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Summary

Petrophysical measurements have been performed on 24 magnetite concentrates
supplied by Mr R.B. Kitch on behalf of BHPCA. The properties measured were (low
field) magnetic susceptibility and its variation with temperature (k-T), hysteresis
parameters including coercivity, saturation magnetisation and saturation remanence,
and density. In addition, hysteresis parameters from two extra samples from the Rock
Magnetism Laboratory collection of well characterised magnetite deposits, Savage
River Mine, Tasmania, and Tasu Mine, British Columbia, have been included in the
report for comparison.

Plots of saturation magnetisation versus susceptibility, saturation magnetisation versus
density, saturation magnetisation versus coercivity and coercivity versus susceptibility
show systematic trends with high correlation coefficients. The first two relationships
are positive while the latter two are negative.

Of all the samples two outliers are apparent. Good correlations between saturation
magnetisation and coercivity on the one hand, and coercivity and susceptibility on the
other hand, were achieved only after omitting the Trevorite sample, which possesses
an anomalously high coercivity (>200 Oe) and sample KO-02 which has an
anomalously low coercivity for its (low) saturation magnetisation and susceptibility.
These latter quantities are negatively correlated with coercivity. The former sample is
highly doped with nickel, which is reflected in its k-T curve, and may not be expected
to fall on the magnetite trend. The latter sample is soft MD magnetite from its k-T
curve, although it is very diluted giving low saturation magnetistion and susceptibility.
Another sample which displays an interesting k-T curve is the safple of fly-ash which
may be heavily doped with aluminium. Doping magnetite with cations of Ti, Ni and Al
reduces the Curie temperature which is clearly reflected in the k-T curves.

Properties of known magnetites used for Heavy Medium Separation (HMS)
congistently plot close to the extremes of each relationship. The three HMS
magnetites, Biggenden, Savage River and Tasu, have a mean coercivity of 46 Oe, a
mean (specific) saturation magnetisation of 86 emu/g, and a mean (mass) susceptibility
of 0.025125 emu/g. The relationship of saturation magnetisation versus susceptibility
appears to be the best discriminator between pure magnetite and other compositions.
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1. Introduction

As part of BHPAC's magnetite project, petrophysical measurements have been
performed on a total of 24 magnetite concentrates supplied by Mr R.B. Kitch. The
properties measured were (low field) magnetic susceptibility and its variation with
temperature (k-T), hysteresis parameters including coercivity, saturation magnetisation
and saturation remanence, and density. In addition, hysteresis parameters from two
extra samples from the Rock Magnetism Laboratory collection of well characterised
magnetite deposits, Savage River Mine, Tasmania, and Tasu Mine, British Columbia,
have been included in the report for comparison.

2. Hysteresis, Susceptibility and Density

Hysteresis measurements were performed using an ARUN device which has been
extensively modified in-house and interfaced to a PC. A "saturation” field of about
2000 Oe was used. Low field (~7 Oe) susceptibilty and its variation with femperature
was measured using an in-house transformer bridge interfaced to a PC. Densities were
measured by weighing samples dry and immersed in ethanol using a Mettler balance.

The petrophysical properties are listed in Table 1, while hysteresis plots are given in
the appendix. Plots of saturation magnetisation versus susceptibility, saturation
magnetisation versus density, saturation magnetisation versus coercivity and coercivity
versus susceptibility show systematic trends with high correlation coefficients. The first
two relationships are positive while the laiter two are negative.

Good correlations between saturation magnetisation and coercivity on the one hand,
and coercivity and susceptibility on the other hand, were achieved only after omitting
the Trevorite sample, which possesses an anomalously high coercivity (>200 Oe) and
sample KO-02 which has an anomalously low coercivity for its (low) saturation
magnetisation and susceptibility. These latter quantities are negatively correlated with
coercivity. The correlation coefficient for saturation magnetisation versus susceptibility
is 0.866, for saturation magnetisation versus density it is 0.747, for saturation
magnetisation versus coercivity it is 0.644 and for coercivity versus susceptibility it is
0.742.

3. Susceptibility versus Temperature

Comments on individual k-T curves, which are given in the appendix, are included in
Table 1. Most samples are consistent with standard multi-domain (MD) magnetite,
showing a peak near -150°C indicating the isotropic point, a fairly gentle increase with
increasing temperature and a generally sharp drop just before 580°C, corresponding to
the Curie point of magnetite. Several departures from this are apparent. Curves for
S12, S15 and S16 show relatively steep increases of susceptibility with temperature
reflecting the presence of significant ultra-fine superparamagnetic (SPM) magnetite.
These grains are blocked (contributing dominantly to remanence) at lower ~ *
temperatures and become progressively unblocked (contributing only to susceptibility)
across a broad temperature spectrum. Some curves display 2 distictive hump around
300°C to 400°C (i.e. COMP17), which corresponds to a cation deficient phase
(maghemite) possibly due to oxidisation. The Trevorite sample (QNO1}) is highly doped
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with nickel, which is reflected in its low Curie point. Another sample which displays a
low Curie point is the sample of fly-ash (POZ01) which may be heavily doped with
aluminium. It is well established that doping magnetite with cations of Ti, Ni and Al
usually reduces Curie points.

