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Zircon crystals offer a unique combination of suitability for high-precision radiometric dating and high 
resistance to alteration. Paleomagnetic experiments on ancient zircons may potentially constrain the 
history of the earliest geodynamo, which would hold broad implications for the early Earth’s interior 
and atmosphere. However, the ability of zircons to record accurately the geomagnetic field has not 
been demonstrated. Here we conduct thermal and alternating field (AF) paleointensity experiments 
on 767.1 thousand year old (ka) zircons from the Bishop Tuff, California. The rapid emplacement of 
these zircons in a well-characterized magnetic field provides a high-fidelity test of the zircons’ intrinsic 
paleomagnetic recording accuracy. Successful dual heating experiments on eleven zircons measured 
using a superconducting quantum interference device (SQUID) microscope yield a mean paleointensity 
of 54.1 ± 6.8 μT (1σ ; 42.6 ± 5.3 μT after excluding possible maghemite-bearing zircons), which is 
consistent with high-precision results from Bishop Tuff whole rock (43.0 ± 3.2 μT). High-resolution 
quantum diamond magnetic (QDM) mapping, electron microscopy, and X-ray tomography indicate that 
the bulk of the remanent magnetization in Bishop Tuff zircons is carried by Fe oxides associated with 
apatite inclusions, which may be susceptible to destruction via metamorphism and aqueous alteration 
in older zircons. As such, while zircons can reliably record the geomagnetic field, robust zircon-derived 
paleomagnetic results require careful characterization of the ferromagnetic carrier and demonstration 
of their occurrence in primary inclusions. We further conclude that a combination of quantum 
diamond magnetometry and high-resolution imaging can provide detailed, direct characterization of the 
ferromagnetic mineralogy of geological samples.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Due to its resistance to metamorphism and weathering pro-
cesses, the silicate mineral zircon (ZrSiO4) preserves a unique 
record of the Earth’s ancient past. Geochemical studies of zircons 
routinely provide important constraints on their crystallization en-
vironment (e.g., Watson and Harrison, 2005). Moreover, zircons 
often provide highly accurate radiometric formation ages due to 
their high initial U to Pb ratio.
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Owing in part to these properties, detrital zircon crystals from 
the Jack Hills of Western Australia are the oldest preserved terres-
trial material and have been dated up to 4.37 Ga (Froude et al., 
1983; Harrison, 2009; Valley et al., 2014). These zircons provide 
one of the only known opportunities for direct experimental pale-
ointensity characterization of the earliest geodynamo. Such direct 
constraints on the Earth’s early magnetic field hold key implica-
tions for a broad range of geophysical problems. A delayed onset of 
the geodynamo may imply the persistence of a hot, molten lower 
mantle or the late initiation of plate tectonics (Labrosse et al., 
2007; Nimmo and Stevenson, 2000; O’Neill and Debaille, 2014). On 
the other hand, an active dynamo during the earliest Hadean eon 
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may imply an important role for compositionally-driven convec-
tion in the core or a magma ocean overturn event (Elkins-Tanton 
et al., 2005; O’Rourke and Stevenson, 2016). At the same time, the 
intensity of the geomagnetic field may have exerted strong control 
on the rate of atmospheric loss (Kulikov et al., 2007).

Previous paleomagnetic experiments on Archean whole rock 
samples dating suggest the existence of an active geodynamo at 
3.5 Ga of possibly lower than modern strength (Biggin et al., 2011;
Hale and Dunlop, 1984; Hale, 1987; McElhinny and Senanayake, 
1980; Tarduno et al., 2010; Yoshihara and Hamano, 2004). On the 
other hand, the abundance of nitrogen atoms in lunar soil has been 
interpreted to suggest the lack of a geodynamo at ∼3.9 Ga (Ozima 
et al., 2005). Most recently, a paleomagnetic study of Jack Hills 
zircons proposed that a geodynamo with lower than modern day 
intensity has existed since ∼4.2 Ga (Tarduno et al., 2015). However, 
a context study of the Jack Hills area has questioned the likelihood 
that a primary paleomagnetic record may be retained in Jack Hills 
zircons, such that the ages of their magnetizations are currently 
unknown (Weiss et al., 2015).

Despite the potential of zircon paleomagnetism to expand our 
understanding of the early geodynamo, the ability of single zir-
con crystals to record accurately ancient magnetic fields has not 
yet been tested against bulk rock measurements. Zircon is not fer-
romagnetic and cannot by itself record ambient magnetic fields. 
Primary Fe oxide inclusions observed in zircon (Timms et al., 2012)
can potentially carry remanent magnetization. However, the mag-
netic recording properties of these and other possible ferromag-
netic inclusions in zircon remain largely unknown. Detailed paleo-
magnetic and rock magnetic characterization of zircon is therefore 
necessary to establish the validity of any paleomagnetic record re-
trieved from zircon grains.

A recent rock magnetic characterization of detrital zircons from 
the Tanzawa tonalitic pluton, Japan, measured the ratios of natural 
remanent magnetization (NRM) to thermoremanent magnetization 
(TRM) in 12 zircons and inferred a mean paleointensity of 74 μT, 
which overestimates paleofields expected for the sample location 
based on geomagnetic dipole field intensity records (8–31 μT) by 
a factor of 2 to 9 (Sato et al., 2015). When filtered to include only 
samples with high TRM acquisition capacities, the mean paleoin-
tensity of eight zircons (41 μT) is broadly consistent with actual 
geomagnetic fields. However, because no physical relationship was 
established between rock magnetic properties and the accuracy of 
paleointensities of individual zircons, the filtering criterion used 
cannot be extended reliably to future paleointensity studies. Fur-
thermore, because the Sato et al. (2015) study only compares mean 
recorded fields over the span of several million years, it does not 
resolve whether discrepancies between individual zircon paleoin-
tensities and mean field values are due to paleosecular variations 
or an inability of zircons to record accurately ambient magnetic 
fields.

A more robust evaluation of zircon’s paleomagnetic recording 
potential therefore requires detailed paleomagnetic experiments 
on mineralogically well-characterized zircons with simple geologic 
histories that acquired NRM in a well-constrained magnetic field. 
At the same time, zircons erupted in ash flows are preferable to 
deep-sourced plutonic zircons as the latter experienced prolonged 
cooling histories, which complicates the comparison of recovered 
paleointensities directly to known geomagnetic field intensities.

