-
brought to you by .{ CORE
provided by NASA Technical Reports Server

View metadata, citation and similar papers at core.ac.uk

(NASA-CR=-141145) - THERMOMAGNETIC ANALYSIS N75=14667

OF METEORITES. 3: - C3 AND C4

CHONDRITES: (Texas A&M Univ.) 15 p HC

$3.25 C5CL 03B ~Unclas .
G3/91. 05060 :

"THERMOMAGNETIC ANALYSIS OF METEORITES, 3. €3 and C4 CHONDRITES

J. M. Herndon and M, W. Rowe
Department of Chemistry
Texas A&M University

College Station, Texas (USA)

- and

‘ : E. E. Larson '
Cooperative Institute for Research in Environmental Sciences
University of Colorado/NOAA

Boulder, Colorado (USA)

and

D. E. Watson
U, S. Geological Survey
Boulder, Colorado (USA)


https://core.ac.uk/display/42890838?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Abstract - Thermomagnetic analysis on all of the €3 and C4 chondrites,
conducted under conditions of controliled oxygen fugacity, indicates the
presence of a thérma]ly unstable component in at least 5 of the €3
chondrites which upon heating results in magnetite production. This
unstable component is most 1ikely troilite (FeS). The presence of the
unstable substance may affect the estimation of paleointensities in meteor-
ites which contain it. Our results indicate that Grosnaja, Ornans, Kainsaz,
Felix, and Warrenton are 1ikely to be less complicated for palegintensity
determinations than the other C3 chondrites. Both C4 chondrites should

lead to reliable results.



’1. INTRODUCTION _

This paper is the third 1ﬁ a éeries of reports of our saturation
magneﬁization vs. temperature (Js-T) analyses of samplies of all the known
carbonaceous chondrites., We reported the results of our studies on samples
of the five C1 chondrites* in part 1 of this series [1]. The dominant
ﬁagnetic phase observea in the C1 chondrites was magnetic, for which we
obtained quéntitétiﬁe estimates ranging from 5 to 12 wt. % F9304'f0r those’
five meteorites, |

In part 2 of th%s series we presented the results of our studies on
samples of all of the eighteen C2 chondrites [3]. Although all C2 chondrites
are bhemica]Ty'similar with one another, as based on whole rock elemental
analyses, we found considerable variation in the chemical state of iron in
‘these meteorites. This, of course, cdntrasts to the sifuation inhthe C1
chondritgs; where magnetite was the prédominant state observed for iron.

In only five (Al Rais, Be1ls, Esseb1, Kaba and Mok01a) of the eighteen
4 chondr1tes was magnet1te found to be the major magnetic phase (A
second samp]e of A] Rais was found to conta1n metallic iron with about 6% Ni).
Metallic iron wads observed in five samplgs (Al Rais,_Crescent, Haripura,
Pollen and Renazzo). Eleveh of the C2 éhﬁndrftes, (inc]udiﬁg Crescent and
Po]]en),were{most strikingly characterized by a lack of mégnetic minerals
(e.q. .<]% Fe304) Lacking a dominant maghetic.phase, the thermomagnetic
behavior of those e1even C2 chondrites was characterized by a pronounced
increase 1n saturation magnetization which resulted from the formation of
magnetite from tfoi]ite during”the experiment, In spite of theirrchemical

similarity, the thermomagnetic behavior of C2 chondrites was rather complex.

- *As in Parts 1| and 2, we emp1oy the c]ass1f1cat1on scheme for chondr1tes of
Yan Schmus and Wood [2] ‘ .



The €3 chondrites appear to be considerably more heterogeneous within
their group than are either the C1 or the C2 chondrites. Only two Cé
chondrites are known, the Coolidge and Karoonda méteofites, and we include
them with the C3's. In fact, Van Schmus [4] suggested that Karconda
should be reclassified from C4 to C5. Since the C4 chondrites may be
derived from the C3 chondrites [2], it is reasonable td discuss them together.
Thus we present in this paper the thermomagnetic analyses of all thirteen €3
chondrites and both C4 chondrites.

The equipment énd technique used to measure the saturation maghetization
as a function of temperatufe is the same as used pfev1ous1y in this serjes
[1,3] and is discussed in detail by Larson, et al. (5]. The apparatus
consists basically of a Cahn electrobalance, a furnace to heat the sampTe to
~800°C, and a moveable, 2500 - oersted permanent magnet. An essential feature
of the system is the Fugacity control. To minimize oxid@tion'or reduction
of the magnetic minerals that might occur during the experiment, H, and €O,
gases are flowed past the sample: the oxygen fugacity at any moment can be
altered and monitored. The oxygen fugacity is monitored by measurement of
the electrical potential developed across a solid-state ceramic electrolyte
(yttria-doped zirconia) that is positioned adjacentrtb the sample. .Typically
heating-cocling cycles to 600°C or 800°C required ~45 minutes and 60 minutes,

respectively.

