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Abstract. Magnetic carriers in remagnetized early Paleozoic carbonates of the North American 
midcontinent were studied in extracts and in situ, using rock magnetism and scanning electron 
microscopy (SEM). SEM observation of extracts and in situ samples shows that the dominant 
magnetic particles are large irregular grains and framboids (10-20 grn in diameter) and individual 
spherical and euhedral particles (0.2-1 gm). Comparing the saturation remanence of the bulk rock 
and extracts indicates that the extracts only account for -10% of the saturation remanence of the 
bulk rock. Most of the remanence carriers were lost during the dissolution and separation 
procedure, especially the finer-grained carriers. The framboids and the individual submicron 
euhedral magnetic particles observed by SEM thus make a fairly minor contribution to the 
magnetic remanence of the remagnetized carbonates. Hysteresis loops of the extracts are very 
similar to those reported by Suk et al (1993), with saturation remanence to saturation 
magnetization (Jr/Js) ratios from 0.1 to 0.13 and remanent to bulk coercivity (Hcr/H c) ratios ~ 4. 
However, the loops for the "nonmagnetic" residue are slrongly "wasp-waisted", and Hcr/Hc ratios 
are very high, similar to whole rock specimens of remagnetized carbonates (Jackson, 1990). This 
suggests that bulk rock and "nonmagnetic" residue contain very fine (superparamagnetic (SP) and 
single domain (SD)) magnetic particles which were not recovered by the magnetic separation 
procedure. Low-temperature experiments support the conclusion that the principal remanence 
carriers in the remagnetized carbonates are SD magnetite and that SP magnetite plays an 
important part in the unusual bulk magnetic properties of these rocks. Owing to their 
dissolution, the actual natural remanent magnetization bearing particles cannot be observed 
petrographically. 

Introduction 

Extensive remagnetization in the midcontinent of North 
America during late Paleozoic time has been well recognized in 
recent years [e.g., McCabe and Elmore, 1989; Van der Voo, 
1990]. Abundant evidence favors a chemical mechanism for 
the remagnetization, involving growth of diagenetic or 
authigenic magnetite. Scanning electron microscopy (SEM) 
observations of magnetic separates and thin sections have 
played a key role in documenting the occurrence of diagenefic 
magnetite [McCabe et al., 1983; Suk et al., 1990a, b, 1993; Lu 
et al., 1990, 1991]. Recently, auention has also focused on 
the magnetic properties of the remanence carriers [Jackson, 
1990; Jackson et al., 1992, 1993; Suk and Halgedahl, 1992; 
Halgedahl and Suk, 1992; Suk et al., 1993] and on 
geochemical models of diagenetic magnetite formation [Lu et 
al., 1991]. 

Although petrographic and rock magnetic observations each 
appear to favor a low-temperature chemical origin for the 
remanence carriers, there remain significant questions about 
where the remanence actually resides. SEM and transmission 
electron microscopy (TEM) studies [McCabe et al., 1983; Suk 
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et al., 1990a, b, 1993; Lu et al., 1990] have cataloged 
magnetite particles with a variety of morphologies and a range 
of grain sizes extending from submicron to several hundred 
microns. Framboidal and spheroidal grains with sizes of a few 
microns and larger, with pure Fe•O 4 composition, have been 
found in extracts from many midcontinent localities [McCabe 
et al., 1983; Bachtadse et al., 1987; Lu et al., 1990]. Textural 
relationships observed in situ between authigenic K-feldspar 
and nonspherical magnetite (up to 50 Ixm) led Suk et al. 
[1990a] to conclude that the two minerals are cogenetic. Thin 
section observations have also documented replacement of 
framboids and individual crystals of pyrite by magnetite [Suk 
et al., 1990b, 1993]. These petrographic observations have 
provided strong evidence that the magnetite has a 
diagenetic/authigenic origin. 

