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     It is no great secret that a sample 
of non-interacting single-domain 
(titano)magnetite grains would 
be a coveted possession for any 
rock or paleo-magnetist.  At first 
glance, it seems paradoxical that 
an earth scientist would be so 
possessed by something that is rarely 
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Worm and Jackson, 1999].  The 
grains of titanomagnetite found in 
the Tiva Canyon Tuff are acicular, 
have a narrow grain size distribution, 
and are well separated.  Moreover, 
when the tuff was emplaced its 
cooling rate varied regularly as a 
function of height above its base.  
The quickly-cooled base contains 
extremely fine oxides (<10 nm); 
and as the cooling rate decreases 
with height above the base the 
grain-size of the oxides increases 
such that pseudo-single domain 
(>~1000 nm) grains are found near 
the top of the flow (Figure 2).  “Tiva-
Canyon Tuff (I),” IRM Quart., Vol. 
14 No. 3 describes the magnetic 
properties of the super-paramagnetic 
material found near the base of the 
tuff.  (Super-paramagnetic [SP] 
standards made from the tuff are still 
available.)

Sampling and Preparation of 
Standard Reference Material
 
In 2005 we returned to Yucca 
Mountain to mass sample intervals 

encountered in nature.  While it is 
tempting to attribute this to human 
nature’s tendency to obsess over 
the unobtainable, the motivation 
is, of course, that such a sample is 
invaluable when evaluating new 
theory and methods.  We mass-
sampled specific depth intervals 
of the Tiva Canyon Tuff (Yucca 
Mountain NV) in order to make 
such samples available to the rock 
and paleo-magnetic community.  As 
shown below, we did not perfectly 
succeed in our search for the single-
domain holy grail (Figures 1, 2), but 
we did come close and are certain 
that this new standard reference 
material will be very useful.  
 
Yucca Mountain (near the Nevada 
Test Site and future repository for the 
USA’s spent nuclear fuel) is a north-
south trending ridge that is made up 
of Miocene pyroclastic flows and 
ash falls.  One tuff, in particular, 
has been the subject of numerous 
magnetic studies due to its unique 
population of iron oxide particles 
[Egli and Lowrie, 2002; Pike et al., 
2001; Rosenbaum, 1986; Schlinger 
et al., 1988; Schlinger et al., 1991; 

Figure 1--Modeled grain-size and grain-shape distribution for a near single domain 
sample of Tiva canyon tuff.  The sample (9.0) is located 300 cm above the base of the 
tuff.

Figure 2--Remanence ratio as a function of height above the base of 
the Tiva canyon tuff.  The trend reflects changes in grain size which is 
primarily controlled by cooling rate.
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 Granitoid rocks can provide 
useful paleomagnetic information 
for both local tectonic and global pa-
leogeographic questions. A common 
difficulty with granitoid intrusives, 
however, is the complexity of the 
remanence behavior found between 
sampling localities and sometimes 
within specimens. In particular, 
granitoids often feature a substan-
tial remanence contribution from 
multidomain (MD) magnetite, which 
usually bears a viscous remanence of 
no ancient significance.
 My visit to the IRM was 
aimed at defining the remanence 
carriers in Early Cambrian syenite 
intrusions near Rigaud, Quebec, 
especially to distinguish between the 
remanence carriers in some feld-
spar-porphyry syenite samples (from 
intrusive “unit 1”) which exhibited 
unusually strong and stable, high co-
ercivity and unblocking temperature 
magnetizations, and other syenite 
and true granite samples (from “units 
2-3”) which were dominated by MD 
magnetite. I brought standard 10 
cm3 paleomagnetic core specimens 
from the intrusions and also prepared 
~0.05 cm3 subsamples of some 
specimens, attempting to isolate the 
porphyritic feldspar grains and also 
the feldspar-free matrix from the 
bulk host syenite. 
 Hysteresis parameters 
and backfield measurements from 
the samples and subsamples were 
obtained using the workhorse low-
temperature and high-temperature 
Vibrating Sample Magnetometers 
(VSMs) for the subsamples and the 
room-temperature VSM for bulk 
specimens and chips.  (It was hard to 
keep all three VSMs going simul-
taneously.) The LT-VSM provided 
hysteresis information down to 90 
K, whereas the HT-VSM mainly 
provided saturation  magnetization 
versus temperature (JsT)  curves and 
backfield measurements. JsT curves 
confirm the remanence carrier to 
be (titano)magnetite in all cases. A 
modified Day plot (Dunlop, 2005) 
shows the aberrant effect of a high-
coercivity contributor to MR2202 
samples, but most other samples can 

