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Rock magnetism of remagnetized carbonate rocks: another look
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*Corresponding author (e-mail: jacks057 @umn.edu)

Abstract: Authigenic formation of fine-grained magnetite is responsible for widespread chemical
remagnetization of many carbonate rocks. Authigenic magnetite grains, dominantly in the super-
paramagnetic and stable single-domain size range, also give rise to distinctive rock-magnetic prop-
erties, now commonly used as a ‘fingerprint’ of remagnetization. We re-examine the basis of this
association in terms of magnetic mineralogy and particle-size distribution in remagnetized carbon-
ates having these characteristic rock-magnetic properties, including ‘wasp-waisted’ hysteresis
loops, high ratios of anhysteretic remanence to saturation remanence and frequency-dependent
susceptibility. New measurements on samples from the Helderberg Group allow us to quantify
the proportions of superparamagnetic, stable single-domain and larger grains, and to evaluate
the mineralogical composition of the remanence carriers. The dominant magnetic phase is
magnetite-like, with sufficient impurity to completely suppress the Verwey transition. Particle
sizes are extremely fine: approximately 75% of the total magnetite content is superparamagnetic
at room temperature and almost all of the rest is stable single-domain. Although it has been pro-
posed that the single-domain magnetite in these remagnetized carbonates lacks shape anisotropy
(and is therefore controlled by cubic magnetocrystalline anisotropy), we have found strong exper-
imental evidence that cubic anisotropy is not an important underlying factor in the rock-magnetic

signature of chemical remagnetization.

The usefulness of a palacomagnetic remanence is
directly related to the accuracy with which its age is
known (e.g. Van der Voo 1990). Primary remanence,
acquired during or very soon after rock formation, pro-
vides direct information on palaeofield orientation and
strength at that time. The possibility of partial or com-
plete remagnetization at a later time complicates
palacomagnetic interpretation, as has long beenrecog-
nized (e.g. Graham 1949). Every robust palacomag-
netic study must therefore include some effort to
constrain the ages of identified components of the
natural remanent magnetization (NRM). Relative
dating with respect to sedimentary processes, struc-
tural tilting or cross-cutting relationships is the basis
of the classical geometric palacomagnetic tests (fold
test and conglomerate test, Graham 1949; baked
contact test, Everitt & Clegg 1962; unconformity
test, Kirschvink 1978). The special circumstances
required for application of these tests are often not
available however, or positive test results may
provide relatively loose constraints allowing magneti-
zation ages that significantly post-date the age of
the rock formation. As a result, other evidence
(although generally more indirect) becomes essential
in evaluating the age, origin and significance of
NRM components. Such evidence commonly
includes petrographic observations, isotopic and geo-
chemical data and rock magnetic characterization.
By their very existence, magnetic overprints
provide evidence of some process or event of

potential geological significance (e.g. McCabe &
Elmore 1989; Elmore & McCabe 1991). The ‘usual
suspects’ in remagnetization are a set of mechanisms
involving elevated temperature, stress and chemical
activity, acting alone or in concert, and producing
changes in the magnetic minerals themselves and/
or in the remanence that they carry. When the
NRM and the population of magnetic carriers are
both modified by some process or event, careful
rock magnetic analysis may shed light on the culprit.

Our focus here is chemically remagnetized
carbonate rocks where any primary remanence is
completely obscured by ancient yet secondary
magnetizations. Many such units have been docu-
mented in recent decades (e.g. McCabe & Elmore
1989). With the advent of superconducting magnet-
ometers in the 1970s and 1980s (Goree & Fuller
1976), carbonate rocks represented a new fron-
tier for palacomagnetic research. These and other
weakly magnetic sedimentary rock strata had been
unmeasurable during progressive demagnetization
with the limited-sensitivity spinner magnetometers
then available. Superconducting magnetometers
enabled a rapid expansion into these untapped
palacomagnetic archives, but by the mid 1980s it
was already evident that many Palaeozoic carbonate
rocks had been completely remagnetized in late
Palaeozoic time and it became important to under-
stand the processes responsible (e.g. McCabe &
Elmore 1989).
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Review of previous work

Origins of the secondary remanence and its
carriers

Widespread remagnetization of Palaeozoic carbon-
ate strata in the Appalachian Basin was initially
recognized and documented through combined
palaeomagnetic, structural and petrographic obser-
vations. These observations included the recogni-
tion that the characteristic remanent magnetization
(ChRM) directions sometimes clustered signifi-
cantly more tightly prior to correction for structural
tilting, and sometimes clustered most tightly at
intermediate unfolding. This led to interpretations
that the magnetizations were acquired after and/or
during folding (McCabe & Elmore 1989). Petro-
graphic work led to the observation of spheroidal,
botryoidal and framboidal magnetite grains of pure
end-member Fe;O, composition that were inter-
preted to be of low-temperature diagenetic origin
(McCabe et al. 1983). Early rock-magnetic charac-
terization focused on acquisition and demagnetiza-
tion of isothermal remanent magnetization (IRM)
and anhysteretic remanent magnetization (ARM),
leading in many cases to the conclusion that the
remanence carriers were dominantly pseudo-single-
domain (PSD) or multi-domain (MD) magnetite
(e.g. McElhinny & Opdyke 1973; Kent 1979).
Hysteresis measurements eventually led to the
recognition that the dominant magnetic carriers in
many remagnetized carbonates are in fact very
fine grained, mainly in the superparamagnetic (SP)
and stable single-domain (SSD) size range
(Jackson 1990; McCabe & Channell 1994; Suk &
Halgedahl 1996; Dunlop 2002b). Moreover, the
high proportions of SP and SSD particles in the fer-
rimagnetic inventory of these rocks result in unusual
combinations of the summary parameters conven-
tionally used to represent hysteresis behaviour,
namely coercivity B., remanent coercivity B, sat-
uration magnetization M, saturation remanence
M, and the ratios B.,/B. and M,;/M;. On the ‘Day
plot’ (M,s/M; v. B../B.; Day et al. 1977; Dunlop
2002a, b), remagnetized carbonates are largely
isolated in a region that is distinct from the
regions occupied by most other rocks, sediments
and synthetic materials (Fig. 1), leading to the sug-
gestion that hysteresis properties could be used as
a fingerprint for recognition of remagnetized
strata (Jackson 1990; Channell & McCabe 1994;
McCabe & Channell 1994). We will explore the
basis and the limitations of this idea in some depth
in the present paper.

The origin of the ancient yet secondary char-
acteristic remanence was attributed by McCabe
et al. (1983) to chemical processes (growth of
new minerals and/or replacement of pre-existing

minerals). The spatial/temporal association of
widespread remagnetization with Appalachian—
Alleghenian— Variscan—Hercynian orogenesis (for
summaries see e.g. Weil & Van der Voo 2002;
Tohver et al. 2008) soon led to various hypotheses
involving continental-scale flow of orogenic fluids
(Oliver 1986; Bethke & Marshak 1990; Garven
1995) to account for not only remagnetization, but
also ore mineralization and hydrocarbon distri-
bution in a number of different basins. Isotopic
and geochemical evidence in some cases ruled out
a significant role for exotic brines (e.g. Elmore
et al. 1993; Ripperdan et al. 1998), and pointed
instead to more closed-system mechanisms includ-
ing clay diagenesis (Katz et al. 2000; Woods et al.
2002), organic maturation (Blumstein et al. 2004)
and pressure solution (Zegers et al. 2003; Elmore
et al. 2006; Oliva-Urcia et al. 2008). Kent (1985)
questioned whether the remagnetization necessarily
involved chemical mechanisms at all, suggesting
that viscous acquisition during the Kiaman super-
chron was a viable alternative. Noting that the
range of observed unblocking temperatures could
be accounted for by the Viscous Remanent Magneti-
zation (VRM) model of Walton (1980), Kent (1985)
demonstrated moreover that the Brunhes-aged
viscous overprint in these rocks had unblocking
temperatures similar to those predicted by the same
model. However, this model was later shown to be
inappropriate for predicting unblocking temperatures
(Dunlop et al. 1997a, b), undermining the theoretical
basis for a viscous origin but not the empirical obser-
vations. Similarly, Kligfield & Channell (1981)
invoked thermoviscous mechanisms to explain wide-
spread Brunhes-age remagnetization of limestones
from the Swiss Alps, in which the ChRM was
carried chiefly by pyrrhotite with fine grain sizes
spanning the SP—SSD range. They noted that the pyr-
rhotite may have formed by alteration of early-
diagenetic pyrite, but did not address the possibility
of a chemical origin for the remanence.