However, the link between the observed diagenefic magnetite 
and the natural remanent magnetization (NRM) of the rocks is 
still unclear. Hysteresis measurements on whole rock samples 
of the Knox, Trenton, and Onondaga carbonate [Jack, on, 
1990] have pointed to dominanfiy fine-grained remanence 
carriers, which lack shape anisotropy and are consistent with 
an authigenic morphology (e.g., spherical or euhedral). Ratios 
of Jrs/Js that average about 0.25 and reach as high as 0.5 
indicate that the ferromagnetic fraction cannot contain very 
much true multidomain (MD) material (for which Jrs/Js < 0.05 
[Day et al., 1977]). Thus most of Jrs is carried by fine single- 
domain (SD) or pseudo-single-domain (PSD) magnetite 
particles that may not be observed in extracts or in situ SEM. 
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Suk et al. [1993] have recently reported that equant, 200-m 
single-crystal particles are common in remagnetized samples 
from New York State and that they exhibit PSD hysteresis 
behavior. They suggested that such particles may be important 
NRM carriers. Jackson et al. [1992, 1993] and Sun et al. 
[1993] have reported that remagnetized midcontinent 
localities have relatively high values of anhysteretic remanent 
magnetization (ARM) and saturation isothermal remanent 
magnetization (SIRM), a high ratio of ARM/SIRM, strong 
frequency dependence of susceptibility, and low ARM 
anisotropy. This evidence strongly indicates very fine 
magnetic grain sizes (SP and SD) and is consistent with 
authigenic morphology. 

In order to understand the carriers of NRM in the carbonates, 
it is important to know how closely the extracts represent the 
magnetic carriers in the bulk rock. In this study we compare 
the rock magnetic properties of bulk rock, extracts, and 
"nonmagnetic" residues and conduct SEM observation of both 
extracts and in situ samples. These new magnetic studies allow 
us to document the extent to which magnetic carriers were lost 
during dissolution and extraction and how the separation 
process impacts the size distribution. Our SEM observations 
illustrate the mineralogical composition, morphology, and 
relationship in the in situ samples, extracts, and 
"nonmagnetic" residues. 

Methods 

The carbonate samples were collected from lower Ordovician 
strata near Springfield, Missouri. Previous study has shown 
that these samples were strongly remagnetized during late 
Paleozoic time [Jackson et al., 1992, Sun et al., 1993]. In 
order to examine the magnetic properties of extracts, the rock 
was fixst pulverized and then put in a 1 N acetic acid solution 
buffered with sodium acetate to a pH of 5 [see Lu et al., 1990]. 
The reagent was changed every day for approximately 6 weeks. 
Then the magnetic fraction was extracted using a high-gradient 
magnetic separation technique [Schulze and Dixon, 1979]. A 
drop tube with steel wool inside was placed between a pair of 
permanent magnets, and the slurry flowed through the tube at 
low velocity. This process was repeated several times to 
obtain maximum separation. 

Hysteresis properties of the samples were measured on a 
vibrating sample magnetometer (VSM) and an alternating 
gradient force magnetometer (AGFM). Whole core samples (~ 
11 cm 3) were measured on the VSM, while several chips of 
undissolved rock (less than 100 rag), the magnetic extracts (a 
few milligrams), and the residue (several tens of milligrams) 
were measured on the AGFM. Low-temperature measurements 
of bulk rock, separates, and "nonmagnetic" residue were 
performed on a quantum design magnetic property 
measurement system. Samples were saturated at 2 K and 
allowed to warm to room temperature in zero field, while the 
low-temperature remanence was measured at 5 K intervals. 
Also, a number of core samples in different magnetic states 
(NRM, ARM, SIR_M) were cooled below the Verwey transition 
point (in a liquid nitrogen bath) and warmed up to room 
temperature in zero field. 

SEM observations were made using a JEOL-84011 installed 
with an energy dispersive spectrometer (EDS). All the SEM 
samples were carbon-coated for EDS analysis. A thin section 
polished with 0.l-lira alumina powder was used for in situ SEM 
observation in order to observe the mineralogical or textural 

relationships. Magnetic separates and "nonmagnetic" residue 
were also observed with the SEM in order to try to identify 
possible remanence carriers. 

Results 

Palcomagnetism 

Alternating field (AF) and thermal demagnetization indicate 
the presence of two components of NR_M (Figure 1). The first 
is removed by fairly low-temperature (<200øC) or AF (<20 mT) 
demagnetization and has a steeply downward orientation. This 
component is interpreted as a Cenozoic viscous remanent 
magnetization. The stable component survives heating to 
approximately 500øC or AFs up to 80-100 mT, and has a SSE 
and shallow orientation. This behavior is very typical of 
remagnetized magnetite-bearing carbonates [McCabe and 
Elmore, 1989], and we conclude that these samples were 
entirely remagnetized during the Kiaman reverse polarity 
superchron in Permian -time. 