be interpreted as mixtures of MD and 
pseudo-single domain (PSD) mag-
netite, with little or no contribution 
from other magnetic minerals.
 In between keeping the 
various VSMs going, I also used 
the MPMS and the LakeShore low 
temperature AC Susceptometer. I 
measured nine specimens with the 
MPMS, mainly to obtain SIRM zero 
field cooling (ZFC) behavior from 
300K to 20K and low temperature 
(LT) SIRM behavior upon warm-
ing in zero field from 20K to 300K. 
2.5 T field cooling curves were 
also acquired for three samples for 
comparison with their ZFC behavior. 
Unit 1 samples showed a large drop 
in LTSIRM between 100K and 125K, 
as expected for magnetite’s Verwey 
transition. Unit 2 samples exhibited 
a suppressed Verwey transition with 
some LTSIRM removed between 85K 
and 100K, and also had a large drop 
between 20-40K which may reflect 
low temperature ordering of ilmenite.
 A very interesting feature 
of the MPMS data in several differ-
ent unit 1 samples was the presence 
of a double Verwey transition, one at 
>120 K (most likely stoichiometric 
magnetite) and a lower transition at 
>100K. The best expressed of these 
was in sample MR 2202 (Fig. 1). I 
further divided the MR 2202 syenite 
to work with feldspar-rich and ma-
trix-rich subsamples, in an effort to 
locate the odd Verwey behavior.
 As shown in the figure the 
lower ~100 K Verwey transition 
appears to be associated more so 

with the feldspar-hosted magnetite, 
whereas the higher ~120 K transi-
tion is expressed dominantly in the 
syenite matrix. A similar relation-
ship was found with feldspar-rich 
and –poor subsamples of the unit 1 
site MR02.
 Sites which carry the stable 
unit 1 remanence behavior appear 
to show double Verwey transitions. 
What causes the two Verwey transi-
tions? Is there a causal link between 
their prevalence and the occurrence 
of the stable unit 1 remanence 
behavior? Samples of MR02 and 
MR2202 run on the LakeShore 
show no frequency dependence for 
susceptibility with warming from 
20K to 300K (especially in the 80-
130K range), which would seem to 
rule out a contribution from super-
paramagnetic magnetite in creating 
distinct Verwey behavior. Both sam-
ples do, however, have a two-stage 
gain in susceptibility that matches 
the stepwise LTSIRM loss. Another 
possibility is the co-existence of 
two distinct magnetite phases, one 
perhaps stoichiometric (and MD?) 
Fe2O3, making for a ~120 K warm-
ing transition, and the other less than 
stoichiometric (by Ti content or by 
site vacancies), making for the lower 
warming transition.
 Field cooling (FC) SIRM 
experiments on the MR02 feldspar-
dominated and MR2202 matrix 
subsamples implies that the feld-
spar-rich sample may preferentially 