The Bishop Tuff is an extensive sequence of rhyolitic ash fall 
tuffs and ignimbrites in eastern California (Hildreth, 1979; Wilson 
and Hildreth, 1997). The melts that gave rise to the Bishop Tuff are 
characterized as evolved silicic magma bodies with high H2O con-
tent (Anderson et al., 1989; Bindeman and Valley, 2002; Wallace 
et al., 1999). On the basis of inclusion assemblages, trace el-
ement concentrations, oxygen isotopic compositions, and Ti-in-
zircon thermometry, the Jack Hills zircons are likewise considered 
to have crystallized from felsic magmas with substantial water 
content (Hopkins et al., 2010; Mojzsis et al., 2001; Watson and 
Harrison, 2005; Wilde et al., 2001). The composition of Bishop 
Tuff zircons may therefore be analogous to that of the Jack Hills 
samples, although their precise crystallization sequences may have 
differed given the uncertainties in the crystallization setting of the 
latter (e.g., Darling et al., 2009; Hopkins et al., 2010; Kemp et 
al., 2010; Nutman, 2006; Rasmussen et al., 2011). The emplace-
ment of the Bishop Tuff occurred in a period of less than a few 
years at 767.1 ka, which postdates the Bruhnes–Matuyama reversal 
(Crowley et al., 2007; Singer et al., 2005; Snow and Yung, 1988;
Wilson and Hildreth, 1997). Paleomagnetic records from the de-
posit were therefore not subject to viscous overprinting in a 
reversed geomagnetic field or post-depositional metamorphism. 
Meanwhile, the cooling period of TRM acquisition, likely on the 
order of tens to a few hundred years (Riehle et al., 1995), was too 
short to result in internal heterogeneities within the deposit due 
to paleosecular variation.

A previous paleomagnetic study of the Bishop Tuff showed 
that densely welded ignimbrite samples contain a primary TRM 
most likely carried by primary low-Ti titanomagnetite (Gee et al., 
2010). Thellier–Thellier paleointensity experiments performed on 
89 whole rock samples showed that 52% yielded reliable esti-
mates of the paleomagnetic field intensity. The narrow range of 
paleointensity values derived from samples recovered from diverse 
locations and stratigraphic heights (43.0 ± 3.2 μT) confirms that 
cooling through the temperatures of NRM acquisition occurred suf-
ficiently fast to avoid recording paleosecular variation. Because of 
the mineralogical properties described above, the simple geologic 
history, and the availability of detailed characterization of the pa-
leofield intensity during emplacement, Bishop Tuff zircons offer a 
unique opportunity to evaluate the quality of primary paleomag-
netic recording in zircon.

In this study, we conducted thermal and AF paleointensity ex-
periments and characterized the ferromagnetic mineralogy of zir-
cons from the Bishop Tuff. We chose zircons taken from sites ad-
jacent to the locations of samples suggested by Gee et al. (2010)
to carry primary TRMs. To acquire paleomagnetic data from single 
zircons, we developed and describe here novel techniques that per-
mit thermal demagnetization and measurement of samples with 
starting NRM magnitude as low as 5 × 10−14 Am2. This sensitiv-
ity represents a gain of greater than one order of magnitude for 
samples subject to thermal demagnetization compared to previous 
techniques (Fu et al., 2014b; Tarduno et al., 2015). Comparison be-
tween single zircon and whole rock thermal paleointensities shows 
that the two data sets agree to within uncertainty. Results from 
our magnetic and electron microscopy and X-ray tomography sug-
gest that stable magnetization in Bishop Tuff zircons is carried by 
Fe-oxides associated with apatite inclusions.

2. Samples and methods

We collected samples from an exposure of the Bishop Tuff 
from the Owens River Gorge. The sampling location (37.51189◦N, 
118.57129◦W) is approximately 50 m north and 32 m up-section 
from the base of the ∼150 m thick Gorge Section F (GF) stud-
ied by Gee et al. (2010). All of our zircons are therefore found 
within the dense welded ignimbrite unit Ig1Eb (Wilson and Hil-
dreth, 1997), which oxygen isotopic data indicate experienced lim-
ited to no post-depositional hydrothermal alteration (Holt and Tay-
lor, 1998). Assuming that the flow unit was deposited isothermally, 
its mass density provides an emplacement temperature estimate 
of ∼660 ◦C (Gee et al., 2010), although the uncertainty on this 
temperature estimate is not well-understood. Variations in ob-
served ignimbrite density ∼25 m up-section from our sampling 
locality may imply non-uniform deposition temperatures; how-
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ever, such heterogeneities likely do not significantly affect the as-
sumption of isothermal deposition in the lower part of the Ig1Eb 
unit where our samples were taken (Wilson and Hildreth, 2003;
Riehle et al., 2010). As such, the emplacement temperature implies 
that our zircons should have recorded a nearly full TRM, although 
a weaker component of hematite-hosted remanence possibly ac-
quired via chemical alteration may exist at higher unblocking tem-
peratures for some samples (Gee et al., 2010). The close proximity 
of our samples to the sites used in Gee et al. (2010) implies that 
the samples experienced similar cooling histories and that a com-
parison of recovered paleointensities would not require corrections 
for cooling rate (Yu, 2011). Finally, the location of the samples 
in a steep-sided canyon minimizes the potential of lightning con-
tamination, which is confirmed by our paleointensity results (see 
below).

We crushed 2 kg of ignimbrite and separated 40 zircons with-
out the use of a magnetic separator. Isolated zircons, which range 
between 90 and 180 μm in the longest dimension, were handled 
using plastic and ceramic tools and kept inside the MIT Paleomag-
netism Laboratory class ∼10,000 clean room (DC field <150 nT). 
We did not apply acid leaching to our zircons, in part because 
their clear appearance in optical microscopy gave no indication 
of surface oxides, in contrast to previous reports of brown oxide 
staining on zircons (Lewis and Senftle, 1966). For AF demagnetiza-
tion experiments, we measured 15 zircons embedded in EPO-TEK 
301 epoxy extruded through a 0.25 μm filter (see Tables 1 and S1 
for lists of samples). The surface of this epoxy mount containing 
the zircons was polished using 1 μm alumina powder. For ther-
mal demagnetization experiments, we embedded 18 zircons in pits 
drilled into Corning Eagle XG glass slides and secured the zir-
cons using high purity quartz powder (Fig. 1). In both cases, the 
placement of samples in epoxy or quartz powder insured consis-
tent orientation during the demagnetization process, although the 
zircons were not oriented in an absolute coordinate system. Our 
ASC Scientific TD48-SC oven permits temperature reproducibility 
of ≤5 ◦C, minimizing discrepancies between NRM and partial TRM 
(pTRM) heating steps.