SEM Observation 

Magnetic extracts and in sire samples examined under the 
SEM contain a variety of iron-bearing particles similar to 
magnetites described by previous investigators [e.g., McCabe 
et al., 1983; Lu et al., 1990; Suk et al., 1990a; Saffer and 
McCabe, 1992]. In the absence of X ray or TEM diffraction 
measurements, it is not possible to make a positive 
mineralogical identification of the individual particles; 
however, in view of the rock magnetic properties (indicating 
predominantly magnetite), it is probable that many of the 
particles observed consist of magnetite. 

Extracts. Magnetic extracts from the undissolved residue 
are shown in Figure 2. Several kinds of magnetic particle are 
recognized under SEM observation. Many framboids composed 
of small euhedral particles (about 1 Ixm) are found in the extract 
(Figure 2a). These framboids usually are ~10 Ixm in diameter, 
and EDS component examination shows only iron, which 
suggests that the framboids are composed of iron oxides. This 
observation parallels those of previous studies [McCabe et al., 
1983; Lu et al., 1990; Suk et al., 1990a; Saffer and McCabe, 
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Figure 1. (left) Alternating field demagnetization vector plot 
and (right) stereo plot for a remagnetized sample. On the 
vector plot, open circles represent projections on the vertical 
plane, solid circles represent projections on the horizontal 
plane. On the stereo plot, solid circles represent positive 
inclination, open circles represent negative inclination. 
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Figure 2. Scanning electron microscopy images of the extracts (a) Framboid composed of small (1-2 gm) 
euheclral magnetic particles; (b) many small spherules (0.2-0.5 gin) attached to a framboid surface; (c) 
aggregate composed of small euhedral magnetic particles (0.2-2 gin); and (d) a large euhedral magnetic 
particle. 
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1992], which demonstrated that many of the framboids were 
composed of magnetite. Figure 2b shows another framboid 
composed of euhedral particles. It appears somewhat different 
because there are many small spherules attached to its surface. 
These small spherules range from 0.2 to 0.5 gm. Particles 
smaller than 0.2 gm cannot be seen because of the resolution 
of SEM. All these small spherules only contain iron according 
to EDS examination. The small spherules are also stuck to 
other minerals. In addition to the framboids, there are many 
aggregates composed of euhedral or semieuhedral particles 
which range from 0.2 to 1.5 gm (Figure 2c). EDS shows a 
dominant iron peak with small silicon and potassium peaks in 
the aggregate (Figure 5a). Larger magnetic particles (from 2 to 
30 gm) usually have an irregular shape, although some large 
euhedral magnetic particles can also be seen (Figure 2d). These 
large euhedral particles have very clear faces and edges, and 
they mostly contain iron without sulphur. 

In situ observations. There are two kinds of magnetic 
particles observed in the in situ SEM observations. One is 

relatively large and irregular, and the other is framboidal. The 
irregular grains (Figure 3a) usually range from 20 to 30 gm. 
These irregular particles can often be found inside calcite or 
within a void. Some contain inclusions which are usually 
calcium or potassium feldspar. Figure 3a shows an irregular 
magnetic grain within a void in the carbonates. This grain has 
a bright core; the bright core and the dark rim only contain Fe. 
The dark rim may be due to the oxidation along the cracks 
[Futura et aL, 1985]. The carbonate void was also filled with 
irregular small grains (less than 3 gm) which contain only A1, 
K, and Si peaks (see Figure 5b). According to the distribution, 
grain size, shape, and EDS spectra of the irregular small 
grains, it appears likely that they are authigenic potassium 
feldspar, genetically related to late Pennsylvanian to early 
Permian potassium-rich brines [Hearn et al., 1989; Lu et al., 
1991]. Similar K-feldspar grains also occur as inclusions in 
the irregular magnetic particles, as observed by $uk et al 
[1990a]; however, the boundary between the inclusions and 
magnetic particles is not clear. This indicates that some large 
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Figure 3. In situ SEM images (a) An irregular magnetic 
particle with oxidation rim in a void filled with K-feldspar. The 
inclusions inside the magnetic grain are also K-feldspar. (b) 
Framboids in a void and inside calcite. Framboid is composed 
of many individual octahedral magnetic grains. (c) A void 
containing framboids, individual euhedral magnetic grains, 
and secondary quartz. 

magnetic particles and the K-feldspar are cogenetic. 
Obviously, the oxidation rim occurred after the magnetic 
particle formation. 