Fine-scale remanence 
carriers within granit-
oid rocks

fine-scale carriers
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     A universal feature of the oxide 
minerals brought to the IRM for 
this visit was abundant exsolution 
of ilmenite in hematite hosts, and of 
hematite in ilmenite hosts (McEnroe 
and Brown, 2000; McEnroe et al., 
2001, 2002, 2004, 2005; Kasama 
et al., 2004). Optical microscopy 
and SEM images show a range of 
lamellar thicknesses from several 
microns down to the limit of these 
techniques. Observations of exsolu-
tions were made in transmission 
electron microscopy (Fig. 1), and at 
even higher resolution TEM, using 
images produced by electron energy 
loss spectroscopy (see Kasama et al 
2004). These show that the lamel-
lae in all samples continued down 
to a thickness no more than 1-2 nm, 
about that of one six-layer unit cell 
rhombohedral oxide, and that these 
materials contain very abundant 
lamellar interfaces.
     Room-temperature hyster-
esis measurements of the exsolved 
samples have consistently produced 
loops that are symmetrical about 
the origin indicating that exchange 
coupling is not playing a role in 
the magnetism of these materials 

at room temperature.  A major goal 
for the visit to the IRM was to do a 
series of low-temperature hysteresis 
measurements in field-cooled and 
field-free environments to look for 
any evidence of exchange coupling 
in these exsolved phases.  With the 
help of the IRM staff we were able 
to design experiments to look for 
exchange taking place at the inter-
face.  Our experiments were success-
ful.  To complement this work we 
measured a well characterized set of 
ilmenite-hematite synthetic samples 
that do not contain exsolution. Some 
of these samples have similar bulk 
compositions to the natural exsolved 
samples and by studying the dif-
ferent magnetic properties of these 
samples we can understand better the 
effects of exsolution microstructures.  
The measurements on the synthetic 
hematite-ilmenite samples at low 
temperature samples will help to 
define the different phase transitions 
at low temperature commonly found 
in the ilmenite-rich end of the phase 
diagram.  
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Fig. 1. Series of bright-field TEM images showing different length scales of exsolution in a hematite lamella, and in the ilmenite 
host from hemo-ilmenite ore, South Rogaland, Norway (McEnroe et al., 2002). Precipitate-free zones occur in the hematite lamella 
adjacent to the ilmenite host, and in the ilmenite host adjacent to the hematite lamella. Away from these mutual contacts both develop 
mottled texture, which coarsens to discrete lamellae. Scale bar is 100 nm in 3 images.
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Note: Due to space limitations which 
have required the exclusion of an ever 
increasing number of superb papers, 
abstracts will no longer be printed in 
the Quarterly.  Instead we will print a 
bibliography of current research articles.  
The complete abstract text can be found 
at: www.irm.umn.edu/abstracts.    It is 
our hope that readers check the site fre-
quently as it will be continuously updated 
as articles enter into the databases.  We 
expect that the web-page will be a useful 
tool for keeping on top of the magnetic 
literature.  Finally, selected “editor’s 
choice” abstracts will be printed in full.  
Please send comments or questions to 
the editor.

A list of current research articles dealing 
with various topics in the physics and 
chemistry of magnetism is a regular 
feature of the IRM Quarterly. Articles 
published in familiar geology and 
geophysics journals are included; special 
emphasis is given to current articles from 
physics, chemistry, and materials-sci-
ence journals. Most abstracts are taken 
from INSPEC (© Institution of Electrical 
Engineers), Geophysical Abstracts in 
Press (© American Geophysical Union), 
and The Earth and Planetary Express (© 
Elsevier Science Publishers, B.V.), after 

which they are  subjected to Procrustean 
culling for this newsletter. An extensive 
reference list of articles (primarily about 
rock magnetism, the physics and chemis-
try of magnetism, and some paleomagne-
tism) is continually updated at the IRM. 
This list, with more than 5200 references, 
is available free of charge. Your contribu-
tions both to the list and to the Abstracts 
section of the IRM Quarterly are always 
welcome.  

Alteration & Remagnetization

Cioppa, M.T., Fluid flow in the Duperow 
and Winnepegosis Formations, Wil-
liston Basin, Canada: Evidence from 
preliminary magnetic measurements, 
Journal of Geochemical Exploration, 
89 (1-3), 65-68, 2006.

