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Abstract

Sahara 99555 (SAH 99555) is the oldest dated angrite sample, a rare type of meteorite, and is
only ~2 Myr younger than the age of the solar system (1, 2). SAH 99555 shows no post-cooling
brecciation or weathering from the parent body, and does not display signs of significant
terrestrial weathering. Therefore, paleomagnetic experiments were conducted for the first
time on SAH 99555 to discover if it contains a primary paleomagnetism and then to determine a
paleointensity estimate and its ferromagnetic mineralogy. Our studies show that the primary
ferromagnetic mineral in SAH 99555 is magnetite and there are also some accessory
ferromagnetic minerals including titanomagnetite and hematite. The natural remanent
magnetization (NRM) of SAH 99555 appears to have a low-coercivity component probably from
a collector’s hand magnet or the Earth’s field as well as a high-coercivity component, similar to
D’Orbigny, another angrite. The paleointensity measurements of the high-coercivity
component of SAH 99555,5 agree with the paleointensity estimates made for other angrites
(D’Orbigny and A-881371) by Weiss et al. (2008) (4). Therefore, it appears that SAH 99555 does
record a primary paleofield from when it was on the angrite parent body, which would be the
oildest known paleomagnetic record yet identified in a planetary rock. Further studies are
suggested to verify these conclusions, which make SAH 99555 one more key data point in the

understanding of the early solar system.
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Introduction

Angrites are a rare type of achrondritic meteorite with only 17 known samples on the
earth. From an as yet unknown parent body, angrites are some of the oldest known rocks in
the solar system, with Pb/Pb ages of 4565-4558 Ma (1, 2). The oldest angrites are only ~2 Myr
younger than the minimum age of the solar system at 4.5672 Gyr, which is found by dating
calcium-aluminum rich inclusions (CAls) (3). Unlike many other achondrites, angrites are not
shocked from meteoroid impacts on the parent body and show no signs of post-cooling
brecciation or weathering from the parent body (which can change both the chemistry of the
meteorite and modify or potentially reset the magnetization) (4). They therefore contain some
of the best preserved records of the early solar system.

Angrites are interpreted to be mafic igneous rocks from a differentiated planetesimal.
The group is identified by their unigue oxygen-isotope composition and unusual mineral
assemblages (5). Mainly basaltic [with the exception being the cumulate or partially crystallized
Angra dos Reis(6)], they fall into two major groupings: the quickly cooled “quenched” angrites
{(which include SAH 99555, D’Orbigny and A-881371) and the “slowly cooled” angrites (which
include Angra dos Reis) (7).

All of the studied angrites contain ferromagnetic minerals and therefore could have
potentially recorded paleomagnetic fields from the angrite parent body. Specifically, angrites
often contain several primary ferromagnetic minerals: low-Ti magnetite (8), titanomagnetite
(typically with a composition of 71-77% ulvéspinel i.e. TiO, of 25-27%) (9) and rarer kamacite
and pyrrhotite (9, 10). Although magnetic fields can be generated by large impacts, the lack of

brecciation and shock on the angrites suggests they are unlikely to have been magnetized by



such processes. Therefore, any paleomagnetic record on the angrites could be from either of
the two field-generating mechanisms postulated to have been active during the early solar
system: an external stellar and circumstellar disk field and an internal core dynamo on the
angrite parent body (APB). Of the twelve known angrites, NWA 2999 and NWA 4801 had their
primary magnetization overprinted by collector’s hand magnets. NWA 4931 was heavily
weathered on Earth and therefore probably does not record a primitive magnetic field. Three
of the remaining angrites (Angra dos Reis, D’Orbigny, and A-881371) have undergone
paleomagnetic experiments which suggested internal field generation through a core dynamo

on the APB (4).

Basic Paleomagnetism Theory

Many rocks contain ferromagnetic minerals which can be magnetized. Single domain
(SD) grains (which are very small, often with d < 0.1 um) will magnetize in one direction and
therefore are good carriers of remanent magnetization. Multi-domain (MD) grains (d > 1 um)
can have several different moments depending on the domain. In addition, these fields decay
faster with time (due the presence of domain walls), so they are less effective as recorders of
paleofields. Pseudo single domain (PSD) grains fall between the two other types. They remain
relatively stable in time and have relatively high coercivity. Coercivity is the intensity of the
magnetic field needed to entirely demagnetize a sample after it has been saturated. (Large
coercivities mean the material is less easily remagnetized.) Therefore, pseudo single domain

grains are also important in paleomagnetic studies.