Many framboids are observed in situ (Figure 3b). The 
framboids, ~10 gm in diameter, most often occur in voids of 
calcite. Some framboids are clearly composed of individual 
octahedral grains (about 1 I•m) which are shown by EDS 
examination to contain only Fe. These tiny octahedral grains 
usually have a bright rim; the center appears hollow. Both rim 
and center have only F½ peaks on the EDS spectrum. Some 
framboids are composed of fine powders, instead of tiny 
octahedral grains (Figure 3c). Some framboids and individual 
crystals coexist in voids with secondary ½uhedral quartz (Figure 
3c). This again indicates a cogenetic origin. Most framboids 
occur in voids with few or no K-feldspar particles. Conversely, 
the voids f'illed with K-feldspar do not contain frambolds. This 
relationship suggests that pyrit½ framboids reacted with 
tectonic brine and induced no K-feldspar deposition around the 
frambolds. The few framboids contained in calcite indicate that 

they were not precipitated by the reaction of brine and F½-rich 
clay; instead, they have a diagenetic origin. 

The "nonmagnetic" residues are composed of large quartz and 
K-feldspar particles (~ 10-30 I. tm), and small K-feldspar 
particles (less than 3 I. tm) (Figure 4). The residues mainly 
contain A1, Si, K, and very little Fe (Figure 5c). The tiny Fe 
peak may be due to SP particles remaining in the residues or to 
iron in the mineral composition. 

Rock Magnetism 

A total of 600 g of pulverized carbonate was placed in two 
beakers for dissolution. About 13 g insoluble residue (4.3%) 
remained in each beaker after dissolution. Using high-gradient 
magnetic separation, 19.26 mg and 23.99 mg, respectively, of 
magnetic extracts were recovered from the insoluble residues. 

Hysteresis measurements were then made on the magnetic 
extracts and "nonmagnetic" residue for comparison with bulk 
rock behavior. All loops were processed to remove the 
paramagnetic or diamagnetic signal. The hysteresis loops of 
the bulk rock, magnetic extract, and residue are shown in 
Figure 6. The Jr/Js ratio of the bulk rock samples is ~ 0.3- 
0.35, and Hcr/Hc ranges from 2 to 3. For the magnetic 
extracts, Jr/Js ratios are from 0.1 to 0.13, and Hcr/Hc is ~ 4. 
The hysteresis ratios for the extracts are very close to those 

Figure 4. SEM images of "nonmagnetic" residue. 
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Figure 5. (a). Energy dispersive spectrometer (EDS) 
specmam of small euhedral particles in the aggregate of Figure 
2c. (b). EDS spectrum of the K-feldspar in the void in Figure 
3a. (c). EDS spectrum of the "nonmagnetic" residues in Figure 
4. 

reported by $uk et al. [1993] for fine individual magnetite 
grains extracted from remagnefized carbonates from New York. 
The "nonmagnetic" residue has a Jr/Js ratio between 0.2 and 
0.3, and a large Hcr/I-I c ratio range from 7 to 12. The loops 
were strongly "wasp-waisted" (Figure 6c), resembling loops of 
whole rocks from the Trenton, Onondaga, and Knox samples 
[Jackson, 1990]. Figure 7 shows a plot of the hysteresis ratios 
for bulk rock samples, magnetic extracts, and "nonmagnetic" 
residue in the framework of Day et al. [1977]. The bulk rock 
ratios are located in the PSD region, while for extracts, the 
ratios plot closer to the boundary between PSD and MD, and 
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Figure 6. Hysmresis loops of (a) bulk rock, (b) extracts, and 
(c) "nonmagnetic" residue. 