2. RESULTS AND DISCUSSION

In part 2, we found it convenient to arbitrarily subdivide the C2
chondrites into three groups in order to discuss the therﬁomagnetic behavior.
~ We can also benefit from such a subdivision within the €3 and C4 chondrites
according to criteria similar to that used for the C2 chondrites B31: (A)
those meteorites characterized by their low initial magnetite content and

by pronounced magnetite production observed during the course of the



experiment, (B) those meteorites, thermomagnet1ca11y s1m11ar to Cl ‘chondrites,
1nd1cat1ng magnetite as their major magnet1c component and,. (C) those
meteor1tes which do not readily lend themselves to classification in eTther
of the first two groups. Though we choose to subdivide C3 and C4 chondr1tes
according to the same criteria as the (2 chondr1tes, there are both subt]e
and d1st1nct differences observed within any group. MWe will discuss the
- abQVe mentioned groups separately, and in doing so, will. compare and contrast
them to. the thermomagnetic behavior observed in (2 chondrites in similar
subgroups. | . | |

o Group A. The J -T curves for those meteorites d1sp1ay1ng magnetite
product1on dur1ng the course. of the exper1ment are shown in Fig. ]a f.
We beg1n our- d1scuss1on w1th the thermomagnet1c data for the AI]ende meteorite
wh1ch‘1s_ehown_1n,F1gsr.1a and 1b. The norma1.qS~T curve for this meteor1te
is shown in Fig. la with two complete therma] cycles ihdjcafed,,both run in
fhe oxygen_fugaéity rield for magnetite. The increase in saturaiion magnetiz-
ation upon heat1ng is character1st1c of the ox1dat1on of troilite to magnet1te
.and pyrrhot1te Indeed we observed th1s behav1or in over ha]f of the €2
chondrltes [3]. Butler [6]_and Banerjee and Hargraves [7] noted similar.
behavior in their thermomagnetic studies (conducted under vacuum) ofjthe
A]]ende meteorite, HoWever, Butler attributed the increase in saturetion'
moment to a “h1gh temperature homoqen1zat1on" of Ni-Fe alloys of gross1y
different compos1t1on But1er stated, ”Thermomagnet1c ana1ys1s 1nd1cates thaﬁ
the ferromagnet1c m1nera15 1n A11ende cons1st of 95 wt.%. taen1te conta1ning |
67% N1 plus 5 wt % taenite with 36% Ni." To determ1ne whether the 1ncrease
1n saturat10n magnet1zat1on in our samp]e of A]]ende was the resuit of
magnet1te format1on as we had observed 1n the C2 chondr1tes or “h1gh temperature
homogenjzat1oh? of Ni-Fe alloys ae¥propqsed by_ButTer‘[g]? we comp1eted a

normal qS-T ahaTysis on a powdered samp]e of Allende (Fig. 1b). ,Fo]iowing



that run, we heated the same Allende powder to 700°C in an intenticnally
produced reducing atmosphere and maintained those conditions for about

fifteen minutes. The broken curve in Fig. Tb shows the high temperature
portion of the J -T curve which was obtained following the reduction |
process. The broken curve indicates that the magnetic cdmponent now in
Allende {after reduction)} is metallic iron of low nickel content (< 2% Ni)
which was derived from the reduction of the magnetite {produced from oxidation
of FeS) and by reduction of any FeS which remained after the norma1 JS-T
cycle. The magnitude of the saturation moment of the high'temperature reduced.
component is greater than that which would have been produced from the Allende
sample if the initial saturation magnetization had resulted entirely from

- magnetite. This experiment thus demonstrates that magnetite was produced

during the JS—T run prior to reduction. Several characteristics of the broken

curve in Fig. 1b are inconsistent with Butler's hypothesis. If metallic
iron with ~65% Ni was the result of the reduction (as expected from Butler's
proposall}: (1) The Curie temperature would not be expected to be ~770°C '
(the Curie point of pure iron) as we observed. 65% Ni in iron would yield
a Curie temperature of ~610°C. (2) A v~ a'transition in the high-temperature
portion of Fig. 1b is expected from Butler's prbposaﬁ. The lack indicates
iron with < 2% Ni. (See Al Rais data, Fig. 5 in Watson, et al. [3] or Fig. 3f
here for good examples of the v »~ o transition refiected in a JS-T plot).

The thermomagnetic behavior of samples of the Arch, Efremovka, Leoville

and Vigarano C3 chondrites (Figs. lc-f, respectively) is similar to that of

the Allende meteorite, indicative of no metallic iron component and being
characterized by an increase in saturation magnetization during the experiment.
Since these samples become more magnetic with heating, it is not possible here
to identify the components responsible for the initial magnetization.