Hysteresis loops explain the general process of magnetization of a rock (Fig. 1).
Originally the magnetization directions of the ferromagnetic minerals are pointing in many
different directions, each along the elongated/”easy” axis of the SD grain. As an external
magnetic field is applied to the rock, the magnetic moments of the grains will align with this
external field. Once the field is removed the moments snap back to the nearest long axis,
resulting in a remanent magnetization being preserved within the rock. Multiple domain grains
follow the same basic concept, although their overall magnetization is different due to domain
walls within the grain.

Natural remanent magnetization (NRM) is any remanent magnetization in a rock before
laboratory analysis. This include primary NRM, which is the component of the NRM vector
acquired during rock formation, as well as secondary NRM which is any magnetization acquired
after rock formation. Of the three types of primary NRM, we are most concerned with
thermoremanent magnetization (TRM) in this experiment as it is the form acquired by igneous
rocks (Fig. 2). TRM occurs when a rock cools from above its Curie temperature-in the presence
of an external magnetic field. In the example of a basalt, non-magnetic crystals will start to
form when the lava is very hot and far above the Curie temperature. Below the Curie
temperature, certain minerals will acquire moments (become ferromagnetic), but these
moments will continually flip directions depending on the applied external field. Once the lava
cools below the blocking temperature, the moments become fixed and stable, resulting in a
TRM (11).

The NRM of a rock can be measured by slowly demagnetizing a sample and measuring

how the moment decreases as it demagnetizes. There are two main laboratory methods for



demagnetization: alternating field (AF) demagnetization and thermal demagnetization. For
thermal demagnetization, the sample is heated up to a temperature below the Curie point and
then cooled in a zero field. Any ferromagnetic grains with a blocking temperature below this
value will be demagnetized. For AF demagnetization, a decaying alternating magnetic field is
applied to the sample which effectively erases any magnetization with a coercivity less than the
peak intensity of the applied field. In this manner, the NRM of the sample can be measured
and can be used to determine the intensity of the applied field which produced the

magnetization recorded in the rock.

Sahara 99555

Sahara 99555 (SAH 99555) was found in 1999 in the Sahara desert. With a total weight
of 2.71 kg, it is the second largest recovered angrite to date. It has a Pb-Pb age of between
4564.58 to 4564.86 Ma (12, 2) which is slightly older than the Pb-Pb age of D’Orbigny of
4564.42 Ma (1) (making SAH 99555 the oldest dated angrite and in fact the oldest known
unshocked igneous rock!) The *>Mn->3Cr relative ages of these two samples are very close as
well, although when converted to absolute ages they are slightly younger than those found by
Pb-Pb dating (7). The cosmic ray exposure age of SAH 99555 is around 6 Ma, which is within
the uncertainty of the exposure age of A-881371, so they could potentially be from the same
ejection event (13, 14).

SAH 99555 is a fine-grained igneous rock with basaltic texture. It is mainly composed of
olivine (including kirschsteinite), fassaitic cliﬁopyroxene, and anorthite with minor phases

including titanomagnetite, troilite, an unknown silicophosphate phase, and traces of a FeNi-



metal. Compositionally, SAH 99555 and D’Orbigny are almost identical, the only set angrites
found so far to share the same geochemistry (5). SAH 99555 has a complex intergrowth texture
of plagioclase laths (almost pure anorthite) and olivine (14, 15). The titanomagnetite is 0.7 vol.
percent of the total rock as found by point-counting technique (14). The titanomagnetite in
SAH 99555 was found to have a composition of 25-27 wt% TiO; and 1.5 wt% Al,0; (15).
Therefore the chemical formula is Fe,; Tigy Os and the predicted Curie point of the
titanomagnetite is 130°C (16). Enrichments of light rare earth elements in SAH 99555 indicate
that there is evidence of slight terrestrial alteration of SAH 99555 (17). However, this chemical
alteration was not visible by thin section (see also our data below) (18).

