high TazOs.
It containsl.2lVoTa2O5(averageof threemeasurements
,l.llVo,
Nb+Tocol'ionnumber
l.l4Vo, and l.39Vo) comparedwith the next highest value of
0.57%. The two other high-Nb ilmenites, internal granulesfrom
Fig. A2. The substitutionof Ti by (Nb+Ta) in ilmenitesfrom
the reactionzone of intrusion C3, have Nb2O5reaching3.36Vo, Jacupiranga rocks (see Figs. l and Al, and Table 2). The
but their somewhatlower Ta2O5placesthem below the chemical ilmenites from each intrusion and its associated reaction rock
variation curve in Figure Al.
plot close to specificl:l substitutionlines.

GASPAR AND WYLLIE: ILMENITE FROM JACUPIRANGA, BRAZIL
The fact that the compositions for all three types of ilmenite
associatedwith the carbonatite Cr (low-Nb lamellaeand high-Nb
granulesin the reaction rock, and an inclusion in magnetiteofthe
carbonatite) lie on the same substitution line in Figure A2
suggeststhat the oxidation conditions are specific for the C3
intrusion. The different positions of the substitution lines for
ilmenitesassociatedwith intrusionsC1, C5, and Ca indicateless
substitution of Fe2O3 in these ilmenites. The points for the
ilmenite in jacupirangite and in the beforsite dikes are close to
the line labeled Cr, representingrelatively high substitution of
Fe3*.
Assuming the normal oxidation state for both Nb and Ta
(pentavalent), reactions for substitution of these elements ln
ilmenite may be proposed. Two possible reactions are:
2RTiO3+ 2Nb5+s RNb2O6+ 2Ti4+ + R2*

(l)

and:
R2+ + Nbs+ s.' Ti4* + Fe3*
Q\
IfReaction (l) occurs, for each pair ofpentavalent cations that
enters the structure of ilmenite, one divalent cation position will
become vacant.
The ideal ilmenite structure basedon six oxygen atoms should
have cations totalling 4.00. As seenin Table 2, only the ilmenite
from jacupirangite reachesthis value; all others exhibit a cation
deficiency, suggestingthat the substitution of Nb and Ta for
(Ti+Si) occurs mainly accordingto Equation (l). The total cation
numbers from Table 2 are plotted as open circles in Figure A3
against the weight per cent of combined NbzOs. The crosses
representthe cation deficiency calculated on the basis of Equation (l), allowing one cation deficiencyfor each two (Nb+Ti)
cation numbersfrom Table 2. The crossesdefine a good straight
line representingthe cation deficiencyas a function of weight per

E

5^

co

e

.99
EX
6_(l)

5
Y17
Nb205+l6r6u
Fig. .A3. The measured (circles, Table 2) and calculated (X)
total cation numbers from ilmenites from the Jacupirangarocks
decreaseas Nb and Ta are substituted into the sites normallv
occupied by Ti.
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cent (NbtOr+TazOs). The circles fit the line fairly well also, with
a few values falling well below the line. We conclude that the
cation deficiency is reasonablyexplained by the substitution of
these elements in ilmenite as Nb5* and Ta5*, as indicated in
Equation(l).
If (Nb+Ta) is plotted against Fe3*, an antipathetical relation
betweenthem is suggestedfor ilmenites from C1 and C4, but not
for ilmenites from C3 and C5. Equation (2) might be responsible
in part for the substitution mechanism of Ti and Nb and Ta in
ilmenites from C1 and Ca.
The straight line in Figure A3 gives an empirical method for
estimating the cation deficiency in ilmenite, according to the
formula:
cation deficiency: weight per cent (NbzOs+TazOs)/100.
The cation deficiency in these ilmenites is dominated by the
abundanceof niobium, and this empirical equation would need
modification for ilmenites with higher Ta2O5.

Calculation of Fe3+
The amount of Fe3* listed for the ilmenites in Table 2 was
calbulated following the method of Carmichael (1957), which
conSistSof combining all the divalent cations with the molecular
proportions of (TiO2+SiOr), with sufficient FeO added to make
the ratio'l:1. The excessFeO is calculatedas Fe2O3.We added
Nb2O5and Ta2O5to the sum (TiO2+SiO2)becausethesecations
replaie Ti in the ilmenites (Fig. A2). Consequentlyone divalent
catiilri was combined to each molecule of NbzOs and Ta2O5.
However the resultsin Figure ,{3 suggestthat Equation (l) plays
an important role in these ilmenites, indicating that values of
Fe3* ihbutd be calculated consideringthe crystal chemistry and
cation deftciency consequenton the presenceof Nb and Ta. If
Equation(l) is assumed,the calculationofFe3* is then conducted ai ifho Nb or Ta were present.This is becauseeachone ofthe
molecrilesNb2O5and Ta2O5causesone divalent vacant position
(orie diValent cation was combined to each of these molecules).
Thi'recalculated values for FeO and Fe2O3disregarding Nb
and Ta are compared in Table Al with the calculated values
listeit ih Table 2. For the ilmenite with the highest content of
(NbtOr+TarO5) (Table 2, #12)the differencein calculatedFe2O3
contentis l.l2wt.Vo (TableAl). For the point representingthis
analysisin Figure lA, for example, this representsa variation of
only ZVotowards the Fe2O3corner. As only few ilmenites present
similar variations, the distribution of points in figures would not
be chanfed significantly by the new values.