As we did with the C2 chondrites [3], we can ascribe upper 1imits of



Fe304 content-for those C3 chondritesoi11ustrated in ng. 1 on the basis

of saturation magnetization measurements at ambient temperature by assuming
| that the initial saturation moment is doe entirely to magnetite. For
A11encie'ahd Vigarano,determinations were made on aliquots taken from gently
_crushed 50-200 mg samples. .The other meteorite samples were measured as
small who]e pieces, The upper limits of Fe,0, content.are shown in Table 1.
‘Of‘these,five meteorites only Allende and Vigerano are fal1s. The relatively
high upper limits of maghetite content for Arch, Efremovka and LeovilTe‘may reflect
magnetite formation from terrestrial weathering. Similarly, toe‘iocrease in
saturat1on magnet1zat1on for the finds may resu1t in part from the reduct1on
of terrestr1a11y acqu1red hematlte (Fe20 ) to magnet1te (Fe304) since the
samples were measured in the oxygen stability f1e1d for magnetite. The
| 1ncrease in saturat1on moment in the A]]ende and V1garano samples mest 11ke1y
resu1ts from the ox1dat1on of tro111te during the exper1ment . .

Group B{ Our thermomagnetvc data for samp1es of the Bali, GrosnaJa and
Ornans C3 chondr1tes and the Karoonda C4 chondrite are shown in F1g 2a-d,
re;peotjvelyo__The JS—T curves for all these meteorites are qute_rever51o]e
and‘their shape end Cur{e temperature ("590°C) indicate“that magnetite‘is the
dominant magnetic phase Similar curvee were. seen for all. five'Cl chooorites
and for f1ve samp1es of the C2 chondr1tes [1, 3] Quant1tat1ve est1mates of the
_ magnet1te contents of these c3 chondr1tes, as determ1ned from amb1ent temper-
ature saturat1onimagnet1zat1on_measurements are shown 1n.Tab1e:?. Also.
included are similar estimates for the C1 and Cz'ohOndrites for comparison
{1,3]. The Ornans and Karoonda data were obtalned on a11quots taken from
gent]y crushed samp]es The Bali and GrosnaJa samples were measured as small
whole pieces. It should be nofed that the grein'sizes obseryed‘in.fhe
Grosnaja mefeorife are'compaoative]y large and as a'ooosequence_our data may

not be representative'of the meteorite as a whole. Error estimates recorded



are based only on deviations observed when measuring a standard sample.

The reported error does not reflect the possibility that some of the
magnetization is affected by some magnetic component other than'F9304,

e.g. pyrrhotite, nor was any attempt made to take into account samp1e'
inhomogeneity. We estimated in part T that for Orgueil, at least, pyrrhotite

contributes 7% or Tess to the total saturation moment.

Group C. The thermomagnetic data shown in ng. 3a~-f respectively, for
the Felix, Isna, Kainsaz, Lancé, and Warrenton C3 chondrites and the Coolidge
C4 chondrite afe all indicative of the presence of magnetjte in addition to
metallic iron. Of these meteorites the Isna sample (Fig. 3b) and the Lancé
sample (Fig. 3c) are the only ones showing pronounced magnetité formation during
the experiment with a suggestion of magnetite prbduction appearing in the Felix
data as well (Fig. 3a). The metallic iron components in our samples of Kainsaz
(Fig. 3c) and Lance (Fig. 3d) contain < 2% Ni as fndicated by the absence of a
lag in reacquisition of magnetization (no y + o transition) upon cooling as we11
as the observed Curie temperature of ~770°C. This low nickel content in the
metal is probably not representative of all of the metal in those two meteorites.
Because of the high saturation moment of metallic iron and the extreme sensitivity
of the theﬁmomagnetic balance used, we were constrained to use guite small
samples (<1 mg), For that reason sample inhomogeneity is likely to be more
important. The low nickel content of the metal observed in the Kainsaz and
Lance samples suggests that this compoﬁent may be of secondary origin, possibly

produced from the reduction of magnetite prior to accretion,

If as Van Schmus and Wood [2] believe, the C4 chondrites were derived from
the C3 chondrites, then we would perhaps expect that the unstable component may

well have been entirely altered to magnetite during the process of converting



€3 tb Ca matefia]. We do not observe any unstable magnetic components
(i.e., no magnetite production upon heating) in the C4 chondrites but with
statistics inQo1ving only two samples, no conclusions can be drawn, It
would be of 1ntgrest to examine other more NUMErous c1assesr(the LL, L or

" H chondrite groups) .to see whether this suspected trend actually holds.