the "nonmagnetic" residue has a higher ratio of Hcr/Hc. Table 
1 shows the relationship between the moment of bulk rock, 
magnetic extract, and "nonmagnetic" residue. The magnetic 
extracts only account for ~ 20% of the original bulk rock's 
saturation moment (Ms); roughly 15-20% of bulk rock's Ms 
was left in the "nonmagnetic" residue. Approximately 60% of 
the bulk rock's saturation moment was lost during dissolution. 
Similarly, the extracts account for less than 10% of the bulk 
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Table 1. Magnetic Moment Comparison Between Bulk Rock, Magnetic Extracts and Nonmagnetic Residues 

Mass (g) Ms (Am z) Mr (Am 2) Ms/MsBulk Mr/MrBulk Mr/Ms 

Sample 12-1 
Bulk rock 300 4.07xl 0 '5 1.38xl 0 '5 1 1 0.34 
Extracts 0.01926 8.147x 10 '6 1.03xl 0 '6 0.2 0.075 0.127 
Residues 12.59 9.98xl 0 -6 2.3x10 '6 0.24 0.167 0.23 
Total insoluble 12.61 1.81xl 0 '5 3.3x10 '6 0.44 0.242 0.182 
Dissolved 287.4 2.26x 10 '5 1.05xl 0 '5 0.56 0.758 0.465 

Sample 12-2 
Bulk rock 300 4.07xl 0 '5 1.38x10 '5 1 1 0.34 
Extracts 0.02399 6.86xl 0 '6 6.89xl 0 '7 0.169 0.05 0.1 
Residues 13.05 6.46xl 0 -6 1.74x10 '6 0.159 0.126 0.269 
Total insoluble 13.07 1.33xl 0 '5 2.43xl 0 '6 0.328 0.176 0.183 
Dissolved 286.9 2.74xl 0 '5 1.137xl 0 '5 0.672 0.824 0.415 

rock's saturation remanent moment (Mr). The significant loss 
of saturation moment is due to dissolution of magnetic 
particles by the acetic acid . Thus the magnetic extracts 
represent only a small portion of the magnetic particles in the 
bulk rock. 

The different hysteresis ratios for the bulk rock, extract, and 
"nonmagnetic" residue suggest that the processes of 
dissolution and extraction each result in preferential loss of 
fine-grained magnetic carriers. Because of their greater surface 
area to volume ratio, fine particles are more susceptible to 
dissolution than coarser grains and are less efficiently 
recovered by magnetic extraction. However, the different 
hysteresis ratios of the bulk rock and extracts may also be 
attributable in part to increased magnetic interaction in the 
magnetic extraction. In order to verify the grain size difference 
suggested by hysteresis ratios, a series of low-temperature 
experiments were carried out. 

No significant decrease was observed in room temperature 
NRM, ARM, or SIRM when the samples were cooled to liquid 

nitrogen tempermare and warmed up through the Verwey phase 
transition in zero field. The intensities of NRM, ARM, and 
SIRM decrease 0.5%, 4%, and 6%, respectively, after low- 
temperature treatment. This indicates that very little of the 
magnetic remanence is carried by true multidomain particles 
[Mauritsch and Turner, 1975; Lowrie and Heller, 1982; Dunlop 
and Argyle, 1989]. Figure 8 illustrates the behavior of low- 
temperature saturation remanence during continuous thermal 
demagnetization. Samples were cooled to 2 K and saturated; the 
field was then reduced to zero, and the temperature was 
gradually increased by steps of 5 K. The warming curves for 
bulk rock and extracts have somewhat different shapes. For the 
bulk rock, there is no obvious decrease around the Verwey 
transition. Half of the remanence is lost by 50 K and then there 
is a smooth decrease to room temperature, indicating that the 
remanence carriers are predominantly SP and SD magnetite 
particles. For the extracts, half of the remanence decrease 
happens before 100 K, and around the Verwey transition, the 
remanence sharply decreases. This indicates that in relation to 
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Figure 8. Thermal demagnetization curves of low-temperature saturation remanence. There is no transition 
around the Verwey point for the bulk rock and "nonmagnetic" residue, but the extracts have an obvious 
transition at 120 K. 

the SP and SD content there are more MD magnetite particles 
in the extracts. For the "nonmagnetic" residue, the behavior is 
much like bulk rock's but with a somewhat higher SP/SD ratio. 