Elliott, W.C., S.G. Osborn, V.J. O’Brien, 
R.D. Elmore, M.H. Engel, and J.M. 
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92-95, 2006.

Elmore, R.D., S. Dulin, M.H. Engel, and 
J. Parnell, Remagnetization and fluid 
flow in the Old Red Sandstone along 
the Great Glen Fault, Scotland, Journal 
of Geochemical Exploration, 89 (1-3), 
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Garner, N., and M.T. Cioppa, Late Pa-
leozoic remagnetization of the Trenton 
Formation in Ordovician petroleum 
reservoirs of southwestern Ontario, 
Journal of Geochemical Exploration, 
89 (1-3), 119-123, 2006.

O’Brien, V.J., R.D. Elmore, M.H. Engel, 
and M.A. Evans, Timing and origin of 
orogenic remagnetizations in Missis-
sippian carbonates, Sawtooth Range, 
Montana, Journal of Geochemical 
Exploration, 89 (1-3), 297-301, 2006.

Pannalal, S.J., D.T.A. Symons, D.F. 
Sangster, and G.A. Stanley, Brigantian 
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in Lower Carboniferous carbonates, 
Northern Ireland: Role of diagenesis 
and fluid flow, Journal of Geochemical 
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magnetization events in the Red River 
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Geochemical Exploration, 89 (1-3), 
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Anisotropy

Borradaile, G.J., and D. Gauthier, 
Magnetic studies of magma-supply 
and sea-floor metamorphism: Troo-
dos ophiolite dikes, Tectonophysics, 
418 (1-2), 75-92, 2006.

     Dikes of the eastern Troodos ophiolite 
of Cyprus intruded at slow ocean-spread-
ing axes with dips ranging up to 15 degrees 
from vertical and with bimodal strikes (now 
NE-SW and N-S due to post-88 Ma sinistral 
microplate rotation). Varied dike orienta-
tions may represent local stress fields during 
dike-crack propagation but do not influence 

the spatial-distributions or orientation-dis-
tributions of dikes’ magnetic fabrics, nor of 
their palaeomagnetic signals. Anisotropy of 
magnetic susceptibility (AMS) integrates 
mineral orientation-distributions from 
each of 1289 specimens sampled from 
dikes at 356 sites over similar to 400 km(2) 
in the eastern Troodos ophiolite of Cyprus. 
In 90% of dikes, AMS fabrics define a 
foliation (k(MAX)-k(INT)) parallel to dike 
walls and a lineation (k(MAX)) that varies 
regionally and systematically. Magma-flow 
alignment of accessory magnetite controls 
the AMS with a subordinate contribution 
from the mafic silicate matrix that is re-
duced in anisotropy by sea-floor metamor-
phism. Titanomagnetite has less influence 
on anisotropy. Occasionally, intermediate 
and minimum susceptibility axes are 
switched so as to be incompatible with the 
kinematically reasonable flow plane but 
maximum susceptibility (k(MAX)) still de-
fines the magmatic flow axis. Such blended 
subfabrics of kinematically compatible 
mafic-silicate and misaligned multidomain 
magnetite subfabrics; are rare. Areas of 
steep magma flow (k(MAX) plunge >= 70 
degrees) and of shallow magma-flow alter-
nate in a systematic and gradual spatial 
pattern. Foci of steep flow were spaced 
similar to 4 km parallel to the spreading 
axes and similar to 6 km perpendicular to 
the spreading axes. Ridge-parallel separa-
tion of steep flow suggest the spacing of 
magma-feeders to the dikes whereas ridge-
perpendicular spacing of 6 km at a spread-
ing rate of 50 mm/a implies the magma 
sources may have been active for similar 
to 240 Ka. The magma feeders feeding 
dikes may have been <= 2 km in diameter. 
Stable paleomagnetic vectors, in some 
cases verified by reversal tests, are retained 
by magnetite and titanomagnetite. In all 
specimens, the stable components were 
isolated by three cycles of low-temperature 
demagnetization (LTD) followed by 10 
steps of incremental thermal demagnetiza-
tion (TD). 47% of primary A-components 
[338.2/+57.2 n=207, alpha(95)=3.9; mean 
T-UB=397 +/- 8 degrees C] are overprinted 
by a B-component [341.4/+63.5, n=96, 
alpha(95)=8.7; mean T-UB=182 +/- 11 
degrees C]. A- and B-components are 
ubiquitous and shared equally by the N-S 
and NE-SW striking dikes. A-component 
unblocking temperatures (TUB) are zoned 
subparallel to the fossil spreading axis. 
Their spatial pattern is consistent with 
chemical remagnetization at some certain 
off-axis distance determined by sea-floor 
spreading. A-components indicate less 
microplate rotation and more northerly 
palaeolatitudes that are consistent with 
metamorphic remagnetization after some 
spreading from the ridge-axis. Thus, their 
magnetizations are younger than those of 
the overlying volcanic sequence for which 
ChRMs are commonly reported as similar 
to 274/+33 (88 Ma). (c) 2006 Elsevier B.V. 
All rights reserved.
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Possible paleomagnetic implications, 
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2006.
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J.L. Bouchez, Effects of magnetic 
interactions in anisotropy of magnetic 
susceptibility: Models, experiments 
and implications for igneous rock 