Subsequent work on the remagnetized Appala-
chian Basin carbonates and remagnetized carbon-
ates in other basins has largely supported the
idea that the remanence carriers are predominantly
of late diagenetic origin, and that one or more
chemical mechanisms were involved in producing
the secondary characteristic components of natural
remanence (Reynolds 1990; Suk et al. 1990a, b,
1991, 1993; Weil & Van der Voo 2002; Zwing
et al. 2005). Our focus here is on the important
role that rock magnetic studies have played in
the understanding of carbonate remagnetization,
but of course we recognize that a complete pic-
ture also includes careful petrographic, geo-
chemical, isotopic, microstructural and analytical
microscopic work (Elmore & McCabe 1991;
Elmore 2001).
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Fig. 1. (a) Summary Day plot of published hysteresis parameters for carbonate rocks, in which the ratio of
remanent coercivity (B,) to coercivity (B.) is plotted against the ratio of saturation remanence (M;) to saturation
magnetization (M;). Data from carbonates interpreted to carry primary remanence are marked with circles, and

data from carbonates interpreted to be remagnetized are marked with diamonds. (b) An example hysteresis loop
from sample H2-5.35 of the Manlius Formation of the Helderberg Group is shown with B. M, and M, marked. Note
that the loop had not reached saturation by 100 mT (the maximum of the x-axis), such that M is not reached until higher

applied fields (off the plot).

In the interest of clarity, we will take a specific
and limited set of previously studied remagnetized
carbonate units from the Appalachian Basin as pro-
totypes of the distinctive set of rock-magnetic prop-
erties and NRM characteristics that we wish to
understand. These include the Devonian Onondaga
Limestone (Kent 1979; Jackson et al. 1988; Suk
et al. 1990a; Lu et al. 1991) and Helderberg
Group (Scotese et al. 1982) and the Ordovician
Trenton Limestone (McElhinny & Opdyke 1973;
McCabe et al. 1984) and Knox Dolomite (Bachtadse
et al. 1987; Suk et al. 1990b). All of these carry a
two-component NRM with a well-documented
reverse-polarity Permian-aged ChRM and a normal-
polarity recent viscous overprint, and all exhibit
rock-magnetic properties dominated by SP and
SSD ferrimagnets (Jackson 1990; Jackson et al.
1993; Jackson & Worm 2001; Dunlop 2002b). By
understanding as well as possible the relationship
between the ChRM and the magnetic phases and
their origins in these prototypical units, our goal is
to improve our ability to interpret similarities and
differences in properties observed in other carbon-
ate strata for which the magnetization history is
less well known.

Unresolved questions

Nature of grain-scale anisotropy. The hysteresis
ratios of several of the remagnetized Palaeozoic car-
bonate units from the Appalachian Basin follow a

power-law trend, visible as a linear array of points
on a bilogarithmic Day plot as in Figure 1. This
trend is best explained as resulting from a mixture
of SP and SSD ferrimagnets (Dunlop 2002a, b).
Further, it has been suggested (Jackson 1990) that
the SSD fraction (at least) in remagnetized Appala-
chian carbonates has properties dominated by cubic
magnetocrystalline (multiaxial) anisotropy rather
than by shape anisotropy. In a population of ran-
domly oriented single-domain ferrimagnetic par-
ticles dominated by uniaxial shape anisotropy, the
ratio M, /M should approach 0.5 as the coercivitiy
ratio approaches 1 (Stoner & Wohlfarth 1948). In
contrast, the M, /M intercept for the remagnetized
Appalachian carbonates is c. 0.89, as expected for
randomly oriented single-domain (SD) grains with
cubic anisotropy (Wohlfarth & Tonge 1957). It
should be noted that the error bars on this intercept
value are relatively large, and moreover that linear
extrapolation is probably not valid (Dunlop 20024,
b). Nevertheless, the suggestion of dominantly
cubic anisotropy 1is interesting and has important
implications. Populations of ferrimagnetic grains
that are dominated by multiaxial anisotropy are
unusual in nature, because even a slight elongation
(e.g. length to width ratio of ¢. 1.1 and greater) is
sufficient to make magnetostatic (shape) anisotropy
the dominant factor controlling the hysteresis and
remanence behaviour of magnetite or maghemite.
The strong implication of a nearly complete lack
of particle elongation is that the remanence-carrying
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particles have authigenic/diagenetic morphologies
similar to those observed for the much larger par-
ticles retrieved by magnetic extraction of insoluble
residues (e.g. McCabe et al. 1983) and that the
unobserved, much finer, SSD particles originated
in the same way.

On the basis of hysteresis parameters, a similar
argument for multiaxial anisotropy was later made
by Gee & Kent (1995) for mid-ocean-ridge basalts
(MORB), whose remanence resides chiefly in tita-
nomagnetites of composition Fe; ,Ti,O, with x
¢. 0.6 (TM60). This argument has been criticized
by Fabian (2006) on two grounds. First, theoretical
considerations, combined with known intrinsic
material properties, suggest that cubic magneto-
crystalline (multiaxial) anisotropy should almost
always be less important than magnetostrictive
and shape (uniaxial) anisotropies for titanomagne-
tites. Second, careful measurements showed that
magnetization of MORB samples is often not fully
saturated in the field range used for hysteresis loop
measurements (typically not exceeding 1 Tesla
(T), and incomplete saturation in combination with
conventional linear high-field slope calculations
yield erroneously low values for M (and thus erro-
neously high M,/M; ratios). Fabian (2006) showed
for several MORB samples that even although
loops measured on a vibrating-sample magnet-
ometer (with peak fields of 1 T) yielded apparent
M, /M ratios well above 0.5, measurement of the
same samples in fields up to 7T in a super-
conducting magnet resulted in significantly higher
Mj estimates and M,/M; ratios below the uniaxial
limit. Fabian (2006) concluded that uniaxial stress
anisotropy exerts the dominant control on the
hysteresis behaviour of MORBs. Although he did
not discuss remagnetized carbonates, his findings
raised questions about the identification of multi-
axial anisotropy in any material through standard
hysteresis experimental protocols.

Fabian’s (2006) arguments and experimental
results appeared conclusive, but the potential impor-
tance of magnetocrystalline anisotropy in MORBs
has not been put to rest. A strong counterargument
in favour of such multiaxial anisotropy in MORB
titanomagnetites was recently made by Lanci
(2010), by means of a clever technique based on
measurements of field-impressed anisotropy of sus-
ceptibility (illustrated in Fig. 2a). The essence of
Lanci’s approach involves the ‘inverse’ anisotropy
of magnetic susceptibility (AMS) of SD particles:
an individual SD grain has minimum (essent-
ially zero) susceptibility parallel to its remanent
moment (because it is already magnetized to satur-
ation in that direction) and maximum susceptibility
perpendicular to that easy axis. For a population
of uniaxial SD grains this results in the well-
known ‘inverse-fabric’ effect (Potter & Stephenson

1988); a preferential alignment of long axes gives
minimum susceptibility parallel to lineation. When
uniaxial particles are randomly oriented, the acqui-
sition of a strong-field remanence has only very
weak effects on AMS, because particle moments
are spread out all over the directional hemisphere
around the net remanence (i.e. around the applied
field orientation). Lanci’s (2010) idea is that multi-
axial particle anisotropy makes remanence effects
much more extreme: even if easy axes are ran-
domly oriented, acquisition of a strong-field rema-
nence causes the particle moments to be confined
to a much smaller range of orientations close to
the applied field direction because there are more
easy axes per particle. This therefore becomes
the minimum susceptibility direction (Fig. 2a).
Very large anisotropies of 200—300% can be pro-
duced by acquisition of a saturation isothermal
remanent magnetization (SIRM) in populations
of randomly oriented SD grains with multiaxial
anisotropy. Lanci’s experimental results showed
that imprinting a 1 T IRM on several MORB
samples with very weak initial AMS resulted in
a strong anisotropy of susceptibility (10—-25%)
with ki, parallel to the IRM, and showed that
the effect could be erased by tumbling alternating-
field (AF) demagnetization. He calculated that
20-30% of the susceptibility in those MORB
samples can be attributed to titanomagnetite par-
ticles with multiaxial anisotropy.