Due to the very weak initial NRM moments of zircons (5 ×
10−14 to 6 × 10−12 Am2), we measured all samples using the su-
perconducting quantum interference device (SQUID) microscope in 
the MIT Paleomagnetism Laboratory (Weiss et al., 2007). For AF de-
magnetization samples, the polished surface of the epoxy mount 
was placed in direct contact with the SQUID microscope window, 
resulting in a sensor-to-sample distance of 180 μm. For thermal 
demagnetization samples, we placed the SQUID microscope win-
dow in contact with the undrilled side of the glass slides, yielding 
sensor-to-sample separations of ∼230 μm. In both sets of experi-
ments, the SQUID microscope produced magnetic field maps with 
∼200 μm spatial resolution. We computed zircon magnetic mo-
ments from these magnetic field maps by forward modeling of a 
dipole magnetic source and optimization of the model dipole pa-
rameters so as to match the experimental data. Specifically, we 
adjusted the three components of the magnetic dipole moment 
and the spatial location of the source to minimize residuals be-
tween the measured magnetic field map and the synthetic field 
map calculated from the model (for more details, see Fu et al., 
2014a and Lima and Weiss, 2016).

The epoxy and glass mounts, when measured without sam-
ples, displayed a small number (1–2 per mount) of contaminating 
magnetic sources with moment 1–7 × 10−14 Am2. Although the 
upper end of this range overlaps with the weakest measured zir-
con moments, SQUID microscopy showed that the location of these 
sources do not coincide with that of measured zircons and there-
fore do not affect our computed zircon magnetizations (Fig. 1). 
At the locations of the mounted zircons in the magnetic field 
map, temporal fluctuations in the SQUID microscope sensor re-
Fig. 1. (A) Optical photograph of the glass sample holder with zircons T2-1 through 
T2-10 mounted inside pits, (B) SQUID microscope map of the same sample holder 
with no zircons, and (C) SQUID microscope map of the sample holder with T2 zir-
cons mounted. Shown is the vertical component of the magnetic field at a height 
of ∼230 μm, with positive (negative) field values representing out-of-plane (into-
plane) field directions. The magnetic field signature associated with each zircon is 
labeled (notice that due to variability in holder fabrication, not every pit was used 
to house a zircon). Gray dashed box in panel C indicates the area of the map in 
panel B. Note the different field strength (color) scales between panels B and C. All 
three panels have the same scale bar. Complete raw data, processed products, and 
additional documentation of procedures are available in the Supplementary Data. 
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

sulted in noise of up to 50 pT (Fig. 1). Assuming that the sig-
nal from a zircon must exceed this field strength to constitute a 
robust measurement, a zircon must have in this particular con-
figuration (sensor-to-sample separation of 230 μm) a dipole mo-
ment of >6.0 × 10−15 Am2. Because this calculation does not 
take into account improvements in signal-to-noise ratio from sig-
nal processing techniques and the fact that the optimization al-
gorithm can retrieve dipole moments at higher noise levels, the 
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value of 6.0 × 10−15 Am2 represents a conservative estimate of 
our ability to characterize a zircon signal from a raw SQUID mi-
croscope map. This limiting moment is higher than that given 
in previous SQUID microscope-based studies (Fu et al., 2014b;
Weiss et al., 2007) due to the higher (230 μm) sensor-to-sample 
separation necessitated by the thermal demagnetization procedure.

We performed further rock magnetic characterization of se-
lected zircons after their NRMs were removed via AF demagne-
tization. We used a JEOL 8200 electron microprobe in the MIT 
Petrology Laboratory set at an accelerating potential of 15 keV to 
image and characterize ferromagnetic mineralogy. To complement 
and guide these analyses, we mapped the location of ferromagnetic 
sources in the zircons using the quantum diamond microscope 
(QDM) developed at the Walsworth Laboratory at Harvard Univer-
sity. This instrument, which was first used on geological samples to 
localize ferromagnetism in dusty olivine-bearing chondrules from 
the Semarkona meteorite (Fu et al., 2014b), produces maps of the 
magnetic field above a polished sample with a spatial resolution of 
2.4 μm and DC noise floor of ∼160 nT. The QDM employs a dense 
layer of fluorescent quantum magnetic field sensors, nitrogen va-
cancy color centers, near the surface of a diamond chip on which 
the sample of interest is placed (Glenn et al., 2015).

Finally, we used the ZEISS Xradia 520 Versa and Ultra XRM-
L200 from Xradia, Inc. (now Carl Zeiss X-ray Microscopy) micro-
scopes to obtain tomographic volume reconstructions of a single 
zircon grain (A7) with 400 nm and 65 nm voxel size, respec-
tively. These voxel sizes give spatial resolutions of 750 nm and 
150 nm, respectively, based on measured test patterns using vi-
sual inspection and a Modular Transfer Function. We extracted this 
zircon, which was subjected earlier to AF demagnetization, QDM, 
and electron microprobe analyses, from the epoxy holder and re-
mounted it onto a ∼50 μm needle tip with superglue for X-ray 
tomography studies. Both X-ray microscopes were used in absorp-
tion contrast mode, in which the contrast roughly scales with mass 
density.

The sub-micrometer Versa XRM was operated at an accelerat-
ing voltage of 60 keV and power of 5 W using the full spectrum of 
the X-ray beam; the nanoscale Ultra XRM was operated at a quasi-
monochromatic X-ray energy of 8 keV, above the Fe absorption 
edge, which produced a large contrast signal for the Fe oxide par-
ticles compared to other materials in the volume studied. For the 
sub-micrometer-scale Versa XRM imaging, 1601 images were col-
lected at a step size of 0.23 degrees for a total acquisition time of 
2 h; for the nanoscale XRM tomographic series, 901 projection ra-
diographs were acquired with an angular resolution of 0.2 degrees 
and a total scan time of 13 h. After acquisition, the two series of 
radiographs were aligned and reconstructed using the ZEISS XM-
Reconstructor software. Visualization and analysis of the resulting 
three-dimensional (3D) volumes were performed using ORS Visual 
Si Advanced and Zeiss XM3DViewer.