Cacti on Yucca Mountain. 
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fabrics quantification, Tectonophysics, 
418 (1-2), 3-19, 2006.
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contraction fabric in tabular intrusions 
inferred from AMS analysis. A case 
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Iberian Chain, Spain), Journal of 
Structural Geology, 28 (4), 641-653, 
2006.
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418 (1-2), 131-144, 2006.
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Biogeomagnetism

Binhi, V.N., D.S. Chernavskii, and A.B. 
Rubin, The temperature factor and 
magnetic noise under the conditions 
of stochastic resonance of magneto-
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2006.
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nedy, Z.K. Yang, W.M. Gao, A.C. 
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Moon, T.J. Phelps, J.K. Fredrickson, 
and J.Z. Zhou, Metal reduction and 
iron biomineralization by a psychro-
tolerant Fe(III)-reducing bacterium, 
Shewanella sp strain PV-4, Applied 
and Environmental Microbiology, 72 
(5), 3236-3244, 2006.

Data Processing and Analysis

Hrouda, F., M. Chlupacova, and J. Po-
korny, Low-field variation of magnetic 
susceptibility measured by the KLY-4S 
Kappabridge and KLF-4A Magnetic 
Susceptibility Meter: Accuracy and 
interpretational programme, Studia 
Geophysica Et Geodaetica, 50 (2), 
283-U1, 2006.

Environmental Magnetism and 
Paleoclimate Proxies

Avramov, V.I., D. Jordanova, V. Hoff-

mann, and W. Roesler, The role of dust 
source area and pedogenesis in three 
loess-palaeosol sections from North 
Bulgaria: A mineral magnetic study, 
Studia Geophysica Et Geodaetica, 50 
(2), 259-282, 2006.

Boe, A.G., S.O. Dahl, O. Lie, and A. 
Nesje, Holocene river floods in the 
upper Glomma catchment, southern 
Norway: a high-resolution multiproxy 
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Holocene, 16 (3), 445-455, 2006.

Figueiredo, M.D., J.D. Fabris, A. Vara-
jao, P.R.D. Couceiro, I.S. Loutfi, I.D. 
Azevedo, and V.K. Garg, Iron oxides 
of soils formed on gneiss of the Bacao 
Complex geodomain, Quadrilatero 
Ferrifero, Minas Gerais, Brazil, Pes-
quisa Agropecuaria Brasileira, 41 (2), 
313-321, 2006.
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ternary Science Reviews, 25 (7-8), 
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cance, Chinese Science Bulletin, 51 
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Extraterrestrial Magnetism

Barber, D.J., and E.R.D. Scott, Shock 
and thermal history of Martian mete-
orite Allan Hills 84001 from transmis-
sion electron microscopy, Meteoritics 
& Planetary Science, 41 (4), 643-662, 
2006.