Further evidence for multiaxial anisotropy in
MORB samples has been presented by Mitra et al.
(2011) using another novel experimental approach,
involving asymmetry of forward and reverse IRM
acquisition (illustrated in Fig. 2b). An individual
uniaxial SD grain has the same switching threshold
in fields of either polarity. A population of uniaxial
SD grains, initially in a weakly magnetized state
(e.g. NRM state, or after tumbling AF), will
acquire an IRM of intensity M;" in a non-saturating
applied field B,,. Application of an equal-strength
field in the opposite direction will produce an IRM
of equal intensity (M; = M;") antiparallel to the
positive-field IRM, as each uniaxial particle that
reversed its moment into alignment with the positive
field reverses again into alignment with the negative
field. This equivalence between the M, and M
does not hold for multiaxial SD grains (Fig. 2b).
In contrast to uniaxial grains where the moment is
confined to the long axis of the grain and only two
possible remanent orientations exist, multiaxial
grain moments have a number of possible remanent
orientations only one of which is antiparallel to the
original moment orientation. Application of a non-
saturating field may cause the moment of a particu-
lar grain to jump from one easy axis to another,
closer to the applied field direction and thus contri-
buting to M;". Subsequent application of a reverse
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Fig. 2. Schematic illustration of tests for multiaxial particle anisotropy in single-domain populations. The test
depicted in (a) involves the effects of strong-field remanence acquisition on anisotropy of low-field susceptibility (Lanci
2010); with multiaxial particle anisotropy, a strong alignment of particle moments results in a strong anisotropy of
magnetic susceptibility (AMS). The test depicted in (b) involves asymmetric stepwise acquisition of isothermal
remanent magnetization (IRM) in positive and negative fields of equal strength (Mitra ez al. 2011). See text for detailed

explanation of both tests.

field of equal strength to the population of multiaxial
grains will not necessarily cause the moment of the
same grain to reorient, because the angle between
the moment and the field is now more acute than
it was in the initial state. M, is consequently of
lower intensity than M for equal and opposite
applied non-saturating fields (Fig. 2b). Mitra et al.
(2011) demonstrated such positive/negative asym-
metry in IRM acquisition experiments for MORB
samples and for hematite samples (with multi-
axial basal-plane grain-scale anisotropy) with inten-
sity differences reaching 100% for intermediate
applied fields, decreasing to zero for saturating
fields. Similar measurements on other control
samples showed essentially identical forward and

reverse IRM acquisition, as expected for samples
with uniaxial remanence carriers.

Although these arguments over multiaxial aniso-
tropy have focused almost entirely on MORB
samples, the same questions apply to remagnetized
carbonates. Suk & Halgedahl (1996) pointed out
that observed coercivities of remagnetized Appla-
chian Basin carbonates were two to three times
higher than can be theoretically produced by magne-
tocrystalline anisotropy in magnetite, but they
suggested that a mixture of uniaxial and multiaxial
particles could account for all observed properties.
Evidence for multiaxial grain-scale anisotropy
comes almost entirely from the intercept value of
the trend line on the bilogarithmic Day plot; few
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individual loops have yielded remanence ratios
above 0.5 and, for those, non-saturation may be a
problem. Moreover, no independent evidence for
multiaxial anisotropy has been found for carbonate
rocks. One goal of the present study is to apply the
new techniques of Lanci (2010) and Mitra et al.
(2011) to some of the well-studied Palaeozoic car-
bonates of the Appalachian Basin, to test the
hypothesis that multiaxial anisotropy is a character-
istic feature of their magnetic mineralogy.

Mineral mixtures and the importance of pyrrhotite.
Wasp-waisted hysteresis loops and Day plot trends
similar to those of the remagnetized carbonates in
Figure 1 require the presence of two or more dis-
tinct coercivity fractions, which may correspond to
either different remanence-carrying minerals with
strongly contrasting coercivities (Jackson er al.
1990; Muttoni 1995; Roberts et al. 1995) or differ-
ent size fractions of a single mineral (especially
if one is superparamagnetic; Tauxe et al. 1996;
Dunlop 20024, b; Lanci & Kent 2003). These two
scenarios have different implications for the
origins of the carriers and, correspondingly, of the
natural remanence. A single process or remagneti-
zation event could account for the co-occurrence
of SP and SSD magnetites in chemically overprinted
rocks, with a unimodal size distribution of mono-
genetic carriers naturally producing the strong coer-
civity contrast (Lanci & Kent 2003). Polymineralic
carrier populations imply a more complicated
history where either a primary phase was preserved
with a secondary authigenic phase, or where there
are multiple preserved generations of secondary
authigenic phases.

The magnetic mineralogy of many previously
studied remagnetized carbonates is thought to com-
prise primarily magnetite, largely on the basis of
unblocking temperatures, but remains incompletely
known. In some cases pyrrhotite (Xu er al. 1998;
Zegers et al. 2003) or hematite (see list in McCabe
& Elmore 1989) have been documented as overprint
carriers. Multiple studies have argued for the preser-
vation of primary magnetite remanence in carbon-
ates that have a secondary remanence held by
pyrrhotite (Muttoni & Kent 1994; Symons et al.
2010). Strong-field thermomagnetic data are gener-
ally rare, due to the difficulty of obtaining measur-
able signals from small quantities of this weakly
magnetic material. While a thermomagnetic curve
on a sample chip of the Manlius Formation of the
Helderberg Group revealed a smooth reversible
curve with a Curie temperature at c. 565 °C (Sco-
tese et al. 1982), this result has not been confirmed
for other remagnetized carbonates or for other
Helderberg Group samples. Laboratory heating also
typically results in some degree of alteration of the
magnetic mineralogy, especially for pyrrhotite and

other sulphides, adding uncertainty to the interpret-
ation. More readily measurable unblocking tempera-
ture spectra of NRM and of artificial remanences
have generally shown low-to-moderate thermal stab-
ility, with typical median demagnetization tempera-
tures (i.e. temperatures required to erase half the
initial remanence) of 200-300 °C and maximum
unblocking temperatures c. 450—500 °C (e.g. Jackson
et al. 1993; Zegers et al. 2003; Elmore et al. 2006).
These data allow multiple possibilities, including
(but not requiring) significant contributions from
pyrrhotite or detrital titanomagnetites as well as
fine-grained pure magnetite (with T, < T.) and/
or magnetite with dominantly magnetocrystalline
anisotropy.

Low-temperature remanence measurements
(Jackson et al. 1993) on samples of the Devonian
Onondaga Limestone and Ordovician Trenton
Limeston of New York and of the Ordovician Knox
Dolomite have shown a general absence of clear
transitions, but subtle indications have been found
in some samples of the magnetite Verwey transition
(Ty c. 120K) (Verwey & Haayman 1941; Walz
2002) and/or of the pyrrhotite Besnus transition
(Tgs c. 32 K) (Besnus 1966; Dekkers et al. 1989;
Rochette et al. 1990). As has long been known
(Verwey & Haayman 1941; Ozdemir er al. 1993;
Walz 2002; Ozdemir & Dunlop 2010), the Verwey
transition is very sensitive to deviations from
perfect stoichiometry. Small degrees of cation sub-
stitution or moderate cation deficiency (due to
low-temperature oxidation) depress the transition
temperature and diminish the changes in measurable
physical properties, and the transition is entirely
suppressed by just a few percent content of substi-
tuted metal cations or vacancies due to high-
temperature oxidation (Verwey & Haayman 1941).
Low-temperature oxidation produces a maghemite
shell on a stoichiometric magnetite core, and some
expression of the Verwey transition persists to high
overall degrees of oxidation (Ozdemir & Dunlop
2010). The variables controlling the Besnus tran-
sition are much less well known, and even its funda-
mental mechanism remained unclear until quite
recently (Wolfers et al. 2011). Nevertheless, there
is a clear grain-size dependence of the magnetic be-
haviour across the transition. The drop in magnetiza-
tion (or susceptibility) on cooling through Ty,
increases strongly with increasing particle size, and
the fractional recovery of remanence on rewarming
through the transition is greater for the finer sizes
(Dekkers et al. 1989). The smallest fraction studied
by Dekkers et al. (1989) was 0—5 pm and for this
fraction the drop in remanence on cooling across
Tgs was about 15% of the initial room-temperature
intensity, with nearly 100% recovery on rewarming.
Finer-grained pyrrhotites (but of uncontrolled and
imprecisely known submicron sizes) in claystones
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exhibit what has been termed the P-transition
(Aubourg & Pozzi 2010), a ramp-like and perfectly
reversible change in magnetization over the temp-
erature range 50— 10 K. This is in contrast to the step-
like change in larger pyrrhotite particles over a
very narrow temperature range around 7gs. The
P-transition is quite sensitive to even very weak
ambient fields, and may be manifested as an increase
or a decrease in magnetization while cooling in
the imperfectly controlled zero field (4500 nT
after careful adjustment) of the Quantum Designs
Magnetic Property Measurement System (MPMS)
instrument commonly used for low-temperature
measurements. Depending on the relative abun-
dances of paramagnetic iron-bearing minerals, sub-
micron pyrrhotite and other remanence-bearing
phases, the P-transition may be difficult or imposs-
ible to discern.