3. Results

3.1. Paleomagnetic measurements

We performed thermal demagnetization and paleointensity 
analysis on 18 zircons whose NRM intensities range between 
5.2 ×10−14 and 5.7 ×10−12 Am2 with a mean of 1.3 ×10−12 Am2

and median of 9.1 ×10−13 Am2. For ten zircons composing the T2 
group (Tables 1–2), we implemented the IZZI (in-field, zero-field, 
zero-field, in-field) protocol where samples are heated in a 0 μT 
and a 50 μT field for each temperature step in alternating order 
(Yu et al., 2004). We heated samples up to 673 ◦C in 25 steps, 
with 10 ◦C steps between 520 ◦C and 583 ◦C and performed pTRM 
checks at seven temperatures between 269 ◦C and 583 ◦C. For eight 
zircons composing the T1 group, the full thermal demagnetization 
sequence, which consisted of 20 steps up to 680 ◦C, was completed 
before pTRM acquisition experiments in order to acquire demag-
netization sequences of the NRM with the least possible amount 
of sample alteration. The data for these eight zircons therefore did 
not include pTRM checks. All heating was conducted in air for 30 
minutes at the peak temperature, although the isolation of zircons 
by a ∼1 mm layer of packed quartz powder may have limited 
chemical exchange with the oven environment.

We used directional demagnetization data (i.e., orthogonal pro-
jection diagrams; Figs. 2, S2, S4, S6) to identify the highest fidelity 
range of demagnetization steps for each zircon for paleointen-
sity calculations. Seventeen out of eighteen zircons subjected to 
thermal demagnetization carry a resolvable component of magne-
tization with maximum angle of deviation (MAD) less than 25◦
(Table 1; Kirschvink, 1980), although directionally coherent mag-
netization in zircon T2-10 was blocked below only 150 ◦C. Because 
the Bishop Tuff was deposited after the Brunhes–Matuyama re-
versal, we do not observe overprints of reverse polarity in our 
demagnetization sequences. Even so, lower temperature compo-
nents with maximum unblocking temperatures below 540 ◦C are 
observed in five zircons (T1-5, T1-8, T2-5, T2-7, T2-9; Figs. 2, 
S2). Because compaction of cooling ignimbrite units may continue 
down to temperatures <600 ◦C (Riehle, 1973), these lower temper-
ature components may represent rotation of the zircon during the 
compaction process.

We compare the MAD and deviation angle (DANG) of the ob-
served components of magnetization to test whether they trend to 
the origin (Table 1; Tauxe and Staudigel, 2004). For eight out of 
sixteen zircons used in paleointensity analysis, the value of DANG 
for the magnetization component chosen for computing paleoin-
tensity is less than or approximately equal to the MAD, suggesting 
that these components are origin-trending. Of the remaining nine 
zircons, four (T1-1, T1-5, T1-7, and T2-8) carry higher temperature 
magnetizations. The lower temperature components analyzed for 
paleointensity in these zircons are therefore not expected to be 
origin-trending. For a final group of four zircons (T1-2, T1-8, T2-2, 
and T2-4), noisy demagnetization sequences at higher tempera-
tures may confound the isolation of a higher-temperature compo-
nent. In any case, only one of these last four zircons (T1-8) passes 
the quality criteria adopted for computing the mean paleointensity 
(see below). As such, ten out of eleven zircons ultimately selected 
to determine the mean paleointensity have their paleointensities 
determined from either origin-trending magnetizations or carry 
components at higher temperatures.

In total, eleven zircons have a magnetization component blocked 
entirely below 580 ◦C with the majority showing maximum un-
blocking temperatures between 530 and 580 ◦C. These components 
are likely carried by magnetite or titanomagnetite, which is con-
sistent with the findings of Gee et al. (2010). At the same time, 
eleven zircons have a maximum unblocking temperature above 
580 ◦C, most likely indicating the presence of maghemite or ti-
tanohematite (Fig. 3). Gee et al. (2010) observed a high tem-
perature component of magnetization unblocking over the same 
temperature range and interpreted it as a thermochemical re-
manent magnetization (TCRM) most likely carried by maghemite, 
although a primary remanence carried by titanohematite cannot 
be ruled out. The low maximum coercivities (≤130 mT) of our 
zircons observed during AF demagnetization argues in favor of 
maghemite. On the other hand, maghemite usually undergoes in-
version to hematite below 600 ◦C (Dunlop and Ozdemir, 1997). We 
therefore consider both minerals as a possible carrier for >580 ◦C 
remanence in our analysis.

In the scenario that these high temperature components rep-
resent a maghemite-carried TCRM, their recovered paleointensities 
may be biased (Fabian, 2009). At the same time, a primary TRM 
carried by titanohematite blocked at such temperatures may be af-
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Fig. 2. Orthogonal projection diagrams of single zircon demagnetization. Sequences (A–E) show one or two component magnetizations. Panel C shows an example of a high 
noise demagnetization sequence that was not included in the final paleointensity analysis while panels A, B, D, and E show zircons with higher stability (see Table 1). Typical 
AF demagnetization sequence (F) shows significantly higher noise compared to thermal demagnetization. Solid and open circles denote the projection of magnetization in 
the horizontal and vertical planes, respectively. Red data points indicate range used in paleointensity calculations. Insets in each panel show the SQUID microscope maps 
of zircons at the indicated demagnetization steps [shown is the vertical component of the magnetic field at a height of ∼230 μm, with positive (negative) field values 
representing out-of-plane (into-plane) field directions]. Paleointensity (Arai) diagrams for the same six zircons shown here are plotted in Fig. 4. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Results of thermal demagnetization experiments on single zircons.
Sample name Initial NRM

(×10−12 Am2)
Main component range
(◦C)

MAD
(◦)

DANG
(◦)

Additional component(s) range
(◦C)

MAD
(◦)

DANG
(◦)

T1-1 2.92 504–570 9.0 55.8 600–655 19.1 17.0
T1-2 0.93 375–530 15.2 21.1
T1-3 5.72 20–530 7.2 7.5
T1-4 2.29 375-570 18.7 10.0
T1-5 1.55 305–549 15.9 71.4 549–655 27.8 7.35

20–280 21.8 78.6
T1-6 0.61 280–630 20.1 11.1
T1-7 0.39 425–570 10.4 19.4 630–680 8.7 17.0
T1-8 0.88 504–600 15.8 57.2 280–504 13.4 53.0
T2-1 0.18 520–640 (−583) 18.6 14.7
T2-2 0.46 570–620 13.6 29.4
T2-3 0.25 None N/A N/A
T2-4 0.61 20–444 (−300) 20.7 48.5
T2-5 1.73 504–583 24.2 19.6 360–504 17.3 52.4
T2-6 2.52 189–540 19.4 30.0 540–620 38.3 7.4
T2-7 1.00 550–620 17.9 9.8 640–673 30.1 7.6

360–540 12.6 128.1
T2-8 0.57 20–530 14.0 26.4 560–640 17.1 12.5
T2-9 1.50 504–640 13.3 2.8 20–504 20.3 33.3
T2-10 0.05 None N/A N/A 20–150 19.7 6.89