No paleomagnetic studies have been published yet on SAH 99555. However since it is a
desert meteorite, it is quite possible that it has been remagnetized by a collector’s hand
magnet. The purpose of this study is to perform the first ever magnetic experiments on SAH
99555 to discover if it contains a primary paleomagnetism, and then perform paleointensity
experiments (to determine the strength of that field) and determine its ferromagnetic
mineralogy. This will provide another key data point for understanding the early solar system

and the APB, and pave the way for future studies to do more intensive experimentation.

Electron Microscopy Study

Although previous petrological studies have been done on SAH 99555 (14, 13), these
studies have not focused on the ferromagnetic minerals which are less than 1% volume of the
sample. In fact, both Floss et al. (2003) (15) and Mikouchi et al. (2000) (14) used backscatter

electron microscopy imaging and published back-scatter electron (BSE) photographs. Neither



of these BSE studies imaged the ferromagnetic mineral (identified as titanomagnetite in these
papers). Therefore, we conducted an electron microscopy study to: (a) determine the precise
composition and identity of the ferromagnetic minerals, and (b) determine whether these
minerals are preterrestrial or the product of weathering on Earth.

After AF demagnetization and rock magnetic studies were conducted on a small sample
cut from SAH 99555 labeled SAH 99555,5, this piece was broken into 4 pieces using
nonmagnetic tools (Fig. 3). Sample ,5b, a 55 mg piece, was then mounted by cyanoacrylate
cement onto a quartz disk. It was polished using aluminum oxide polishing paper and then
silicon oxide paper. After being cleaned with ethanol, the entire quartz disk and sample were
carbon coated using a Denton vacuum carbon coater. Backscatter electron microscopy imaging
combined with quantitative wavelength dispersive spectroscopy analysis were used to
determine the basic mineralogy of the sample.

QOur results indicate that SAH 99555 contains kirschsteinite, anorthite, and fassaitic
clinopyroxene (Fig. 4), a finding consistent with previous studies (14, 15). Small percentages of
troilite were found, often associated with ferromagnetic minerals containing Ti and Fe. In
addition, a Ca-phosphate phase and a very small amount of metal (part per million scale), which
was identified as palladium, were found. A complex intergrowth pattern exists between
anorthite and the olivine (Fig. 5). The olivine was visibly zoned, indicative of rapid cooling.
Between two crystals of troilite and fassaitic clinopyroxene, a reaction front was seen along the
grain boundary in the form of a small grain of clinopyroxene with an increased % of iron. The

ferromagnetic minerals were always found near troilite crystals; however, there did not appear



to be much alteration of the Fe-Ti oxide (ferromagnetic crystals). These oxides appeared
relatively unweathered.

Quantitative wavelength dispersive spectroscopy was conducted on 5 different crystals
of the large iron-titanium oxide mineral scattered across the sample, and all had very similar
chemical compositions (Table 1). Although SAH 99555,5b was tested for Fe, Ti, and Al cations,
no distinction was made between ferrous and ferric iron. However, chemical balancing using
the atomic masses (Table 2) gave the following oxide weight percents which were only slightly
different than those previously published (14): 54-61 wt% FeO, 10-18 wt% Fe,03, 21-26 wt%
TiO,, and 2.5-4 wt% Al,0s. By looking at the atomic proportions, it appears to plot between the
ilmenite-hematite series and ulvospinel-magnetite series on the FeO-Fe,0s-TiO; system (Fig. 6).
However, it is much closer to the titanomagnetite series and has an approximate formula of
Fe;26Ti 7404 (assuming the aluminum is an impurity substituting for ferric iron.)

Since the composition plots halfway between titanomagnetite and titanohematite, this
could be a sign of terrestrial alteration. Titanohematite and titanomaghemite are normally
terrestrial weathering minerals. In fact, titanomaghemite forms from the oxidation of
titanomagnetite (19). However, as mentioned before, this ferromagnetic mineral appeared
relatively unweathered and the signs of titanomaghemite including more fractures and mottled
colors (20) were not present. Therefore, although some terrestrial alteration and weathering
may have occurred, it does not appear to have been to a great extent.