Given the possibility of poorly expressed or
entirely suppressed low-temperature transitions in
magnetite and pyrrhotite, any definitive quantifi-
cation of their respective contributions to natural
and artificial remanences remains challenging. The
large spheroidal particles extracted from a num-
ber of remagnetized carbonates (McCabe et al.
1983; Suk et al. 1990a, b, 1993; Suk & Halgedahl
1996) have been definitively shown — by x-ray dif-
fraction and scanning electron microscopy (SEM)
energy-dispersive analysis — to consist in most
cases of nearly pure magnetite. No evidence of mag-
netic sulphides was found in any of these studies on
Appalachian Palaeozoic carbonates, although some
grain morphologies such as framboids almost cer-
tainly indicate formation of magnetite by replace-
ment of early-diagenetic pyrite (e.g. Reynolds
1990; Suk et al. 1990a) or perhaps greigite (e.g.
Roberts et al. 2011). Pyrrhotite has been observed
petrographically in carbonates from the lower Car-
boniferous Leadville Formation of central Colorado
that also contain authigenic magnetite (Xu et al.
1998). By measuring hysteresis loops of individual
extracted spheroidal particles using an extremely
sensitive alternating gradient magnetometer, Suk &
Halgedahl (1996) made two key additional obser-
vations. First, the saturation magnetic moment of
many of the spherules was much less than it would
be for the same mass of pure magnetite; these must
contain large portions of void space, non-magnetic
minerals (e.g. silicates or pyrite) and/or weakly
magnetic phases such as hematite or goethite.
Second, although some relatively large (up to
100 pwm) spherules yielded M,/M; ratios of 0.5 or
more (generally those with quite low M), the
trend for the spherule samples on the Day plot
differed strongly from that of the bulk rocks; these
can be interpreted as SSD—MD mixtures and
SP—SSD mixtures, respectively (Suk & Halgedahl
1996; Dunlop 2002b). The bulk rocks contain a

large population of ultrafine SP and SSD particles
that evade or are destroyed by the extraction process
(e.g. Sun & Jackson 1994; Weil & Van der Voo
2002) and whose mineralogy is not constrained by
any direct evidence.

New results

We will now attempt to address some of the out-
standing questions described above through the
results of experiments conducted on a new sample
set collected from Devonian carbonates of the Hel-
derberg Group in New York State (Fig. 3a). These
new samples were collected in the Hudson Valley
fold-thrust belt just to the north of Kingston, NY
at sites along roadcuts on the north side of Route
199 that correspond to two of the localities
sampled by Scotese et al. (1982) (Fig. 3b, c).
Oriented cores were collected from: limestone mud-
stone with fine-scale laminations of the Manlius
Formation (our stratigraphic section H2; site 24 of
Scotese et al. 1982); limestone packstone comprised
predominantly of brachiopod shells with a fine-
grained mud matrix of the Becraft Limestone
(our stratigraphic section HI metre levels O to 1.4;
site 23 of Scotese et al. 1982); and from limestone
mudstone and wackestone of the Alsen Formation
(our stratigraphic section H1 metre levels above
1.4; also site 23 of Scotese et al. 1982). The
thermal demagnetization of Scotese er al. (1982)
isolated a characteristic remanence direction from
these localities interpreted to be held by magnetite
whose direction corresponds with that of other
remagnetized Appalachian basin carbonates.

In addition to analyses on these new samples, we
also reanalyse some of the earlier datasets (Jackson
1990; Jackson et al. 1993) in light of more recent
developments in hysteresis loop processing (Fabian
2006; Jackson & Sglheid 2010), with particular atten-
tion to the question of undersaturation.

Reanalysis of previous hysteresis loops

The measurements of Jackson (1990) on samples
of the Trenton, Onondaga and Knox carbonates
used maximum fields of 1 T or less; in some cases
500 mT or even 300 mT was the maximum applied
field. With fields of this magnitude it is legitimate
to question whether the magnetization was saturated
over the region used for high-field slope fitting.
Although a few of those samples were archived,
most were not, so we cannot remeasure them in
higher fields. However, the original loop measure-
ment data are still available and can be reprocessed
using statistical tests for non-saturation and non-
linear approach-to-saturation fitting (Fabian 2006;
Jackson & Sglheid 2010) in the high-field interval.
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Fig. 3. (a) Map of New York State with the Helderberg Group mapped out in blue (bedrock geology from Fisher et al.
1970). (b) Simplified geological map in the vicinity of Kingston and Albany, NY (modified from Fisher et al. 1970). The
sites sampled in this study to the north of Kingston, New York comprised a stratigraphic section across the contact
between the Becraft and Alsen Formations (H1; 41.97604°N, 073.97581°W) and a stratigraphic section within the
Manlius Formation (H2; 41.97604°N, 073.97581°W). (c) Stratigraphic relationships between the formations that
comprise the Helderberg Group between Coxsackie and Kingston, NY above its basal unconformity with the underlying
Ordovician flysch of the Austin Glen Formation (modified from Fisher 1987).

The highest M, /Mj ratios in the original study (in
some cases exceeding 0.5) were obtained for the
Knox Dolomite and, in a number of cases, these
samples were measured in maximum fields of
300 mT under the assumption that this would be suffi-
cient to saturate magnetite. Reprocessing shows that
this was far from a safe assumption: F tests (Jackson
& Sglheid 2010) comparing total-misfit variance
with pure-error variance (quantified by departures
from inversion symmetry) indicate that we must
reject the hypothesis of linearity over the interval
from 70% to 100% of the maximum applied field,

with a high degree of certainty (F ranges from 300
to over 1000; compared to a critical value of
about 1.5). Recalculation using a non-linear fitting
method yields significantly higher estimates of M
and accordingly diminished estimates of M,/M;
(Fig. 4). The calculated coercivity is also affected
by the slope correction, and both coordinates on the
Day plot therefore differ from those originally
published by Jackson (1990). This revised analysis
undermines the original argument for multiaxial ani-
sotropy that was based on the apparent occur-
rence of M,/M, ratios above 0.5, the theoretical
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Fig. 4. (a) Day plot for Onondaga and Knox samples of Jackson (1990), together with new data for mid-continent
samples (Jackson et al. 1992) and for new Helderberg Group samples. (b) Recalculated parameters for the Knox
Dolomite and Onondaga Limestone loops, using an approach-to-saturation fit to estimate M, (see text).

upper limit for uniaxial anisotropy. However, these
lowered recalculated M, /M ratios alone do not rule
out the possibility of a significant contribution from
such particles.

Tests for multiaxial anisotropy

The experimental approach of Lanci’s (2010) test for
multiaxial anisotropy (Fig. 2) is straightforward, but
for instrumental reasons we have modified it slightly.
Lanci’s technique began with an initial AMS determi-
nation followed by pulse magnetizing in 1T to
produce SIRM, and then involved repeated AMS
measurements following tumbling AF demagnetiza-
tion steps to document the gradual removal of the
strong field-impressed AMS in multiaxial SD
grains. Lacking a tumbling AF instrument, we have
slightly modified the experiment for the Helderberg
Group samples and have worked in the opposite direc-
tion. We begin in the NRM state where moments are
very weakly aligned and, after measuring initial

AMS, we imprinted an IRM in one or more field
steps, remeasuring AMS after each step.

Asshownin Table 1, the effect of exposure to strong
fields on the AMS of the Helderberg Group samples
was negligible. Diagonal tensor elements change by
much less than 1%. Because most of the susceptibility
comes from paramagnetic and superparamagnetic
sources, there is a relatively large correction that
must be applied. Consequently there are rather large
uncertainties in the corrected degree of anisotropy,
but it is nevertheless clear that the AMS of the potential
remanence carriers (i.e. the non-SP ferrimagnetic
population) is strongly controlled by uniaxial grain-
scale anisotropy.

The dominance of uniaxial anisotropy in the ana-
lysed Helderberg Group samples is also confirmed
in experiments using the approach of Mitra et al.
(2011) (Fig. 2). These experiments began in the
NRM state with no prior exposure to DC or AC
fields, and continued with stepwise application of
fields of increasing strength ultimately to 1 T. For

Table 1. Field-impressed changes in AMS on Helderberg Group limestones

Specimen_ID Ky kyy k.. Treatment
H1-2.3C (Alsen Formation) 54.25 56.09 59.73 None (NRM state)
H1-2.3C 54.37 56.28 59.81 1 T field along z
Percent change 0.22% 0.34% 0.13%

H1-2.6B (Alsen Formation) 147.63 154.00 156.18 None (NRM state)
H1-2.6B 147.42 154.77 156.37 100 mT along x
Percent change 0.14% 0.50% 0.12%

H1-2.6B 147.68 154.93 156.63 200 mT along x
Percent change 0.04% 0.60% 0.29%

H2-5.35B (Manlius Formation) 216.98 226.28 222.78 None (NRM state)
H2-5.35B 216.59 225.94 221.99 1 T field along z
Percent change 0.18% 0.15% 0.35%

kv kyy, k.: diagonal elements of susceptibility tensor (uSI) in the specimen coordinate system
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each field step, the field was first applied in the
positive direction; the resulting remanence (M;")
was measured. The same field was then applied in
the negative direction and again the resulting rema-
nence (M, ) was measured. For several samples the
experiment was carried out using a pulse magnetizer
and a 2G superconducting magnetometer. For a few
samples, an equivalent experiment was conducted,
using a vibrating-sample magnetometer to measure
a series of minor hysteresis loops with increasing
peak fields (of equal strength in the positive and
negative directions). In all cases, the difference
between M;” and M; was negligible, thereby dem-
onstrating that the anisotropy of the particles in
the analysed Helderberg Group carbonates is over-
whelmingly uniaxial (Fig. 5).