Notes: Only the “main component” of magnetization observed in each zircon (column three) is interpreted as a primary TRM or TCRM and used for paleointensity analysis. 
Temperature limits for each component are based on the identification of magnetization components from the demagnetization sequence. MAD in columns 4 and 7 refers to 
the maximum angular deviation, which quantifies the scatter of demagnetization steps around the mean direction. DANG in columns 5 and 8 refers to the deviation angle, 
which is the angular separation between the best-fit direction of the magnetization component with and without requirement for the fitted line to pass through the origin.
fected by pre-depositional tumbling of the zircons. Therefore, we 
exclude the highest temperature components of magnetization if 
they are blocked exclusively >540 ◦C because a large fraction of 
these magnetizations may be pre-depositional or due to maghemi-
tization. Such high temperature components of remanence are 
observed in six zircons (Table 1). For zircon T2-7, we make an 
exception and perform paleointensity analysis on a component un-
blocking between 550 and 620 ◦C because of the presence of an 
even higher temperature component in a different direction, sug-
gesting that the lower temperature component was not formed in 
the same maghemitization event or during tumbling if the >620 ◦C 
component has such an origin. Besides T2-7, the component se-
lected for paleointensity analysis in three other zircons (T1-6, T2-1, 
T2-9) unblocks in part above 580 ◦C, although the lower limit to 
the component temperature range are below 540 ◦C.

Applying these considerations for the selection of a component 
suitable for paleointensity analysis, we computed the paleointensi-
ties of sixteen zircons using a linear least-squares fit (Figs. 4, S3, 
S5, Table 2; Coe et al., 1978). We then evaluated the fidelity of 
each paleointensity experiment using the normalized error of the 
best-fit slope (σ/|b|; Selkin and Tauxe, 2000), the fraction of NRM 
intensity represented in the fitted data range ( f ), the gap factor 
representing the evenness of NRM loss at each demagnetization 
step (g), and the quality index (q; Coe et al., 1978). Fourteen out of 
sixteen zircons yielded a value for f greater than 0.5 and a least-
squares fit range that includes four or more data points, suggesting 
that the paleointensities are based on a sufficiently large fraction 
of the sample magnetizations (Table 2; Coe et al., 1978). On the 
other hand, zircons displayed a wide range of σ/|b| between 0.03 
and 0.42. Although paleointensity studies of well-behaved whole 
rock samples typically adopt a value in the 0.05–0.10 range as the 
maximum acceptable σ/|b| (Gee et al., 2010; Tauxe et al., 2013), 
the very weak magnetizations of our zircons led to significantly 
greater scatter compared to high quality whole rock samples. We 
therefore included all zircons with σ/|b| < 0.25 in our mean pa-
leointensity calculation. After the application of this quality filter 
the number of zircons included in the final mean paleointensity 
calculation was reduced from sixteen to eleven (Table 2). We note 
that the higher fraction of zircons in the T1 group relative to the 
T2 group that yields successful paleointensity estimates may be 
Fig. 3. Moment decay during thermal demagnetization of NRM for two zircons. The 
dominant ferromagnetic phase in samples T1-8 (blue) and T2-5 (red) are hematite 
and magnetite, respectively. Dashed lines indicate the Curie temperatures for mag-
netite (mgt) and hematite (hmt). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

attributable to the higher mean moments of these zircons, which 
leads to lower noise from both measurement and inherent sources. 
The selection of the T1 zircons prior to T2 samples resulted in, on 
average, larger zircons that likely caused the higher moments.

For the final group of eleven zircons that pass all reliability cri-
teria above, the mean value for the quality index is 4.28 while the 
mean MAD is 15.2◦ with a maximum of 20.1◦ . These zircons yield 
a mean paleointensity of 54.1 ±6.8 μT (1σ of mean), which is sta-
tistically indistinguishable (P = 0.14) from value of 43.0 ± 3.2 μT
derived from 46 higher fidelity bulk Bishop Tuff sample (Fig. 5; 
Gee et al., 2010). Four zircons in this group have maximum compo-
nent unblocking temperatures >580 ◦C, implying that part of the 
remanence may be a TCRM carried by maghemite and resulting 
in potentially biased paleointensities. We note that although the 
nominal highest unblocking temperature in sample T1-8 is 600 ◦C, 
the previous heating step was 570 ◦C. The magnetization in T1-8 
may therefore be carried exclusively by magnetite, which is sup-
ported by the fact that decay of the component begins at 520 ◦C. 
Excluding these zircons yields a mean of 42.6 ± 5.3 μT. The mean 
paleointensity of the four excluded zircons excluded due to max-
imum unblocking temperature >580 ◦C is 74.4 ± 10.6 μT, which 
may be higher than that of the other zircons (P = 0.11) and sup-
ports the presence of maghemite (Fabian, 2009).

Although we conducted repeated pTRM acquisition experiments 
on ten zircons to check for chemical alteration, the inherently 
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Table 2
Results of dual-heating paleointensity experiments on single zircons.
Sample 
name

Normalized scatter 
(σ/|b|)

NRM 
fraction ( f )

Gap factor 
(g)

Quality index 
(q)

Number of steps 
(N)

Paleointensity 
(μT)

1σ uncertainty 
(μT)

Included in 
mean

T1-1 0.14 0.61 0.52 2.29 4 39.4 5.5 Yes
T1-2 0.31 0.53 0.72 1.24 5 59.5 18.5 No
T1-3 0.16 1.14 0.87 6.12 13 59.9 9.7 Yes
T1-4 0.24 1.06 0.55 2.42 7 51.0 12.3 Yes
T1-5 0.17 0.50 0.80 2.29 8 15.9 2.8 Yes
T1-6 0.14 0.95 0.83 5.55 12 50.5 7.2 Yes
T1-7 0.035 0.92 0.44 11.69 6 45.7 1.6 Yes
T1-8 0.24 0.80 0.72 2.37 5 49.3 11.2 Yes
T2-1 0.15 0.57 0.35 1.38 8 63.7 9.3 Yes
T2-2 0.42 0.37 0.41 0.36 3 64.8 27.3 No
T2-3 N/A N/A N/A N/A N/A N/A N/A No
T2-4 0.26 0.45 0.55 0.93 10 128.5 33.9 No
T2-5 0.39 0.76 0.55 1.06 8 64.1 25.0 No
T2-6 0.14 0.85 0.88 5.18 13 36.9 5.3 Yes
T2-7 0.14 0.89 0.73 4.65 6 86.3 12.1 Yes
T2-8 0.27 0.61 −0.20 −0.45 16 149.6 40.5 No
T2-9 0.14 0.84 0.52 3.12 11 97.0 13.6 Yes
T2-10 N/A N/A N/A N/A N/A N/A N/A No

Mean 54.1 6.8

Notes: Only analysis of the main magnetization component of each zircon is shown here. Inclusion in overall mean required σ/|b| ≤ 0.25. See text for details. Column 2 gives 
the 1σ uncertainty of the best-fit slope in the Arai diagram normalized by the slope value following the method of Coe et al. (1978). Column 3 gives the magnitude of the 
NRM over which the paleointensity fit is performed as a fraction of the total as defined by Coe et al. (1978). Column 4 and 5 quantify the evenness of spacing between fitted 
points in the Arai diagram and the overall quality factor, respectively, as defined by Coe et al. (1978). Column 6 gives the number of demagnetization step included in the 
paleointensity analysis.