In addition to the relatively large unweathered grains of titanomagnetite, there were
small percentages of other Fe-Ti oxides in the sample. In small rims around the froilite (Fig. 7),

there were some cases of Fe-Ti-Al oxides which also lie between the ilmenite-hematite series
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and the ulvéspinel-magnetite series (Fig. 8). It appears that one of the grains studied is more
similar to titanomagnetite while the other is closer to hematite. These grains have formulas
ranging from Fe ;65Tin 3404 t0 Fe .49Tip 3404 (‘assuming the aluminum is an impurity substituting
for ferric iron.) (Table 2) These low-Ti oxides are much less frequent than the high-Ti
titanomagnetite described above. However, due to their appearance around the grain
boundaries, it is possible these oxides are displaying the result of terrestrial alteration.

Three iron-oxide grains were found with little to no Ti or Al (Table 1, Fig. 9). These
contain a range of wt% FeO v. Fe,0; (i.e. ferric v. ferrous oxide). When plotted on the ternary
diagram (Fig. 8), one can see that A is magnetite (38 wt% Fe0), B is hematite (21 wt% Fe0), and
C is almost exactly between magnetite and hematite (24 wt% FeQ). The most important note is
that the hematite grain found is right next to the magnetite (Fig. 9).

Magnetite is the primary ferromagnetic mineral in D’Orbigny (as well as A-881371) (4)
which SAH 99555 is very similar to compositionally. This suggests that magnetite could be the
primary ferromagnetic mineral in SAH 99555. However, the fact that the hematite is found
right next to the magnetite suggests terrestrial alteration may have occurred and altered the
primary ferromagnetic mineral. This would greatly affect the paleomagnetic studies on the
sample. Therefore, other techniques must be used to determine more precisely to what extent
alteration affected the magnetite (as well as the other ferromagnetic minerals) and to

determine which of the ferromagnetic minerals is primary.
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VSM Experiment

In order to gather more data on the crystal size as well as the ferromagnetic mineralogy,
measurements were done on a subsample SAH 99555,5c using a Digital Measurement Systems
vibrating sample magnetometer (VSM) in C. Ross’s laboratory at MIT. SAH 99555,5¢ (weighing
19 mg) was mounted on a quartz rod using silver glue for loading into the VSM.

Hysteresis loops at room temperature were measured to help determine limits on the
saturation magnetization field and domain size (SD v. PSD v. MD). Fields from -10,000 G to
10,000 G were applied to the sample in steps of 500 G and 50 G (from -500 G to 500 G). Then
the steps were reversed from 10,000 G to -10,000 G. The high-field slope of each hysteresis
loop was used as an estimate of the paramagnetic susceptibility (i.e., contribution of
paramagnetic minerals to the hysteresis loop.) This high-field slope was then subtracted from
the data to form hysteresis loops (Fig. 10). From the hysteresis loop for SAH 99555,5¢, we were
able to determine other parameters such as the saturation moment, saturation remanent
moment, and the coercivity (Table 3). These values (and the hysteresis loops themselves) are
very similar to those of D’Orbigny and A-881371 (4), falling within the range of values from
D’Orbigny samples and often the very close to the A-881371 sample. Following the method by
Dunlop (21), the ratios of saturation remanent magnetization to saturation magnetization
(Ms/M;) and the coercivity of remanence to coercivity (H./Hc.) were calculated to find a
boundary on the domain size. These ratios plot along the single domain-multiple domain
mixing line, which simulates pseudo-single domain crystals, on a Day plot (M.s/M; v. Hc./H.) for
magnetite (believed to be the ferromagnetic mineral.) D’Orbigny and A-881371 plot in a similar

location and are interpreted to have PSD grains while Angra dos Reis has a superparamagnetic
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grain component in one of the samples (4). In summary, the rock magnetic properties of SAH
99555 are consistent with magnetite, and not hematite, being the dominant ferromagnetic
mineral. They are in fact indistinguishable from the petrologically similar angrite D’Orbigny
which itself is essentially unweathered. Therefore, the rock magnetic data strongly suggest that
the paleomagnetic record of SAH 99555 is unlikely to be primarily the product of terrestrial

weathering.