Benison, K.C., A Martian analog in 
Kansas: Comparing Martian strata 
with Permian acid saline lake deposits, 
Geology, 34 (5), 385-388, 2006.

Chevrier, V., P.E. Mathe, P. Rochette, 
and H.P. Gunnaugsson, Magnetic 
study of an Antarctic weathering 
profile on basalt: Implications for 
recent weathering on Mars, Earth 
and Planetary Science Letters, 244 
(3-4), 501-514, 2006.

     In order to better interpret the Martian 
surface weathering-related mineralogy, 
we focused on a relevant analogue of the 
Martian subsurface in terms of lithology 
and paleoclimate: the Jurassic-aged Ferrar 
dolerite (Priestley Glacier, Transantarc-
tic Mountains), weathered in cold and 
dry climate. Together with chemical and 
mineralogical studies, rock magnetic 
properties were investigated and completed 
with Mossbauer measurements. Weather-
ing of the decimetric block is evidenced by 
chemical profiles showing ail increase in Fe 
content (from 10.5 in the core to 13wt.% 
in the surface) and a decrease in Si (from 
57 to 53 wt.%, respectively). According to 
mineralogical, thermomagnetic and hyster-
esis properties, the main opaque mineral is 
inherited titanomaghemite, with a concen-
tration about 1%. Enhancement in low field 
magnetic susceptibility (from 4.10(-6) to 10-
10(-6)m(3)/kg, respectively) and saturation 

magnetization (from 0.44 to 0.96Am(2)/kg, 
respectively) indicates the neoformation 
of metastable maghemite. Neoformed red 
ferric (oxy)hydroxides are abundant in the 
surface. High field susceptibility normal-
ized to iron concentration and Mossbauer 
spectra indicate a replacement of Fe2+ 
from primary silicates (pyroxene) by poorly 
crystalline anti ferromagnetic Fe3+ (oxy) 
hydroxides. Thus, highly magnetic tit-
anomaghemite and maghemite coexist with 
nanosized ferric (oxy)hydroxides and pri-
mary silicates, in accordance with Martian 
in situ observations. Therefore, this study 
supports the formation of the Martian 
regolith as resulting from a slow weathering 
process in near present day conditions. (c) 
2006 Elsevier B.V. All rights reserved.

Gattacceca, J., M. Boustie, B.P. Weiss, 
P. Rochette, E.A. Lima, L.E. Fong, 
and F.J. Baudenbacher, Investigat-
ing impact demagnetization through 
laser impacts and SQUID micros-
copy, Geology, 34 (5), 333-336, 2006.

     Understanding demagnetization by 
hypervelocity impacts is crucial for the 
interpretation of planetary magnetic 
anomalies and remanent magnetization 
in meteorites. We describe an innovative 
approach for investigating the effects of 
impacts on the remanent magnetization 
of geologic materials. It consists of the 
combination of pulsed laser impacts and 
Superconducting Quantum Interference 
Device (SQUID) microscopy. Laser impacts 
are nondestructive, create shocks with peak 
pressures as high as several hundred GPa, 
and allow well-calibrated modeling of shock 
wave propagation within the impacted 
samples. High-resolution SQUID micros-
copy quantitatively maps the magnetic 
field of room-temperature samples with an 
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comprised entirely of ideal single 
domain grains.  Three possibilities 
are likely: 1) the samples are an 
admixture of stable single domain 
(SSD) and SP grains; 2) the samples 
are an admixture of single domain 
and pseudo-single domain (PSD) 
grains; or 3) the samples are an 
admixture of all three domain states.  
 