4. HMS Properties

The three HMS magnetites, Biggenden, Savage River and Tasu, have a mean
coercivity of 46 Oe, a mean (specific) saturation magnetisation of 86 emu/g, and a
mean (mass) susceptibility of 0.025 emu/g. These values compare with ~30 Oe, 92
emu/g and 0.04 emu/g for pure MD magnetite respectively. Observed susceptibilities
are subject to self-demagnetisation which accounts for the somewhat low values
measured herein. The HMS samples have a mean density of 4.43 gem? compared with
pure magnetite of 5.18 gem3. The relationship of saturation magnetisation versus
susceptibility appears to be the best discriminator between pure magnetite and other
compositions.

Confidential report to BHP Australia Coal 3



lg'seyee L1L1g’L8 8¥0°0 Gg'e9 Seoy €000t nsv.l

L1'BY6EC CobTl68 9BYO'0 §ZR Yoy 1000°L JOATHS

29glzZe SY.igvel vELSEQ'D 90'0v L'y B0QO'} - LA

LBEPRTZC Chi88'LL 86ECO LEOY'8E CL'¥ L6661 2=t

1d os! BY yum aAno W QN S 045 S¥ali ZeEkL'FL €500 9¥¥L98E CL'F LG66°) b~ LAAA
aAND W AN PIS 08§ 8L FPPOLL PIGB8°95 8¥0°0 856265 6¥'F £100°L (BoierA]

Anaiodeoo Jaybiy ‘eano JW Qsd + QN PIS 085 £6'¢68.81 1S0CE' L9 SS0°0 LLLLG BBEV LLOOTL GZs
aAInD JW AN PIS 089 LO'GELET £E666'cL 6020°0  98820°'92 S98'V azo0'L [ReTAS;

SN0 W QN PIS 048 LP'E0LLT SERSL'PL LGLOO  9LO'lE  TBYY 866°0 L2028

aAING JW (N PIS 08S $0°9510Z SE9L8'89 PEC0’'0  88¥30'6C L¥O'V L LO6IS

ZLWIS'A  085-09% Z.°¢¥l0L LBB20ZZ ZLZ0 900L601 CPL'E 2¢00’L L39Ls

99 L¥oEl Livbe L2 G020 85Z0L'66 ¥2T'e L0S0 £O5Ls

ZLUNS'A 08S-096 L'9ELZL 8LSELPE V¥BLO yPOrR’8G ¥FCC'T L0000} }O51LS

PP OE0CL LOSPE'ET 812’0 P6LLE'96 690'C g0o0s’o e rARS

(as + WdS) Jwauy A 085-09G 80°9881L S0FI¥ET 6120 80825°96 690'C ¥566°0 LOZ1LS

piey AaA ‘snossyiaNaIN  0€5-005 96°LreCL 610L0°9E 56270 9Z/1°e0¢ S6L°¢E L6670 LOND

1d aidodjost UBiy Yim aama 1 QN 0SS gZ'000.} £99e'6F 209070 98Z5'8F <¥Ce $G600° 1 ZONWD
NdS+ QS shoupunjy (2)  0S5-06¥ 8'808C1 Q0LES'L¥ 9ZL°0 151’911 889FC l 1Z2Cd

sdwoo Jo By  0BO-DYS 92'€0ZSL Z8¥SL'Zy LL8D'0D  8LE9L°LL LITY 9800'} 4N

aAN0 QN PIS 089 8¢z’ 10Ey 26¥08°0L €L¥00  ¥¥.88°0F 905°C 0L00') 20-0M

W Jdsd 6.6 LEPLGTL S0OV6 IS 9EB0'0 2062926 0LV 6L00°¢ 101 0OH

LV WIS'A 04S 190805} SPEo¥ It LBBO'0 B0G569 £59¢C 2666°0 640D

&+ BAINd W QN PIS 04S £9°C/P8l E€OLPL LY ZBED'D  PGBE9'GF ESTY gLo0’lL adNOD

& 4+ QAIND W aW PIS QLS 92'8/91Z 14€99'GL 8SL00 v166%'cC 9S8 /6660 e4NQD
wyw(oueyis) NdS/As + W QN 0.5 ZL o0Vl 169/2'L¢ 60L°0 yzZee0'v¥e ¥69'C £666°0 LLdND
(Jw Qs Joulw +) WU AW 085 so'evi0Z 9v8Lic69 9100 8689C'€C BZLTV ¥666°0 91dD

W gs + diN 08s y'C009l 9128225 GBE0'0D  Z0LIP'0S PEEY i GLdiND

Apaio1a09 ybly ‘wyw gs + IN QN 0LS 80°Z0SS1 9LS.LY'eS 28L0'0  8L0LS'L8 GOV cLoot FlLdiND
SAIND W QN PIS 086 ¥6002 Z0Z¥9'00 85£0°0  BZSISLE €TLY 000 L 0LdWD

1Jos Atea tondnd JW QN PIS 08§ ZS'0668Z GEZBC6L 16000  COZEFOL 990V §200’L Logg
SIUALUIOD "L 9unD /NWe) sng (Bmwa)se Sp/SIP a4 ANsusQ ssepy  odwes

sejEUsou0) aeubel jo soisfydoned | sjdel

Confidential report to BHP Australia Coal



Saturation mag vs Susceptibiiity
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Figure 1. Plot of saturation magnetisation (Gauss) versus susceptibility (x10-6 emu/g)
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Saturation mag vs Coercivity
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Figure 2. Plot of saturation magnetisation (Gauss) versus coercivity (Oersteds)
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Coercivity vs Susceptibility
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Figure 3. Plot of coercivity (Oersteds) versus susceptibility (x10 emu/g)
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Saturation mag vs Density
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Figure 4. Plot of saturation magnetisation (Gauss) versus density (gem-3)
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Appendix - Hysteresis and Susceptibility/Temperature Plots
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