Paleomagnetic Experiments

The sample of SAH 99555 obtained by the MIT Paleomagnetism Laboratory was located
on the outside of the meteorite as noted by the fusion crust on one of the uncut surfaces. (The
sample contained two perpendicular cut surfaces) A 132 mg piece named SAH 99555,5 was cut
using a non-magnetic precision wafering saw from this larger piece measuring about 6 mm by 4
mm by 1 mm (Fig. 11). This subsample came from the innermost part of the sample, furthest
from the surface containing the fusion crust (about 1 cm away from this outer surface). Careful
photographic records allowed this piece to be mutually oriented with the rest of the sample to
within 5 degrees. Also the natural remnant magnetization (NRM) of all the samples were
measured before and after any cut and a vector sum of the moments was calculated. This
vector sum of the subsamples was compared with the parent sample to verify that the sawing
process did not magnetize the samples. SAH 99555,5 was mounted with cyanoacrylate cement
onto a quartz disk for the paleomagnetic experiments. Nearly all handling of the sample was
done inside a class 10,000 clean laboratory within a larger magnetically shielded room (DC field

<150 nT).
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All of the paleomagnetic measurements were done in the MIT Paleomagnetism
Laboratory with a 2G Enterprises Superconducting Rock Magnetometer 755 within the
magnetically shielded room. With the use of an automatic sample handler, the magnetometer
ran a high-resolution automated protocol of alternating field (AF) demagnetization steps and
rock magnetization experiments. All of these experiments were non-destructive (as opposed to
thermal demagnetization experiments), and therefore the same sample could be used for

multiple experiments.

AF Demagnetization

Methods

Using the magnetometer, fields were applied in three axes at small increasing
increments until the sample was totally demagnetized of any previous NRM. At this point any
moments left were artificial and due to anhysteric remnant magnetization (ARM) induced by
the system or gyromagnetic remnant magnetization (GRM) [see Weiss et al. 2008 (4) for
details.] Specifically fields were applied increasingly in steps of 5 G starting at 15 G until 200 G;
then they were applied with increasing intervals of 10 G until 850 G. Beyond this level, the
magnetometer is only able to do uniaxial measurements so the field was applied only in one
direction for z-axis demagnetization in steps of 40 G until 2900 G. While executing the AF
demagnetization procedure, the magnetometer also tested the sample for GRM by performing
uniaxial AF demagnetization in each of the three orthogonal axes. These measurements were
then combined to form a vector which was compared to the NRM vector at the same AF

demagnetization level to see if any artificial GRM was present in the meteorite. The GRM

14



measurements were taken at every 100 G as well as at 15 G (the starting point) and 850 G
(when GRM measurements stopped.) After the data was collected from the demagnetization
process, sets of the steps were averaged to reduce noise from ARM in the results. Using
MATLAB, block averaging was done for group of 5 and 10 AF steps while moving averaging was
done for sets of 5 steps. (A block average is a normal average with the sum of the steps and
division by the # of steps added. A moving average is when the first step is averaged with the

second step, then the third step is averaged with this result, etc.)

Results and Discussion

During the experiment, it was discovered that the rod holding the sample was not tight,
and was slowly rotating as the automated process continued with each measurement. This
discovery was made at AF level 280 G, and at the point the sample had rotated about 40°
counterclockwise from its original orientation. However, due to way in which the sample was
mounted on the slide {with top facing up), this only affected the declination of the sample. At
step 280 G, the machine was stopped, the problem was fixed, and the rest of the run occurred
with the sample reoriented to its original position.

When the GRM uniaxial measurements were added, the resulting vectors were always
very close to the NRM of the sample at the same level (Table 4). Therefore artificial GRM was
not a factor in the remanent magnetization of the sample.

in the orthographic projection of the moment of SAH 99555,5 (Fig. 12), the smooth
decrease of declination and inclination toward the origin demonstrates the gradual

demagnetization of the sample. At AF level 140 G, most of the magnetization has been
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removed and the remaining points are in a large cluster. As noted above, the sample was
rotating up to step 280 G. Therefore, it is quite probable that the plotted measurements of the
decreasing moment are not in the correct position. (Hypotheses of the actual magnetization in
this range will be discussed in greater detail in connection with the equal area plots later in this
report.)