We measured hysteresis loops 
for five specimens from each 
homogenized mixture.  Levels 7.2 
and 9.0 cluster tightly, but level 
7.1 shows significant variation.  
The data indicate the degree of 
homogenization.  The overall 
variation defines a mixing curve 
with three possible end-members: 
SP, SSD, and PSD.  We defined 
two mixing curves between 1) SSD 
and SP grains and 2) SSD and PSD 
grains according to the theory of 
Dunlop, [2002].  For the SSD end 
member we used the most SSD-
like hysteresis loop from level 9.0; 
for the PSD end member we used 
a PSD sample from higher in the 
tuff; and for the SP end member 
we chose a SP sample from lower 
in the tuff.  Critically, something 
other than grain-size must change 
above level 7.1, because the PSD 
sample is actually harder than the 
more SSD-like samples below.  We 

Figure 4--Room-temperature slope-cor-
rected hysteresis loops.

of the Tiva Canyon Tuff that contain 
oxides as close as possible to ideal 
Stoner-Wohlfarth type grains.  
An initial profile was sampled 
and shipped back to the IRM for 
characterization.  Based on magnetic 
measurements (susceptibility, 
hysteresis loops, and anhysteretic 
remanent magnetization) three depth 
intervals were chosen for sampling: 
9.0, 7.2, 7.1.  Level 9.0 is closest 
to the base and level 7.1 is ~40 cm 
above 9.0.  We drilled ~20 samples 
at each level.  
 
As with the SP standards, we 
homogenized the material by 
crushing and mixing the cores at each level.  Samples were first 

crushed using a Braun “Chipmunk 
Crusher,” then a rotary disc mill, 
before a final treatment using a ball 
mill.  Magnetic properties were not 
seriously affected by the processing.

Magnetic Characterization
 
We characterized the magnetic 
properties of all three powders 
in order to constrain the exact 
mineralogy and magnetic grain size 
of the iron oxides.  High temperature 
susceptibility (c) measurements 
indicate the presence of a single 
ordered phase, near magnetite in 
composition (Figure 3).  Curie 
temperatures were coarsely estimated 
in two ways: peaks in the temperature 
derivative of susceptibility; and the 
zero crossing of the quasi-linear 
high-temperature� portion of 1/c(T) 
curves.  These data indicate ordering 
temperatures of ~550 oC indicating 
a composition of x~10�, and are 
consistent with previous studies.  The 
susceptibility measurements are not 
completely reversible on cooling, but 
both warming and cooling curves 
yield the same ordering temperature.  
We also observe a systematic 
variation of the Hopkinson peak 
as a function of height (Figure 3), 
suggesting a subtle increase in grain 
size with increasing height from the 
base over the short interval between 
7.1 and 9.0.  
 
The hysteresis loops are less 
sensitive to this slight variation, as 
normalized loops nearly overlap 
(Figure 4).  Plotting the samples on 
a Day plot does, however, indicate 
a variation in grain size between 
levels that is consistent with the 
susceptibility measurements (Figure 
5).  Most importantly, the results 
demonstrate that the material is not 

�540 oC < T < 700 oC
�x is defined by: Fe3-xTixO4 .

Figure 3--Susceptibility as a function of temperature.

tuff
from p. 1...



Figure 5--Day plot with modeled mixing 

Figure 7--Mr/Ms versus temperature for 9.0.
Figure 6--Susceptibility as a function of temperature and frequency 
for 7.2.

can only speculate that this change 
is related to mineralogy or variable 
magnetostriction.  This change 
creates two mixing curves that are 
strongly overlapping (Figure 5), 
instead of two curves that would 
normally differentiate SSD-SP and 
SSD-PSD mixtures. 
 