Superparamagnetic fraction

Although the SP population plays no role in carrying
the NRM, it is of considerable interest in understand-
ing the origins and significance of the (presumably)
cogenetic SSD particles that do carry the palacomag-
netic information in these rocks. Further, any quantitat-
ive analysis and interpretation of in-field (hysteresis
and susceptibility) measurements must properly
account for the SP fraction in order to isolate the con-
tribution of the stable remanence carriers.

Magnetic properties change dramatically with
increasing size within the SP range and across
the SP-SSD threshold (or blocking volume), and
are strongly temperature dependent (Néel 1949;
Dunlop & Ozdemir 1997). SP particles that are
much smaller than the blocking volume at a given
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Fig. 5. Results of a test for multiaxial anisotropy based
on forward and reverse IRM acquisition (Fig. 2; Mitra
et al. 2011). At each field step a positive field is applied,
the resulting remanence (M;") is measured, a negative
field of equal strength is applied and the remanence (M, )
is measured. Intensity differences for this sample of the
Manlius Formation of the Helderberg Group are
negligible, showing that the particle anisotropy is
overwhelmingly uniaxial.

temperature remain in equilibrium with ambient
fields, even those that alternate at high frequency; they
therefore have frequency-independent susceptibility
that is fully in-phase, and not especially high
(e.g. Worm 1998). During hysteresis experiments,
these SP particles approach saturation slowly in rela-
tively high fields (Tauxe et al. 1996). Larger particles
near the SP—SSD threshold show more strongly time-
or frequency-dependent magnetization on laboratory
measurement timescales; susceptibilities are very
high with in-phase (k") and quadrature (k") com-
ponents that vary with frequency. These ‘viscous
superparamagnetic’ (VSP) particles saturate in rela-
tively low fields, thereby ‘shearing’ the loop of accom-
panying stably magnetic phases during hysteresis
experiments to generate ‘wasp-waisted’ loops (Fig. 1b;
Tauxe et al. 1996; Fabian 2003).

At room temperature, a relatively strong (10—
20% per decade) frequency dependence of suscep-
tibility and high ratios of x¢/M, (c. 50 um A~ ")
in previously studied remagnetized carbonates
(Jackson et al. 1993) and in our new Helderberg
Group samples clearly indicates the presence of a
significant population of grains with Ty, c¢. 295 K
(for magnetite, this T}, implies grains with diameters
of ¢. 15-25 nm; Worm 1998). During cooling, as
the size window for VSP behaviour shifts to finer
sizes, a strong frequency dependence of k¥’ and a sig-
nificant k" persist down to 20 K for the Helderberg
Group samples (Fig. 6), indicating a broad distri-
bution of nanometric particle sizes.

Hysteresis loops measured on a Quantum
Designs MPMS, using maximum fields of 2.5 T
and temperatures from 300 K down to 10 K, show
strong, progressive increases in M, and B. on
cooling (Fig. 7) as the SP fraction becomes ther-
mally stable. The loop constriction that is so promi-
nent at room temperature gradually gives way to
more ‘rectangular’ or ‘pot-bellied’ shapes (Tauxe
et al. 1996; Fabian 2003). Quantitative loop analysis
requires initial separation of the ferrimagnetic signal
from the dia/paramagnetic background signal.
This becomes somewhat problematic at the lowest
temperatures however, where paramagnetic magne-
tization becomes a distinctly non-linear function of
applied field (especially in fields over 1 T). Further,
antiferromagnetic nanoparticles of materials such as
ferrihydrite may contribute to low-temperature
high-field non-linearity. Here we use a consistent
fitting method, in which the high-field interval is
tested for statistically significant deviations from
linearity (Jackson & Sglheid 2010). An exponential
approach-to-saturation law (Fabian 2006) is applied
if the linearity test fails. We recognize that this
method overestimates M, for the lowest tempera-
tures, because it incorporates some of the non-linear
paramagnetic and/or antiferromagnetic magnetiza-
tion into the modelled ferrimagnetic loop; however
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Fig. 6. (a) In-phase and quadrature susceptibility at five frequencies for sample H2-4.4 (Manlius Formation, Helderberg
Group), measured from 20 to 300 K. Strong frequency dependence over the whole temperature range indicates a
broad size distribution of nanoparticles (e.g. Worm 1998). (b) Expanded view of quadrature susceptibilities,
compared to the derivative of in-phase susceptibility with respect to In(f).

this will not be critical to our analysis. For tempera-
tures down to about 40 K, M changes by only a very
slight amount; M, however increases to 3 times its
room-temperature value and B, increases by a
factor of 6 (Figs 8a, b), both as a result of SP-SSD
transitions in progressively finer particles on
cooling. The shape parameter oyys defined by
Fabian (2003) quantifies the dramatic change from
strongly wasp-waisted loop shapes to more rec-
tangular or pot-bellied shapes at lower temperatures
(Fig. 8c). The sharp increase in calculated M, values
below 40 K is no doubt partly due to the aforemen-
tioned non-linear paramagnetic signal affecting the
approach-to-saturation calculations, but may also
be partly due to ordering of some iron-bearing
phase. Jackson & Worm (2001) saw evidence of
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this ordering in low-temperature susceptibility data
for specimens of the Trenton Limestone.

Thermal demagnetization of a low-temperature
strong-field isothermal remanence can be used,
together with some assumptions, to quantify the
SP content in a sample (Banerjee et al. 1993) and
to calculate the size distribution of particles that
unblock while warming to room temperature (e.g.
Worm & Jackson 1999). The key assumption is
that the loss of remanence is related to the SSD-SP
transition, rather than to multi-domain phenomena
such as wall unpinning or domain reorganization
due to the changes in temperature-dependent aniso-
tropy constants (e.g. Moskowitz et al. 1998). This
assumption is well justified for the remagne-
tized carbonates that we are discussing, as detailed
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Fig. 7. (a) Low-temperature high-field hysteresis loops for sample H2-5.35 (Manlius Formation, Helderberg Group),
uncorrected for dia- and paramagnetic background. (b) Expanded view of low-field portion of the loops, showing
the characteristic wasp-waisted shape at room temperature (light grey). This wasp-waisted shape dissipates
significantly on cooling as the superparamagnetic particles become progressively blocked in.
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Fig. 8. (a) Saturation remanence, (b) coercivity and (c¢) shape parameter as a function of temperature as calculated
for the low-temperature hysteresis loops of sample H2-5.35 (Fig. 7). (a) Saturation remanence increases significantly on
cooling, as SP particles become thermally stable. Saturation magnetization changes little, at least down to 40 K,
which appears to be the ordering temperature of an unidentified iron-bearing phase. Loop shapes are constricted
(positive value of o) down to 40 K, below which most of the ferrimagnetic signal comes from thermally stable carriers.

below. For the analysed Helderberg Group samples,
roughly three-quarters of the low-temperature rema-
nence imposed isothermally by a 2.5 T field at 20 K
is erased by zero-field warming to room temper-
ature. This result implies that approximately 75% of
the ferrimagnetic material present is in the SP state at
300 K and does not contribute to the ancient NRM
(Fig. 9a). This result agrees well with the estimate
of Dunlop (2002b) for the Onondaga and Trenton
Limestones that was based on modelling of room-
temperature hysteresis data. The uninflected demag-
netization curve suggests a broad, unimodal size
distribution of the SP particles, and simple calcu-
lations using the method of Worm & Jackson (1999)
make this explicit (Fig. 9b). The distribution peaks
at or below 10~2* m? (approximately 10 nm diam-
eter), in very good accord with the modelled
SSD-SP mixing curves of Dunlop (2002b).