The large cluster of points around the origin is difficult to interpret due to its noisy
nature. However, when the averaging technique is used, much of the noise disappears (Fig.
13). The averaging technique was only applied to the measurements taken above 280 G due to
the potential errors in the other data. When studying the data points of the block averaging of
5 steps, a pattern emerges from the large cluster, and one can follow the moment of the
sample toward the origin as it continues to demagnetize all the way up to 2900 G. The 10-step
block averaging shows the same pattern, but with less detail. Using a block average appears to
be a better method of averaging than the moving average, as the pattern decreasing to the
origin is much clearer on the 5-step block average plot than the moving average plot.

The equal area plot (Fig. 14) also improved by using the 5-step block averaging, and the
moments form a distinct group that was not possible to see with all the data points. One may
also note that the measurements of levels below AF 280 G are similarly clustered, but are
separated from the correctly oriented measurements above AF 280 G. Due to the slightly
incorrect change in declination each time, this cluster formed instead of a smooth transition.
However, one can still interpret the data since the original data points/first few measurements
had not moved greatly. There is a clear 90° change in magnetizatioﬁ direction as the NRM

measurements for these first AF steps are mainly in the upper hemisphere to the south. The
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measurements after 280 G are all to the west with slightly more in the lower hemisphere. This
suggests that a large change in direction occurred in the NRM below 280 G, which is indicative
of a low-coercivity component of the magnetization. A similar “overprinting” phenomenon was
found in D’Orbigny by Weiss et al. (4} where a low-coercivity component was visible up to
about 50 G to 100 G before it disappeared. This low-coercivity component was hypothesized to
come from a collector’s hang magnet.

These results suggest that like D’Orbigny, the NRM of SAH 99555,5 displays two
components: the low-coercivity secondary NRM that is likely a recent overprint (either from a
hand magnet or the Earth’s field) and another high-coercivity component. The latter is
probably primary and not the result of a collector’s magnet since the data points on the
orthographic plots move gradually to the origin in the same general direction with decreasing
sized steps with increasing levels of AF. However, since the actual sudden change in direction
of the magnetic moment vector (the most indicative sign of overprinting) is smoothed into a

curve by the rotation at low AF levels, further tests should be done to verify this conclusion.

ARM and IRM

Methods

After the NRM had been removed from the sample using AF demagnetization, another
suite of paleomagnetic experiments were performed on it. First, SAH 99555,5 was given
anhysteric remanent magnetization (ARM) by applying increasing DC bias fields in steps 2 G up
to 20 G while in a peak AC field of 2000 G. These measurements can be used to determine the

amount of magnetostatic interactions (interactions between the individual magnetic fields
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produced by each ferromagnetic grain) within the sample (22). This ARM was then AF
demagnetized in small steps from 15 G to 2020 G. Next, the sample was given isothermal
remanent magnetization (IRM) with a DC field of 2000 G which was also AF demagnetized using
the same steps as the ARM AF demagnetization. Next, IRM acquisition was tested in the
sample by applying increasing fields of IRM to the sample from 46 G to 8865 G, at which point
saturation remanent magnetization would definitely be attained. IRM acquisition and AF
demagnetization of IRM indicate the coercivity spectrum of the sample (4). Using this data, the
Lowrie-Fuller test, which indicates grain size and stress state, was performed by comparing the

AF demagnetization of ARM and IRM (23, 24).

Results and Discussion

The numerical results are summarized in Table 5. ARM acquisition results (Fig. 15) show
that SAH 99555 has highly interacting grains, which is very similar to D’Orbigny and A-881371.
The mean destructive field for an ARM with a 20 G DC bias field acquired in a 2000 G AC field is
17.3 mT within the range of values found for both D’Orbigny and Angra dos Reis (Table 5). The
Lowrie-Fuller Test shows that SAH 99555 is a high-field type where the IRM is more stable than
the ARM (Fig. 16). This is similar to the two other “quenched” angrites (quickly cooled since
basaltic) tested, but is different than Angra dos Reis, which is thought to be slowly tooled, and
has a low-field type behavior.