In order to address this ambiguity, 
we conducted magnetic experiments 
at low temperature.  Susceptibility 
(measured as a function of frequency 
and temperature [10 K< T< 300 
K]) decreases on cooling (Figure 
6).  The frequency dependence 
also decreases on cooling, reaching 
nearly zero at 10 K (Figure 6).  All 
three mixtures show nearly identical 
behavior.  These data are consistent 
with the presence of SP grains that 
are thermally blocked at 10 K and 
that progressively unblock at higher 
temperatures.  
 
If the only contaminant in our SSD 
standard material was SP grains, 
then a hysteresis loop measured at 10 
K—where no frequency dependence 
of susceptibility is observed—would 
have a remanence ratio of 0.5.  
Since level 9.0 is the closest to the 
base, it is the interval most likely 
to show such behavior.  Figure 7 
shows the remanence ratio as a 
function of temperature for 9.0.  The 
ratio increases from 0.345 to 0.38: 
the 10 K value demonstrates that 
the sample must be contaminated 
with PSD material as well as SP 
material.  We can make a crude 
estimate of the PSD contamination 
using the remanence ratio at 10K and 
assuming that the PSD end-member 
has a ratio of 0.2.  The result is a 
PSD mass fraction of 0.4.  Similarly, 
the mass fractions of the SSD and 
SP end members are 0.53 and 0.07, 
respectively.  (Here we have assumed 
a remanence ratio of 0 at room 
temperature for the SP material.)  
The weakness of this analysis is that 

the PSD contaminant is not likely to 
be a single grain-size but a spectrum 
with a range of remanence ratios.  
       Low temperature remanent 
magnetization measurements also 
help to constrain the magnetic 
components in the tuffs.  Figure 8 
shows: zero field cooled (ZFC), and 
field cooled (FC) low-temperature 
remanent magnetizations 
measured on warming; as well 
as room temperature remanent 
magnetization measured on cooling 
then warming.  All three samples 
showed similar curves.  No low-
temperature transitions, e.g. the 
Verwey transition, are observed.  
The low-temperature remanences 
decrease more on warming to 
300 K than the remanence ratios.  
Most of this discrepancy can be 
explained by a reversible increase 
in spontaneous magnetization on 
cooling, as indicated by the room 
temperature remanence cycling.  
The separation between FC and 
ZFC moments, which decreases 
to zero at 300 K, is similar to that 
observed in fine-grained slightly-
oxidized magnetite.  The behavior 
is probably due to SP material that 
can be more effectively magnetized 
near its blocking temperature where 
the thermal fluctuation field helps 
to overcome some sort of intense 
magnetic anisotropy that is induced 
by maghemitization [Smirnov and 
Tarduno, 2000].
 
Finally, we used thermal fluctuation 
tomography to further constrain 
the grain-size and grain-shape 
distribution of the material.  Since 
the material is dominated by 
grains that are blocked at room-
temperature, DC demagnetization 
curves at low-temperature are not 
well suited for tomographic analysis.  
Figure 9 shows the field derivative 
of DC demagnetization curves for 
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Figure 8--ZFC and FC remanence on warm-
ing and room temperature remanence cycled 
to low-temperature.

9.0 measured for 300 K < T < 840 K.  
As expected, the coercivity spectra 
peaks shift to progressively lower 
fields with increasing temperature 
behaving, to the first order, as ideal 
single domain grains.  Figure 1 
shows the modeled grain-size and 
microcoercivity distribution using 
thermal-fluctuation tomography 
[see “Tiva-Canyon Tuff (I),” IRM 
Quart., Vol. 14 No. 3].  The unimodal 
population is characterized by a 
grain volume of 5.75 x 10-23 m3, a 
moHk of 0.19 T, a length to width 
ratio of ~0.3, and a length of 87 
nm.  The grain volume of the mode 
lies exactly on the power-law trend 
as a function of height defined in 
earlier studies [see “Tiva-Canyon 
Tuff (I),” IRM Quart., Vol. 14 No. 3].  
Figure 10 plots the modeled volume 
distribution obtained by horizontal 
integration of the distribution in 
Figure 1.    
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