Table 3
Summary of pTRM check results.
Sample �pTRMmax

(10−13 Am2)
�pTRMmax/σpTRM DRATmax Fit range �pTRMmax

(10−13 Am2)
Fit range �pTRMmax/σpTRM Fit range DRATmax

T2-1 0.79 2.70 0.51 0.38 1.31 0.25
T2-2 7.90 1.80 1.08 7.90 1.80 1.08
T2-3 1.78 1.70 N/A N/A N/A N/A
T2-4 2.52 0.68 1.07 0.59 0.68 0.25
T2-5 4.08 2.04 0.43 4.08 2.04 0.43
T2-6 4.23 0.48 0.26 1.85 0.48 0.11
T2-7 3.23 1.74 0.13 3.23 1.74 0.13
T2-8 1.02 0.79 0.28 1.02 0.79 0.28
T2-9 1.48 1.90 0.12 1.48 1.90 0.12
T2-10 2.94 4.10 N/A N/A N/A N/A

Notes: In column 2, the quantity �pTRMmax represents the largest difference between repeated pTRM acquisitions at the same temperature 
for the sample. Column 3 gives the normalized values of �pTRMmax divided by σpTRM (the standard deviation of difference between pTRM 
gained and the best-fit value from the Arai diagram, see text). Column 4 gives the highest absolute value of the DRAT parameter as defined by 
Selkin and Tauxe (2000). The final three columns show values of each parameter within the temperature range used to fit for paleointensity. 
For a pTRM check to be included, highest demagnetization step achieved before the pTRM check must fall within the fit range. Zircons T2-3 
and T2-10 had no identifiable components on which to compute paleointensity.
large-scatter demagnetization sequences of the weak zircon sam-
ples complicate the interpretation of these results (Table 3). In 
addition to measurement noise, the smaller number of ferromag-
netic grains contained in each zircon sample in comparison to 
a standard ∼2.5 cm paleomagnetic core increases the observed 
scatter during demagnetization and may result in ∼10% statisti-
cal uncertainty in paleointensities derived from zircons with our 
observed range of NRM moments (Berndt et al., 2016). A stan-
dard criterion to evaluate the degree of alteration is the difference 
ratio (DRAT), which normalizes the difference in the original and 
repeated pTRMs acquired at a given temperature (�pTRMmax) by 
the length of the line segment fitted across the temperature range 
used to compute paleointensity (Selkin and Tauxe, 2000). For well-
behaved, whole rock samples, maximum DRAT values greater than 
0.05 or 0.10 have typically been adopted as a sign of sample al-
teration. However, the original DRAT parameter was defined for 
strongly magnetized samples where the scatter of each measure-
ment is small compared to the change in magnetization between 
temperature steps. In contrast, the scatter observed in the Arai di-
agrams for individual zircons is often comparable to the change 
between temperature steps (Fig. 4). Because the observed value 
of �pTRMmax contains contributions from both intrinsic scatter 
and true change in sample pTRM acquisition due to alteration, the 
canonical DRAT parameter may significantly overestimate the ef-
fect of sample alteration in zircons and other weakly-magnetized 
samples. As a result, the maximum DRAT parameter calculated for 
our zircons exceeds 0.10 for all samples.

As an alternative, we computed the quantity σpTRM, which we 
define as the standard deviation of the difference between the 
observed pTRM gained and the best-fit value derived from the 
Arai diagram (i.e., the x-coordinate difference between data points 
on the Arai diagram and the best-fit line). Under the assumption 
that a linear trend exists in the Arai diagram, σpTRM estimates 
the amount of variation in pTRM acquisition that is due to mea-
surement noise. We then computed the ratio �pTRMmax/σpTRM

to determine whether the observed value of �pTRMmax may be 
attributed to measurement scatter. A value of �pTRMmax/σpTRM

greater than 2 indicates that the observed change in repeated 
pTRM acquisitions is unlikely (probability P < 0.05) to be due to 
random scatter alone and suggests the onset of sample alteration. 
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Fig. 4. Paleointensity (Arai) diagrams for zircons subjected to (A–E) thermal- and (F) AF-based paleointensity analysis. Directional demagnetization data (Zijderveld diagrams) 
for these four zircons are shown in Fig. 2. Of the thermally analyzed zircons, T1-6 and T1-7 (panels A and B) were treated with sequential thermal demagnetization and 
pTRM acquisition while T2-5 through T2-7 (panels C-E) were measured using the IZZI Thellier–Thellier protocol including pTRM checks (blue triangles). Panel C shows data 
typical of zircons not included in the final paleointensity mean due to high scatter. Dashed black lines show the least-squares fit to the chosen data range, indicated in red. 
The concave up trend seen for some zircons may be indicative of multi-domain (MD) ferromagnetic minerals. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
By this criterion, three out of ten zircons experienced significant 
alteration between 487 ◦C and 673 ◦C (Table 3). When considering 
only pTRM checks within the temperature range used to compute 
paleointensities, we find that all zircons except T2-5 pass this qual-
ity criterion. However, as described above, our simple method of 
calculating σpTRM may overestimate pTRM scatter as it does not 
account for nonlinearity of data points in the Arai diagram. Fu-
ture studies of similarly weak samples may benefit from perform-
ing two or more repeated pTRM acquisition experiments after the 
same higher temperature step to provide an estimate of the inher-
ent scatter in pTRM measurements.