When looking at the IRM acquisition and demagnetization data (Fig. 17), it is clear that
once again SAH 99555 is similar to D’Orbigny and A-881371, but very different than Angra dos

Reis. Combined with the calculated values from this data [S-ratios (25-27) and coercivity of
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remanence values], it is clear that SAH 99555 has a unimodal coercivity spectrum indicating one
main ferromagnetic mineral within a similar range of coercivities as D’Orbigny and A-881371
[whose main ferromagnetic mineral is low-Ti magnetite (4)]. Angra dos Reis has two main
ferromagnetic minerals with differing coercivities which were hypothesized to be low-Ti
magnetite and kamacite or pyrrhotite (4). In addition, the mean destructive field for an IRM of
2000 G for SAH 99555 is within the lower range of Angra dos Reis, but is most similar to
D’Orbigny and a little higher than A-881371.

The S-ratio helps determine the identity of the major ferromagnetic minerals of the
sample by showing the relative contributions of high-coercivity to low-coercivity minerals
toward the magnetization of the sample. Notably, hematite has a high-coercivity while
magnetite has a low-coercivity. The S-ratio ranges as classically from -1 to 1 per Thompson and
Oldfield (25) and from 0 to 1 as per Bloemendal et. al. (27). The S ratios of SAH 99555,5 are
0.97 and 0.99, respectively, as calculated by:

Sctassic= ~IRM_300m1/IRMgoomt

Sgioemednal= (1-IRM_300m7/IRMgoomt)/2
where IRMggomt is assumed to be close to or greater than the saturation magnetization. These
are very high S-ratios and show that the high-coercivity hematite is not an important factor in
the magnetization of the sample. Combined with the information from the electron
microprobe experiments, this provides further evidence that the proportion of hematite (due
to terrestrial alteration) to magnetite is low. The primary magnetic mineral appears to be
magnetite, which means that the high-coercivity component of the NRM is probably the result

of a paleofield on the APB.
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Paleointensity

Methods

After AF demagnetization, SAH 99555,5 underwent 4 AF paleointensity experiments.
These were non-destructive, and therefore, only produce order of magnitude estimates on the
paleofield that magnetized the angrite while on the APB. (This seems like a high uncertainty,
but that is only by terrestrial standards where the questions being studied require much more
accuracy. Here the potential source fields being tested for the angrites, as discussed in the
introduction, vary in paleointensity by many orders of magnitude.)

Many different studies of terrestrial, extraterrestrial and synthetic samples have shown
that the paleointensity of a given TRM is approximately proportional to the ratio of that
thermoremanent NRM to the saturation IRM (28-36). Further studies have shown that the
ratio of the thermoremanent NRM to the ARM gained (also known as f’) is also roughly
proportional to the NRM paleointensity (37-42). The paleointensity estimate using this method
will be closest to the actual value when the ARM bias field is close to the paleofield which
produced the NRM (43).

First, SAH 99555,5 was given an artificial ARM, acquired by increasing AF fields in
constant DC bias fields of 0.5 G, 2 G, and 6 G. These AF fields were the same steps used for the
AF demagnetization of the NRM up to 850 G. After these three sets of measurements, SAH
99555,5 was given a saturation IRM (with levels up to 8865 G) and then was AF demagnetized
using the same steps as before.

Following the protocol described in Weiss et. al. (2008) (4) with a method based on that

of Stephenson (37), the NRM lost was plotted against the ARM gained for each of the three bias
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fields to determine a palecintensity. NRM lost and ARM gained were computed by doing
vector subtraction between the AF steps at increasing levels. Because SAH 99555,5 is in the
pseudo single domain size range, the following formula and calibration factor were used to
calculate the paleointensity estimate from the NRM/ARM ratio:
ARM paleointensity (uT) = (ANRM/AARM)/1.34 x (bias field)

where ANRM and AARM are the vector-subtracted loss and gain, respectively, derived by
performing a least squares fit to the paleointensity plot. This was done for each of the three
bias fields used.

The fourth experiment plotted the NRM lost versus IRM lost following the methodology
of Weiss et. al. (2008) (4) which essentially is the REM’ method used by Gattacceca and
Rochette (36) paired with the visualization style of Stephenson (37) to reduce the effect of
noise. The IRM lost was similarly computed using vector subtraction between the AF steps at
increasing levels. Since SAH 99555,5 has pseudo single domain grains, the following equation
was used to .determine the paleointensity:

IRM paleointensity (uT) = ANRM/AIRM x 3000
where ANRM and AIRM are the vector-subtracted losses derived by performing a least squares

fit to the paleointensity plot.