Stable SD fraction

Whereas in-field measurements such as hysteresis
and susceptibility are strongly influenced by SP
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& field cooled (FC)
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S
h

particles, we can isolate the properties of the SSD
and larger fraction by measuring remanent magneti-
zations. IRM acquisition and AF demagnetization
curves for the new Helderberg Group samples are
essentially identical to those obtained previously
for the Onondaga and Trenton limestones (Jackson
1990), intersecting at fields of about 50 mT, with
crossover parameters (Cisowski 1981) of R c. 0.5
(Fig. 10). Roughly 10% of the 1 T SIRM survives
AF demagnetization at 200 mT. The acquisition
curves strongly resemble those found by Elmore
et al. (2006) in Helderberg Group samples from
West Virginia. They also exhibit some similarity to
those defined by unmixing analysis (Gong et al.
2009) as the dominant component in remagnetized
Cretaceous carbonates from the Organya Basin of
northern Spain, showing significant lack of satur-
ation in 300 mT. Gong et al. (2009) interpreted this
component as due to very fine magnetite, near the
SP—SSD transition. Low-temperature cycling of a
room-temperature SIRM (Fig. 11) suggests the pres-
ence of minor amounts of remanence-carrying
hematite and pyrrhotite, with subtle inflections
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Fig. 9. (a) Thermal demagnetization of low-temperature remanence for sample H2-4.4 shows progressive unblocking
of the nanophase ferrimagnets, with no indication of the Verwey transition. FC remanence was imprinted by cooling
in a 2.5 T field from 300 K to 20 K; ZFC remanence was imparted isothermally at 20 K by application and removal
of a 2.5 T field (after zero-field cooling from 300 K). Both remanences were measured while warming in zero

field. (b) Particle-size distribution calculated for the ZFC curve in (a).
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Fig. 10. Acquisition and AF demagnetization of IRM
for sample H2-2.8 (Manlius Formation, Helderberg
Group) shows near-ideal non-interacting SD behaviour
(Cisowski 1981). The crossover point between the
acquisition and demagnetization curves is 54 mT,

R = 0.46.

near the Morin transition (c. 250 K; e.g. Ozdemir &
Dunlop 2006) and near the Besnus transition (32 K;
Besnus 1966; Dekkers et al. 1989; Rochette et al.
1990). However, the magnetization changes very
little overall (less than 8%) during cooling and
rewarming, with some small irreversible loss of
remanence. The major feature of the rewarming
curve is a broad maximum between 150 and
200 K, resembling the hallmark features noted for
oxidized magnetite by Ozdemir & Dunlop (2010)
and for pyrrhotite by Dekkers (1989).

Anhysteretic remanent magnetization (ARM)
acquisition characteristics provide additional evi-
dence that the remanence carriers in many remagne-
tized carbonate units overwhelmingly comprise
non-interacting SSD particles. ARM intensity
increases rapidly as a function of DC bias field
(Bgc), with ratios of ARM/SIRM reaching nearly
30% for Byg. = 0.2 mT (Fig. 12; see also Jackson
et al. 1992, 1993). The initial slope (calculated for
0 < By < 0.01 mT) is the normalized anhysteretic
susceptibility x,/SIRM with a value of 2.1 mm A~ !
comparable to theoretical values for non-interacting
SD magnetite (Egli & Lowrie 2002; Egli 2006),
to values observed for cultured magnetotactic
bacteria (Moskowitz et al. 1993) and for igneous
materials such as the Tiva Canyon Tuff (Till et al.
2010) and the Lambertville plagioclase (Dunlop &
Ozdemir 1997, fig. 11.6) that are known to contain
dominantly non-interacting SSD magnetic particles.

To summarize, ARM and IRM characteristics
together indicate that the thermally stable (non-
SP) room-temperature remanence carriers in the
new sample set from the Helderberg Group, and
from similar previously analysed remagnetized
carbonates in the Appalachian Basin and the
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Fig. 11. Low-temperature demagnetization (LTD) cycle
for H2-4.4. The sample was magnetized isothermally at
300 K in a 2.5 T field, then measured in zero field while
cooling to 20 K and rewarming to room temperature. The
broad maximum around 150—200 K resembles that
observed by Ozdemir & Dunlop (2010) in oxidized
submicron magnetite; however, here we see no distinct
indication of the Verwey transition. The Morin transition
(250 K) and the Besnus transition (32 K) indicate small
remanence contributions from hematite and

pyrrhotite, respectively.

mid-continental USA, are almost entirely in the
SD state with very minimal contributions from
PSD and MD grains. These SSD particles are
dominated by uniaxial anisotropy and constitute
roughly a quarter of the ferrimagnetic material
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Fig. 12. Non-linear anhysteretic remanent
magnetization (ARM) acquisition for sample H1-0.2
(Becraft Formation, Helderberg Group) shows
non-interacting SD behaviour (Dunlop & Ozdemir 1997,
fig. 11.8; Egli & Lowrie 2002; Egli 2006). Initial slope
gives xa/SIRM = 2.1 x 107> m A™!, comparable to
theoretical values for non-interacting SD magnetite (Egli
& Lowrie 2002; Egli 2006), to values observed for
cultured magnetotactic bacteria (Moskowitz et al. 1993)
and for igneous materials such as the Tiva Canyon Tuff
(Till et al. 2010) and the Lambertville plagioclase
(Dunlop & Ozdemir 1997, fig. 11.6)
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Fig. 13. Multicycle high-temperature susceptibility
measurements for sample H2-5.35 (Manlius Formation,
Helderberg Group) show nearly reversible behaviour
below 400 °C (with some decrease due to the 400 degree
step), followed by a major increase on heating to 500 °C.

in these samples. Almost all of the rest of the
magnetic mineralogy is superparamagnetic at
room temperature, as shown by low-temperature
hysteresis, low-temperature remanence, frequency-
dependent susceptibility and mixing models of
room-temperature hysteresis. From these exper-
iments the distribution of domain states is well
defined, but specifics of the mineralogy remain
elusive.

Ferrimagnetic mineral composition

Given the lack of pronounced diagnostic low-
temperature transitions, the best remaining hope
for definitive identification of the magnetic min-
eralogy is through measurements above room

temperature. Low-field high-temperature AC sus-
ceptibility of the new Helderberg Group samples,
measured on a KLY-2 Kappabridge in an argon
atmosphere in a series of heating—cooling cycles
with successively higher peak temperatures, shows
a weak and noisy signal but essentially reversible
behaviour up to 400 °C followed by sharp increases
in susceptibility for higher-temperature cycles (Fig.
13). This behaviour is virtually identical to that
observed by Zegers et al. (2003), which they attrib-
uted to formation of new magnetite by oxidation
of pyrite in the temperature range 420-500 °C.
It differs significantly from the results obtained for
the Trenton Limestone by Jackson & Worm (2001),
in which significant mineral alteration also began
for heating runs to maximum temperatures above
400 °C, but the new mineral was most likely pyrrho-
tite with a Curie temperature near 320 °C.
High-temperature hysteresis measurements
(Fig. 14) also had rather marginal signal/noise
ratios, due to the combination of weak intensities
and small allowable sample sizes. Loops and back-
field remanence curves were measured between
room temperature and 400 °C, in order to focus on
the naturally occurring ferrimagnetic population
and avoid the formation of new magnetic material
at higher temperatures. Saturation magnetization
decreases by about 50% between 20 and 400 °C,
significantly more than the drop of ¢. 38% expected
for pure magnetite over this temperature interval.
This may be due to a small contribution from ferri-
magnetic pyrrhotite as a slight dip in the M(T)
curve near 300 °C suggests; however, the data are
not of sufficient quality to allow decisive determi-
nation. Nevertheless, the trend suggests that mono-
clinic pyrrhotite is not a major phase in these
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Fig. 14. (a) High-temperature hysteresis loops for sample H2-4.4, measured on a Princeton Measurements MicroMag
VSM (temperatures from 20 to 400 °C). (b) Calculated saturation magnetization and (c¢) saturation remanence as

functions of temperature.
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Fig. 15. (a) High-temperature back-field remanence curves for sample H2-4.4, measured on a Princeton Measurements
MicroMag VSM (temperatures from 20 to 400 °C). (b) Remanent coercivity determined from the back-field

remanence curves as a function of temperature.

samples. Saturation remanence drops by nearly 80%
over this temperature range, and the ferrimagnetic
population is almost entirely in the SP state by
400 °C. The backfield remanence curves (Fig. 15)
show a corresponding progressive shift of the coer-
civity spectrum to lower fields, with a decrease in
B, by roughly two-thirds over this temperature
range.

The method of Lowrie (1990) for identifying
remanence carriers according to both coercivity
and unblocking-temperature ranges yields similar
results (Fig. 16). Orthogonal IRMs were imprinted
with successively decreasing pulsed fields: 1T
along the specimen z axis, 300 mT along x and
100 mT along y. The two lower-field treatments
each reoriented most of the remanence acquired in
previous steps (Fig. 16a), confirming that hard anti-
ferromagnets such as hematite could only be making
a minor contribution to the IRM. Stepwise thermal
demagnetization shows that the three coercivity

H2-5.75b
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-3-Y (100 mT)
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—
800 680 400

Applied field [T]

fractions all unblock at approximately the same
rate, with more than 80% of the remanence erased
by 400 °C and nearly 100% demagnetized by
500° (Fig. 16b). A slight change in slope in the
intermediate-coercivity x component from 300 to
350 °C may be due to pyrrhotite, but overall the
remanence appears to reside in a magnetite-like
phase with relatively low unblocking temperatures.