For AF-treated zircons, we find that, using a typical calibra-
tion factor of a = 3000 μT the IRM normalization method greatly 
overestimates paleointensities, yielding a mean paleointensity of 
437 ± 95 μT derived from 11 zircons. We provide details for the 
analysis of AF demagnetization data in the Supplementary Materi-
als.
3.2. Microscopy of Bishop Tuff zircons

After the completion of AF demagnetization and IRM acquisi-
tion experiments described above, we applied magnetic and elec-
tron microscopy techniques to zircons A1–A15 to characterize their 
ferromagnetic mineralogy. A key goal is to establish whether the 
ferromagnetic minerals are concentrated in specific inclusions or 
dispersed throughout the zircon grain itself. In the latter case, the 
ferromagnetic minerals may be more resistant to alteration due to 
the armoring effect of the zircon. Meanwhile, localized inclusions, 
particularly those at the zircon edges, may be more susceptible 
to aqueous alteration. We first used the high-resolution magnetic 
field imaging capability of the QDM to localize the sources of fer-
romagnetism (Fig. 6). By imparting an out-of-plane IRM of 0.4 T 
and placing the nitrogen-vacancy-bearing diamond chip against 
the polished surface of the epoxy mount, we mapped the mag-
netic field at a sensor-to-sample distance of ∼1 μm from the zircon 
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Fig. 5. Paleointensity and 1σ uncertainty for all eleven zircons included in the mean 
(black). Order from top to bottom corresponds to that shown in Tables 1 and 2. 
Group means for our zircons with and without possible maghemite-bearing speci-
mens are shown in green while the result of bulk samples from Gee et al. (2010) is 
shown in red. All uncertainties are 1σ . (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

surface. Locations with strong out-of-plane magnetic fields indi-
cate the presence of ferromagnetic material at the surface or sub-
surface. The highly non-uniform spatial distribution of magnetic 
field sources suggests that ferromagnetic phases are concentrated 
in inclusions inside the zircon or in uniquely Fe-rich sub-volumes 
of the zircon grain itself.
These observed distributions of magnetic fields are not con-
sistent with ferromagnetic grains uniformly dispersed throughout 
the zircon (e.g., Timms et al., 2012), which would result in a spa-
tially broad magnetic field across the full exposed surface of the 
zircon. We can place an order-of-magnitude upper bound on the 
contribution to the total paleointensity from hypothetical volu-
metrically dispersed ferromagnetic sources (which we refer to as 
the zircon’s “dispersed magnetization”). To do this, we selected a 
zircon (A15) with few localized sources and performed magnetic 
moment inversions on four localized sources. We then subtracted 
the dipolar magnetic field associated with each source from the 
QDM map (Fig. S1A–B; Supplementary Materials). The residual 
magnetic fields after subtracting contributions from these local-
ized sources should be due to the dispersed magnetization, if any. 
Fitting the residual field to that expected to be produced by dis-
persed magnetization yields a moment of 8.7 × 10−14 Am2, which 
is weaker than the 2.0 × 10−13 Am2 moment from the strongest 
localized source. Because some of this signal may be due to subsur-
face, localized ferromagnetic sources, we regard 8.7 × 10−14 Am2

(∼0.2 A/m) as an upper bound to the dispersed magnetization 
contribution to the IRM. Furthermore, since the expected NRM 
moments are weaker by a factor of ∼7 than the IRM (see Supple-
mentary Materials), the maximum NRM moment contributed by 
dispersed magnetization is 1.2 × 10−14 Am2. We therefore con-
clude that volumetrically dispersed sources in zircon grain A15 
contribute at most ∼1% of the total moment of typical zircons with 
Fig. 6. Backscatter electron (BSE), quantum diamond microscope (QDM), and wavelength dispersion spectroscopy Fe element (WDS-Fe) maps of zircons showing the associ-
ation of ferromagnetic sources with apatite inclusions. QDM maps were taken after a near-saturation IRM of 0.4 T was imparted in the out-of-plane (positive z) direction. 
Fields of view of WDS-Fe maps in panels A and C correspond to the red boxes in the BSE maps. Lighter colors reflect higher abundance of Fe in the WDS-Fe maps. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. High-resolution X-ray tomography. (A, B) Three-dimensional renderings of zircon A7 in two different perspectives and (C) comparison to magnetic field map from 
QDM. Dashed white line in panels (A) and (C) approximate the location of the BSE-imaged surface in Fig. 6, while dashed red lines highlight the locations of surface apatite 
as identified from BSE and WDS analysis. Comparison to BSE and WDS maps indicate that light gray in 3D renderings represents zircon while dark gray represents apatite 
inclusions. Because the BSE maps are limited to the exposed surface, differences in perspective, and loss of material during remounting of zircon for X-ray tomography 
(including detachment of the rightmost apatite inclusion), the outline of the zircon from the BSE map does not match exactly that from the X-ray tomographic renderings. 
Note the correspondence between the distribution of strong magnetization and internal, columnar apatite inclusions in panel (C). An animation of the 3D rendering is available 
in the Supplementary Data. (D) A slice taken from high resolution X-ray tomography scan using the Zeiss Xradia Ultra 800. The field of view in panel D is highlighted by 
green boxes in panels A and B, with the image taken parallel to the green diagonal in B. Spatially correlated with the buried magnetic feature in the QDM image is a 2 μm 
Fe-oxide particle (bright white feature) appearing as an inclusion in the apatite (dark gray). Possible smaller Fe-oxide particles are highlighted with green arrows in panel D. 
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
NRM moments of ∼1 ×10−12 Am2 and that the majority of zircon 
ferromagnetism is concentrated in localized regions of the zircon 
grain.

We further note that the SQUID microscope measures a peak 
field of 12 nT for zircon A15 at a sensor-to-sample distance of 
180 μm. Assuming that remanence in zircon A15 is dominated by 
dispersed magnetization, we would expect the QDM map to show 
a signal with ∼2.0 μT peak field centered on the zircon. This value 
is well above the field detection threshold of the QDM (Supple-
mentary Materials). Therefore, the complete absence of such a sig-
nal from the QDM map confirms that any dispersed magnetization 
cannot constitute a significant fraction of the observed remanence.

To characterize the localized sources of remanent magnetiza-
tion, we overlaid the QDM magnetic field maps on backscatter 
electron (BSE) images of the zircons with a registration accuracy 
of better than 10 μm. The comparison of QDM magnetic field and 
BSE images shows that the carriers of remanent magnetization are 
strongly associated with inclusions of apatite (Fig. 6). Wavelength 
dispersion spectroscopy (WDS) element mapping of Fe distribu-
tion confirms that Fe-bearing material occurs within and around 
apatite inclusions. Due to the higher saturation magnetization of 
magnetite and maghemite, only a volume equivalent to a 3.5 μm 
cube existing as single domain (SD) grains is needed to account 
for the ∼10−11 Am2 IRM moment of typical zircons. This vol-
ume is consistent with that observed for Fe-bearing phases (Fig. 6). 
On the other hand, titanohematite requires volume equivalent to a 
20 μm cube, which may be inconsistent with the WDS-Fe maps of 
zircons A7 and A11. The distribution of Fe-oxides shown in these 
zircons therefore likely represents that of magnetite or maghemite. 
However, we cannot rule out the presence of titanohematite in the 
subsurface of these zircons or in other zircons. We do not observe 
any magnetic sources associated with the outer surface of zircons 
apart from apatite inclusions, indicating that our zircons are not 
affected by oxide coatings. This difference between our samples 
and those of Sato et al. (2015) suggests that detrital zircons, such 
as those used in the latter study and those of the Jack Hills, are 
more susceptible to acquiring surface oxides.