Discussion 

Approximately 60% of the saturation moment of our samples 
was lost during dissolution. The paramagnetically corrected 
M s values are directly proportional to magnetite content. 
Thus it is clear that during dissolution of the carbonate matrix, 
more than half of the magnetite was also destroyed. The 
extracts only contain 20% of the magnetite of the bulk rock; a 
comparable amount remains in the "nonmagnetic" residue. 
The fairly poor recovery rate suggests that the magnetic 
extracts may not be very representative of the bulk rock 
magnetite. 

In fact, dissolution and extraction each clearly result in 
significant coarsening of magnetic grain size, as demonstrated 
by the different hysteresis behavior and different low- 
temperature behavior of bulk rock, extracts, and 
"nonmagnetic" residue. This size differentiation can be 
reasonably attributed to preferential dissolution of finer grains 
and preferential extraction of larger ones. 

For the extracts, thermal decay of the low-temperature 
remanence indicates the presence of significant fractions of 
SP, MD, and intermediate-sized particles. Hysteresis ratios 
suggest a mean particle size for the extracts in the coarse PSD 
range. SEM images show 10-1•rn framboidal aggregates of 
micron-sized particles to be the most common form of 
magnetite present, and these framboids probably control the 
hysteresis properties of the extracts. Thus the strong 
differences between the properties of the extracts and those of 
the bulk rock indicate that the frambolds make a fairly minor 
contribution to the magnetic behavior of whole rock samples. 

Halgedahl and $uk [1992] studied hysteresis and alternating 
field response of large individual spheroids and frambolds 
(tens to hundreds of microns) and concluded that they 

contribute very little to NRM. This is consistent with the 
observation of Saffer and McCabe [1992] that relative 
abundance of frambolds is not strongly correlated with degree 
of remagnetization. The smaller spherical particles seen on 
the surfaces of some of the frambolds (Figure 2b) are 
apparenfiy quite similar to the equant 200 nm (0.2 I. tm) grains 
described by Suk et al. [1993] as volumetrically the most 
important magnetic material in their extracts from lower 
Paleozoic limestone of New York. Hysteresis measurements 
by Suk et al. [1993] on these fine particles, separated out of 
the extracts, yielded ratios very similar to those for the 
extracts of this study. They concluded that these abundant 
particles may be the principal carrier of NRM. However, in 
view of the bulk rock hysteresis properties and other evidence 
for a major population of finer, more efficient remanence 
carriers, it seems reasonable to suggest that the actual NRM- 
bearing particles have not yet been observed petrographically. 

The properties of the "nonmagnetic" residue are quite 
interesting. This residue has a total magnetite content 
comparable to that of the extracts and a saturation remanence 
greater by a factor of 2. The Jrs/Js ratio thus indicates a 
significantly f'mer mean particle size than that of the extracts. 
Loops for the residue are strongly "wasp-waisted", and Hcr/I-I c 
ratios are very high. The two ratios appear to obey the same 
power-law relation observed in whole rock specimens of 
remagnefized carbonates [Jackson, 1990], with Jrs/Js = 0.89 
Hcr/Hc 'a'6. Although this relation was initially interprete d in 
terms of a mixture of SD and coatset grains, more recent 
evidence for a large population of SP particles [Jackson et al., 
1993] indicates that the wasp-waisted loops and high Hcr/H c 
values are probably controlled primarily by SP and SD grains, 
with larger particles making relatively minor contributions. 

The characteristics of the magnetite lost to dissolution may 
be estimated by subtracting the Mr and Ms values for the 
extracts and "nonmagnetic" residues from those of the bulk 
rock (Table 1). This suggests that the dissolved magnetite was 
dominantly single-domain (Mr/Ms about 0.45). 
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Conclusions 

Rock magnetism and scanning electron microscopy (SEM) 
observations document that the extracts only carry 20% of the 
saturation moment and 10% of the saturation remanence of the 

bulk rock. The framboids and individual small euhedral 

magnetic particles observed by SEM make a fairly minor 
contribution to the magnetic remanence of the remagnetized 
carbonates. The magnetic mineral of the remagnetized 
carbonates is dominated by single-domain and 
superparamagnetic magnetite which are lost during dissolution 
and separation procedures and which have not yet been 
observed petrographically. 
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