In view of the recent interest in paleointensity_determinations on
carbonaceous chondﬁites‘[B-B], we note that the data presented here and
in paper 2 [3] suggest.that considerable care be exercised in conducting
pa]eointensity studies on C2 and C3 chondrites, Obviously, fhose samples
conta1n1ng the unstab]e component will be 1ess suitable for paleocintensity
determ1nat1ons on the magnet1te component than samp]es TackIng the noted
magnet1te production. The Ni-Fe component may y1e1d valuable 1nformat1on,
| however, considerable_care in experiment design shou1d be exercised in

regard to y - « recovery during remagnetization.
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‘Tab1e 1 Upper Limit Determination of Magnetite Content
" of Some C3 Chondrites.

Upper Limit for _ '
Wt. % Fe,D L ‘ . Sample we1ght {mg)
3 4 :
ALLENDE _ | ] |
072 0.04" S 10,07
0.73 + 0.04 » | | 7.93

_ weighted average.< 0.72 + 0,04
ARCH I

<2204 005 < g g7
Fk
EFREMOVKA |
PRIREY: . sa37
< 7.0 0 s | S 3

Ne1ghted average < 9.3 = 0.6

LEOVILLE -~ - |
< 7.5% 0,5 . 2.64
< 6.7£04. - - 2.50

- Weighted average < 7,12 # 0.4

VIGARANG

< 8505 | 3.20
< 7.1:04 ' 1.33
< 9.1 %05 | - 2.95

Weighted average < 8.5 + 0.5

Error is ana1yt1ca1 only and does not include any attempt to eva]uate
sample 1nhomogene1ty.

- **Ryn on whole 'samples.



Table 2 Magnetite Content of the Bali, Grosnaja and Ornans
C3 Chondrites and the Karoonda C4 Chondrite.

The

Magnetite Contents of the C1 Chondrites [1] and

Those C2 Chondrites [3] with Magnetite as the Prin-

cipal Magnetic Phase are Included for Comparison.

Cl

2

€3

c4

Fe,0, (Wt. %) Sample Weight (mg)
Chondrites [1]
Alais 5.3 % 0.4 (Weighted Average of 11 determinations)
Ivuna 12.2 £ 0.9 ( " " "5 " )
Orgueil 11.9 = 0.8 ( 0 "7 " )
Revelstoke 7.2 %= 0.5 0.16
Tonk 9.4 £ 0.6 0.67
Chondrites [3]
Bells 13.4 + 0.8 (Weighted Average of 3 determinations)
Essebi 9.4 + 0.6 ( " 8 "5 " )
Kaba 11.3 + 0.7 ( » " "2 " )
Mokoia 4.1 + 0.3 ( " " "3 " )
Chondrites
BALI 3.0 0.2 0.36
GROSNAJA™ 2.1 + 0.1 3.42

1.9 = 0.1 9.62
Weighted Av. 2.0 * 0.1
ORNANS 4,5+ 0,3 0.85

4,3 + 0.3 .57

4.2 + 0.3 2.59
Weighted Av. 4.3 = 0.3
Chondrites
KAROONDA 8.2 £+ 0.5 0,97

7.6 + 0.5 5,52
Weighted Av. 7.7 1 0.5

*
Error is analytical only and does not include any attempt to evaluate

sample inhomogeniety.

%
Run on whole samples.
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Fig. 1. Saturation magnet1zat1on vs. temperature (J_-T) curves for four

© . C3 chondrites. Note the large.increase in ﬁagnet1zat1on as the
samples cool, indicative of magnetite production. A1l of these
except Eframovka were subjected to two heating - cooling cycles
(broken ‘curves). As with the Group A €2 chondrites [2], one cyc]e
is not adequate to allow complete production of magnetite. Five
of the eleven C2 chondrites show productxon of magnetite upon
heating (see alse Fig. 3).



S 1 GROSNAJA
1 \ .
Js(m | _
Jo [ :
OC; 200 "800 00. ) 260 a0 800 330

KAROONDA

ORNANS "\\\\g\

o 1 k. 1 i

0 200

200 600 800 o 200 200 600 200

TEMPERATURE, °C ' TEMPERATURE, °C

Fig. 2.

Saturation magnetization vs. temperature (Js-T) curves for three
C3 chondrites and one C4 chondrite. Magnetite is quite dominant.
No evidence for significant magnetite production is indicated in
contrast to Figs. 1 and 3.
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Fig. 3. Saturation magnetization vs. temperature (J¢-T) curves for four
- L3 chondrites and the remaining. C4 chondrita. Felix and Lance!
show evidence for slight magnetite production. No magnetite
production was seen in the Kainsaz and Warrenton C3 chondrites
or in the Coolidge C4 chondrite.