Results and Discussion

As noted before, the AF demagnetization of SAH 99555,5 showed that there were two
components, a low-coercivity component and a high-coercivity component. However, from

that set of data it is unclear where the “change” is, i.e. when the low-coercivity component
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becomes unblocked. From the paleointensity plots of SAH 99555,5 (Fig. 18), it appears that
there is a low-coercivity component with a steep slope and a high-coercivity component with a
gentler slope. This change occurs between 85 G and 140 G. Therefore for the NRM v. ARM
data, a least squares fit was done to the range from 140 G to 690 G (when the data starts
getting noisy) to estimate the paleointensity (Table 6). For the NRM v. IRM data, the least
squares fit was done from 130 G to 690 G as this gave a better R? value. Although between
each step the change in moment due to the rotation should be minimal (i.e. not greatly affect
the data), another least squares fit was also done from 290 G to 690 G, using the
measurements made when the sample was not rotating. Due to the greater noise at these high
levels and the shorter data range, these paleointensity estimates probably not accurate. This is
shown by the larger confidence intervals as well as very low R? values. (A least squares fit for
the low-coercivity component was done resulting in widely varied intensities from about 25 uT
to 600 uT with large confidence intervals from 100 pT to 15 uT respectively. Clearly this is not a
primary paleointensity.)

The ARM paleointensity estimates for the predicted high-coercivity component were
14.5 + 2 uT (0.5 G bias field), 16.1 + 0.6 uT (2 G bias field), and 15.7 + 0.2 uT when the entire
predicted range was used. The IRM paleointensity estimate was 8.0 + 1 uT. These values are
similar to those found for D’Orbigny and some of the samples of Angra dos Reis. Particularly,
the plots look similar to those of D’Orbigny, with its well defined low coercivity component, and

A-881371 as well (Fig. 19).
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Conclusion

Electron microscopy studies show that SAH 99555 contains several ferromagnetic
minerals including magnetite, titanomagnetite, and hematite. From these data alone, it is
unclear how much these ferromagnetic minerals were affected by terrestrial alteration.
However, using the S-ratio and the coercivity spectrum, it is clear that SAH 99555 contains one
primary ferromagnetic mineral which in this case is magnetite. (The rest of the minerals are
simply accessory ferromagnetic minerals.)

Although no specific change in direction of NRM is not seen, the data suggests that
there is a low-coercivity component and a high-coercivity component of the NRM of SAH
99555,5, similar to D’Orbigny. The low-coercivity component is probably from a collector’s
hand magnet or the Earth’s field. The paleointensity measurements of the high-coercivity
component of SAH 99555,5 agree with the paleointensity estimates made for D’Orbigny and A-
881371. Therefore, it appears that SAH 99555 does record a primary paleofield from when it
was on the angrite parent body. This would be in fact the oldest known paleomagnetic record
yet identified in a planetary rock.

Further studies should be done to test these conclusions. Specifically, additional AF
demagnetization experiments would help in verifying the existence of the low-coercivity
component of the paleofield. Thermomagnetic experiments could be used to determine the
Curie point of the meteorite as well as show any magnetic transitions. This would help
subsfantiate the claim that magnetite is the primary ferromagnetic mineral, and that the small
amount of hematite in the SAH 99555 is not affecting the NRM. Finally, a fusion baked contact

test should be performed on SAH 99555 for more confirmation that the paleofield measured
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for SAH 995555 (i.e. the interior) is pre-terrestrial. This test takes mutually oriented AF
measurements of the sample transversing the fusion crust to the interior. The exterior layer of
the meteorite often is baked from entering the earth’s atmosphere, and therefore has a
different magnetization direction than the interior moment. The presence of an outer baked
layer with NRM direction different than the interior or the Earth’s field would indicate that any
paleofield recorded by the interior is preterrestrial. If these tests all corroborate the
conclusions presented in this paper, then SAH 99555,5 will be one more data point suggesting
that the paleofield was generated internally on the APB (4), and therefore that early

planetesimal dynamos were present in the very early solar system.
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