The low-temperature data clearly show that stoi-
chiometric magnetite is nearly absent from these
samples. Cation-deficient magnetite is a good can-
didate to account for the low-T properties, but is
less successful in accounting for My(T) above
room temperature since oxidation increases the
Curie temperature (Ozdemir & Banerjee 1984).
The observed M(T) trend suggests a Curie temp-
erature below that of pure magnetite. Cation substi-
tution could account for this, but would be quite
surprising as it would seem to be inconsistent
with a low-temperature chemical origin for the
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Fig. 16. (a) Acquisition and (b) thermal demagnetization of a three-component IRM for sample H2-5.75 (Manlius
Formation, Helderberg Group). Acquisition involved application of a 1 T pulsed field along the specimen’s z axis,
followed by a 300 mT field along the x axis and a 100 mT field along the y axis. The two latter treatments each reorient
most of the remanence, thus shown to be carried predominantly by relatively soft (ferrimagnetic) phases. The three
components are removed at roughly the same rates by thermal demagnetization, and are almost completely removed by
500 °C. A dip in the intermediate-coercivity x component at 300—-350 °C may be due to pyrrhotite.
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dominant magnetic phase. On the other hand, Xu
et al. (1998) found magnetite grains of clearly
authigenic origin that contained minor amounts of
substituted Ti and Mn (x < 0.15 in Fe;_,Ti,O,4) in
the Leadville carbonates of central Colorado.
Such compositions would suppress the Verwey
transition and also depress the Curie temperature
and unblocking temperatures. However, authigenic
cation-substituted magnetite has not (to our knowl-
edge) been found in other studies of remagnetized
carbonates. Probably the best way to explain both
the low- and high-temperature data is through a
mixture of maghematized magnetite and smaller
amounts of monoclinic pyrrhotite nanoparticles,
but cation-substituted authigenic magnetite may
also be important.

Discussion

Do hysteresis properties provide reliable indications
of the presence or absence of substantial chemical
overprints in carbonate rocks? Certainly in situ
growth of a significant population of SP-SSD par-
ticles should be expected to exert a strong influ-
ence on both the NRM and on the rock-magnetic
properties, and a number of studies have con-
firmed this relationship. But how often might we
encounter ‘false positives’ (hysteresis ratios along
the trend defined by the remagnetized Appalachian
basin carbonates, in rocks where the characteristic
remanence is primary) or ‘false negatives’ (hyster-
esis ratios along the trend for SD—MD magnetites,
in rocks that are substantially or completely remag-
netized)? How might we recognize these situations?
Given the variety of possible remagnetization mech-
anisms and triggers (e.g. Elmore 2001), as well as
the variety of possible primary iron phases in car-
bonates, there are a number of important points
that have to be considered.

Primary magnetic particles in carbonates:
sources, characteristics, preservation

Major proportions of SP material are relatively rare
in geological materials, with notable exceptions
mostly including those in which the SP material
formed in situ: soils and palaeosols (e.g. Mullins
1977; Maher & Taylor 1988; Dearing et al. 1997;
Guyodo et al. 2006); rapidly cooled volcanics (e.g.
Schlinger et al. 1991; Gee & Kent 1999; Till et al.
2010); and marine or lacustrine sediments where SP
magnetite is produced in the sediment column by
dissimilatory iron-reducing bacteria (e.g. Moskowitz
et al. 1989; Maloof et al. 2007). The high surface
area to volume ratios of SP magnetite likely contrib-
utetotheir geochemicalinstability indetrital environ-
ments (e.g. Li et al. 2009). Carbonates with primary

magnetization from which hysteresis data have
been obtained reveal a trend on the compiled Day
plot of hysteresis parameters (Fig. 1) that indicates
magnetite populations dominated by SD and MD
particles without significant SP contributions.
These units are predominantly deepwater pelagic
limestones (Laytonville Limestone, Maiolica Lime-
stone, ODP 728) and, in such lithologies, an SD—
MD grain size distribution is consistent with detrital
input of magnetite and either a lack of SP input or
alteration of any SP particles. However, in shallow-
water carbonate depositional environments that are
isolated from aqueous detrital input and where
there is early cementation, is it possible that there
could be significant contributions of both ultrafine
SP and SSD ferrimagnets? If so, they may yield
false positive indications of remagnetization. In
the absence of aqueous detrital input there are two
main potential sources of magnetic minerals to car-
bonate environments: biogenic precipitation and
aeolian delivery (including extraterrestrial fluxes).
Freeman (1986) documented the common occur-
rence of ‘cosmic spherules’ in magnetic extracts
from pelagic limestones by detailed SEM work,
but was unable to quantify the proportions of ultra-
fine material in these extraterrestrial magnetic par-
ticles. It is not uncommon for airborne dust
collections to show significant populations of SP—
SSD ferrimagnets, especially when no major local
dust sources are present (e.g. Oldfield et al. 1985).
Magnetic material found in dust layers in the Green-
land and Antarctic ice cores contained signifi-
cant proportions of SP—SSD nanoparticles whose
origins were ascribed to ablation of meteorites in
Earth’s upper atmosphere (Lanci & Kent 2006;
Lanci et al. 2007, 2008). Detrital inputs of ferrimag-
netic nanoparticles could therefore potentially
mimic the hysteresis properities of the SP—SSD
grains that are produced through authigenic pro-
cesses associated with remagnetization.
Extracellular formation of magnetite during
microbial iron reduction can lead to the in situ for-
mation of prodigious amounts of SP magnetite dur-
ing deposition (Frankel 1987; Maloof et al. 2007).
Combined with SD grains formed by magnetotactic
bacteria during or immediately following deposi-
tion (e.g. Kopp & Kirschvink 2008; Moskowitz
et al. 2008), these populations could also give false
indications of remagnetization based on hysteresis
properties. With the current published datasets pre-
dominantly coming from deepwater carbonates, the
possibility that there can be preservation of a sig-
nificant primary SP population in early cemented
shallow-water carbonates is difficult to evaluate.
This reality points to the need for more detailed hys-
teresis data from shallow-water carbonates to see
if the preservation of primary SP grains can have a
significant influence on hysteresis parameters.
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Primary detrital magnetic oxide grains in the PSD
and MD size range can moreover be diminished to
SP-SSD sizes by reductive dissolution (e.g.
Karlin & Levi 1983; Tarduno 1995; Smirnov &
Tarduno 2001). New iron sulphide minerals (predo-
minantly greigite) commonly also form in the sedi-
ment column during early diagenetic sulphate
reduction (Maloof et al. 2007, Roberts et al.
2011). The combination of such sulphides with
residual magnetite could conceivably mimic the
hysteresis signature of the remagnetized carbonates,
whether or not the new sulphides carry a significant
portion of the remanence.

It has long been known that constricted (‘wasp-
waisted’) hysteresis loops and high coercivity
ratios can arise from mixtures of hard (e.g. imperfect
antiferromagnets such as hematite and goethite) and
soft (e.g. ferrimagnets such as magnetite and
maghemite) phases (e.g. Nagata & Carleton 1987).
There are many situations imaginable (e.g. detrital
magnetite and late weathering products such as
goethite) where Day plot locations and constricted
loops might incorrectly suggest an ancient remagne-
tization. In the case of a mix of soft ferrimagnetic
and hard antiferromagnetic carriers, values of B,
and B., would be higher than in the case of a domi-
nant SP—SSD population. Additionally, if the loop
constriction is due to multiple mineralogies there
may be discernible inflections in the gradient of
magnetization acquisition and backfield demagneti-
zation of an SIRM. Given the common occurrence
of goethite as a surface weathering product and
the precipitation of secondary iron sulphides
through fluid flow or early diagenesis, interpret-
ations of hysteresis loop parameters should be
made cautiously and be paired with other rock mag-
netic experiments that can demonstrate a largely
mono-mineralic population of ferrimagnetic grains.

Sources of iron for formation of new magnetic
phases and mechanisms and triggers for
authigenic iron oxide growth

Oxidation of pyrite or other sulphides to magnetite
in remagnetized carbonates has been documented
through detailed analytical microscopy (e.g. Fruit
etal. 1995; Weil & Van der Voo 2002). Early diage-
netic pyrite framboids, aggregates up to 100 pm in
diameter comprised of large numbers of small
(<1 pwm) crystallites, have frequently been found
in North American Palaeozoic carbonates to be
completely altered by later diagenesis to magnetite
(Suk ef al. 1990a, b, 1991, 1993). Suk & Halgedahl
(1996) found a variety of other iron-oxide spheroid
morphologies that may have formed in this way or
by different processes (Freeman 1986), many of
which exhibited the MD magnetic behaviour

expected for particles of that size but some of
which had PSD or SSD hysteresis properties; a
few even had wasp-waisted loops. They argued
that despite the large particle dimensions, such
spheroids may be the major remanence carriers in
the remagnetized carbonates of the Appalachian
Basin and elsewhere. This argument is difficult to
refute, especially if we recognize that the spheroid
population recovered by magnetic extraction from
the insoluble residue is likely to be strongly biased
in favour of the larger and more highly magnetic
particles, and that therefore the spherules found
with relatively low M, (and high M,/M,) may be
the most representative of those in the bulk rock.
However, it is not clear that the preponderance of
SP magnetite in bulk-rock remagnetized carbon-
ate samples has any direct association with pre-
existing sulphides or with the observed spheroids.
Replacement of iron sulphides by magnetite is cer-
tainly involved in many cases and may be a chief
mechanism of remagnetization when large-scale
fluid flow is involved. It remains difficult to pre-
dict with any certainty that a distinctive hyster-
esis signature must necessarily accompany this
process, so the possibility of false negative tests
cannot be ruled out. Suk & Halgedahl (1996)
found ‘normal’ unconstricted hysteresis loops in
remagnetized Onondaga Limestone samples from
western New York, suggesting that SP magnetite
was not formed by the remagnetization process or
not preserved.

Many studies have convincingly demonstrated a
connection between remagnetization and clay dia-
genesis, particularly the conversion of smectite to
illite (Jackson et al. 1988; Hirt et al. 1993; Katz
et al. 1998; Elliott et al. 2006a, b; Tohver et al.
2008). Illitization of smectite occurs at relatively
low temperatures (between c. 60 °C and 120 °C)
and liberates both water and cations such as iron,
creating conditions suitable for the de novo for-
mation of magnetite or other remanence-carrying
minerals. Nucleation and growth processes can be
expected to produce nanoparticle populations with
size distributions that are ultimately governed by
factors including element availability, diffusion
rates, reactivity, temperature and time. The growth
of magnetite through this process is likely to
produce populations that span the SP—SSD size
range. In such a scenario, the formation of both
abundant SP grains and the grains that reached the
critical size for thermal stability (and thus acqui-
sition of a secondary remanence) can be attributed
to a single chemical overprinting event. This
process seems to us to be the situation in which
unique hysteresis properties may most reliably
indicate strong chemical remagnetizations analo-
gous to those seen in North American Palaeozoic
carbonates.
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The rock-magnetic signature of
remagnetization in carbonate rocks

Given the wide variety of possible remagnetization
mechanisms, parent phases and final carriers, and
the range of scenarios discussed above for potential
false positives and false negatives, it is some-
what surprising that a rock-magnetic signature of
remagnetization would have any generality. This is
even more true now that we have eliminated one of
the proposed rationales for a distinctive hysteresis
signature, based on multiaxial individual-particle
anisotropy in equidimensional authigenic magne-
tites. However, many examples are now available
for which demonstrably remagnetized units have
some or all of the putative rock-magnetic finger-
prints (e.g. Channell & McCabe 1994; McCabe &
Channell 1994; Molina Garza & Zijderveld 1996;
Suk & Halgedahl 1996; Banerjee et al. 1997;
Butler et al. 1997; Xu et al. 1998; d’ Agrella Filho
et al. 2000; Dinares-Turell & Garcia-Senz 2000;
Enkin er al. 2000; Zegers et al. 2003; Trindade
et al. 2004; Zwing et al. 2005; Elmore et al. 2006;
Soto et al. 2008). We are not aware of any clear-cut
false positives (hysteresis characteristics indicating
complete remagnetization in carbonate rocks bear-
ing a primary NRM) and very few false negatives
(hysteresis behaviour indicating primary NRM
carriers in fully chemically overprinted carbonate
rocks). However, there is a number of rock units
with ‘intermediate’ or ambiguous hysteresis charac-
teristics, some of which clearly have multi-mineralic
remanence-carrying populations (e.g. Weil & Van
der Voo 2002; Zegers et al. 2003; Zwing et al.
2005; Oliva-Urcia & Pueyo 2007).

Zwing et al. (2005) noted a strong association of
lithology and hysteresis properties of remagnetized
rocks: reef carbonates, with low primary detrital
content, exhibited hysteresis properties similar to
those of the archetypal remagnetized carbonates;
platform carbonate samples had intermediate hys-
teresis ratios; and remagnetized siliciclastics had
hysteresis properties suggestive of primary detrital
mineralogy. They reached the reasonable con-
clusion that a remagnetization test based on hyster-
esis behaviour only works when authigenic phases
represent an overwhelming majority of the magnetic
mineralogy, which in most cases means that detrital
phases cannot be present in any great abundance.
Indeed, our compilation in Figure 1 also appears
to show a systematic dependence on depositional
environment, with samples that plot along the
‘primary’ SD—MD mixing line coming largely
from pelagic limestones (Channell & McCabe
1994; Tarduno & Myers 1994; Abrajevitch &
Kodama 2009) while the Pleistocene Tahiti reef
(Ménabréaz et al. 2010) had significant input
of volcaniclastic sands. In each of these cases, it

appears magnetite from a detrital or bacterial
source is holding a primary remanence.

In our view, the most diagnostic indicator of mag-
netite authigenesis in carbonate rocks is the occur-
rence of a unimodal particle-size distribution that
peaks well below the room-temperature SP—SSD
threshold. Such distributions are relatively rare in
geological materials and, when they do occur, are
almost always associated with in sifu processes of
origin (nucleation and growth in volcanic glass,
metabolic electron-transfer reactions mediated
extracellularly by bacteria, pedogenesis or various
candidate processes in carbonate rocks). Particles
that grow through the SP—SSD threshold acquire a
stable CRM, and the population characteristics
account for the distinctive hysteresis behaviour,
high ARM/SIRM ratios and elevated frequency-
dependence of susceptibility. Further work isneeded,
however, to evaluate whether a similar particle-size
distribution could arise in the primary magnetic
mineralogy of shallow-water carbonates that are iso-
lated from detrital input.

Summary and conclusions

In the prototypical remagnetized carbonates that
have been the principal focus of this study, both
the ChRM and the rock-magnetic properties are
intimately related to the SP-SSD nanoparticle
population that formed in situ during the Permian,
many tens of millions of years after the strata
were deposited. Clay diagenesis and maturation
of organic matter, driven by moderately elevated
burial temperatures as well as changes in geochem-
ical conditions possibly due to introduction of
tectonically driven brines, resulted in neoformation
of these nanoparticles and alteration of pre-existing
iron sulphides. Large proportions of the authi-
genic magnetite never grew to sizes larger than
20 nm; these SP particles are responsible for the
frequency-dependent susceptibility and, to a large
extent, for the wasp-waisted hysteresis loops and
strongly elevated H../H,. ratios that constitute the
proposed rock-magnetic fingerprint of remagneti-
zation. Some fraction of the authigenic magnetite
grew through the SP-SSD threshold, acquiring
the ChRM and accounting for the elevated ARM/
SIRM ratios that help to identify the carriers as
authigenic. In the Helderberg Group samples of
this study, some 75% of the magnetite is superpara-
magnetic at room temperature, and almost all of
the rest is SSD. The exact mineralogical compo-
sition remains unclear, but it is certainly not pure
magnetite; some small degree of cation substitu-
tion or a larger degree of cation deficiency is
required for the almost complete lack of a
Verwey transition.
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One of the original explanations offered for a
correlation between hysteresis properties and
strong chemical remagnetization involved authi-
genic SD particles having an almost complete lack
of shape anisotropy (i.e. spheroidal morphologies
resembling those observed in large extracted mag-
netite particles), and therefore having magnetic
properties governed primarily by the cubic magne-
tocrystalline (multiaxial) anisotropy of magnetite
(Jackson 1990). We have now shown unequivocally
that this is not correct for the newly analysed
samples of the Helderberg Group. Two new
approaches (Lanci 2010; Mitra et al. 2011) applied
to these samples to test for the presence of multiax-
ial anisotropy have revealed that the magnetite
particles are instead controlled by uniaxial aniso-
tropy. The fundamental basis of the distinctive hys-
teresis behaviour of these remagnetized carbonates
is the dominant contribution from the SP and SSD
size fractions.

It should be borne in mind that although there is
a strong link between rock-magnetic behaviour and
size distributions in these rocks, the link between
particle sizes and a late authigenic origin is more
indirect. It is conceivable that dominant SP—SSD
size fractions could also originate biogenically or
by detrital input, and that rocks with a primary or
very early ChRM may therefore sometimes exhibit
the rock-magnetic characteristics associated with
remagnetization. At this time, we are unaware of
any such ‘false positives’ in the published literature
where carbonates with primary magnetization yield
hysteresis parameters in the range typically
restricted to remagnetized carbonates. Nevertheless,
there is a paucity of hysteresis data from shallow-
water carbonates with primary ChRMs, and data
are needed from such units to further evaluate
whether the primary coexistence of SP and SSD
grains ever leads to false positives for remagnetiza-
tion. ‘False negative’ results (in which remagnetized
units have the rock-magnetic characteristic of unre-
magnetized carbonates) appear to be more common,
when detrital materials occur in sufficient abun-
dance to shift the peak of the size distribution into
the PSD—MD range.
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