We performed 3D X-ray tomography on zircon A7 to compare 
the observed magnetic fields with the internal distribution of ac-
cessory phases such as apatite within the zircon. We chose zircon 
A7 in part due to the presence of a strong magnetic signal de-
tected by the QDM that does not correspond to any surface inclu-
sions imaged by the electron microprobe (Fig. 6A), which suggests 
the presence of interior ferromagnetic phases. X-ray tomography 
of this sample indeed shows a group of apatite inclusions that 
correspond closely to the magnetic field source (Fig. 7A–C; Sup-
plementary Data).

Subsequent higher magnification scans using the nanoscale 
XRM of a 50 μm region (green box in Fig. 7A, B) reveal the pres-
ence of high X-ray absorption grains (candidate Fe-oxides) both 
within the apatite inclusion and at the boundary between the ap-
atite and its zircon host (Fig. 7D). To summarize the results of 
zircon microscopy, a combination of surface BSE and WDS map-
ping and 3D X-ray tomography shows that all magnetic signals 
observed using the QDM correspond to exposed or interior apatite 
inclusions.

4. Discussion

Our paleomagnetic measurement of 30 Bishop Tuff zircons 
showed that all specimens carry resolvable remanent magnetiza-
tion with NRM intensities between 5 × 10−14 and 6 × 10−12 Am2. 
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Thermal demagnetization and dual-heating paleointensity exper-
iments on 18 zircons indicate that, once filtered using several 
reliability criteria, approximately half of individual zircons are ca-
pable of accurately recording a primary geomagnetic field with 1σ
uncertainties of less than 6.8 μT. The agreement between our sin-
gle zircon paleointensities and those inferred from bulk samples 
demonstrates the lack of contamination during our analysis proce-
dures. The apparent ubiquity of ferromagnetic inclusions in zircon 
capable of carrying paleomagnetic information suggests that, given 
adequate preservation, single zircon crystals are a potentially ro-
bust source of constraints on ancient magnetic fields.

Our microscopy of Bishop Tuff zircons shows that ferromagnetic 
minerals are exclusively associated with apatite, which is the most 
common inclusion found in zircon crystals (Jennings et al., 2011). 
Embedded, euhedral grains of apatite similar to those observed in 
our Bishop Tuff zircons have been observed in zircons extracted 
from a wide range of whole rock compositions (Corfu et al., 2003). 
Furthermore, titanomagnetites in silica-rich magmas may crystal-
lize at temperatures as high as ∼1100 ◦C and continue to form 
over a wide range of temperatures (Ghiorso and Sack, 1991). In 
comparison, apatite saturates over a lower range of temperatures 
between 700 and 900 ◦C for similar melts (Harrison and Watson, 
1984), permitting the inclusion of early-formed titanomagnetites 
in apatite. As expected for the host phase, zircon in the Bishop 
Tuff continued to crystallize at temperatures as low as ∼720 ◦C 
(Reid et al., 2011). Therefore, the localization of such ferromag-
netic grains in included apatites as observed in the Bishop Tuff 
zircons may be common in silicic, zircon-bearing rocks, leading to 
a broadly applicable mineralogical criterion for the preservation of 
primary remanent magnetization in ancient zircons. In this case, 
the potential of a given population of zircons to retain a primary 
paleomagnetic record would depend strongly on the preservation 
of primary apatite inclusions.

Because apatite is susceptible to dissolution and replacement 
by aqueous fluids (Nutman et al., 2014), ancient zircons that have 
undergone metasomatism may not retain a primary paleomagnetic 
record. In the case of the Jack Hills zircons, comparison to mod-
ern zircons from similar crystallization environments suggests that 
approximately 90% of apatite inclusions have been removed during 
secondary metasomatic events (Rasmussen et al., 2011). However, 
although only ∼5% of Jack Hills zircons are observed with ap-
atite inclusions, none of these inclusions are adjacent to cracks and 
thereby show no evidence for a secondary origin (Bell et al., 2015;
Yamamoto et al., 2013). At the same time, electron microscopy of 
∼3.3 Ga Jack Hills zircons has revealed Fe-oxide, in the form of 
hematite, precipitated during secondary alteration in highly dam-
aged zones (Utsunomiya et al., 2007), while only ∼7% of visible 
iron oxides are no associated with cracks or annealed cracks (Bell 
et al., 2015).

Synthesizing these observations with our results, primary rema-
nent magnetization is potentially retained in select sub-volumes 
of Jack Hills zircons with unaltered apatite inclusions. However, 
given the rarity of apatite inclusions and the known presence of 
secondary iron oxides, careful attention, including high-resolution 
magnetic microscopy, must be devoted to establishing the loca-
tions and the primary nature of ferromagnetic inclusions before 
any primary record of the Earth’s early magnetic field can be ac-
cepted as robust.

5. Conclusion

Using the SQUID microscope and a new measurement pro-
tocol with a noise floor of ∼ 6 × 10−15 Am2 in magnetic mo-
ment, we demonstrate that all 30 measured zircons extracted from 
the Bishop Tuff contain ferromagnetic inclusions that retain ro-
bustly recoverable remanent magnetization. Thermal demagnetiza-
tion and paleointensity experiments on 18 zircons yielded eleven 
specimens that pass a set of reliability criteria based on the frac-
tion of NRM used to derive paleointensity, the observed scatter 
in the best-fit paleointensity, and the degree of alteration during 
laboratory heating. The mean paleointensities derived from these 
zircons is 54.2 ± 6.8 μT, while a value of 42.6 ± 5.3 μT is obtained 
after excluding possible maghemite-bearing zircons. Both results 
are in agreement with the paleointensity of 43.0 ± 3.2 μT de-
rived from high-fidelity bulk samples of the Bishop Tuff (Gee et al., 
2010). AF demagnetization and IRM normalization paleointensity 
experiments on 15 zircons showed a higher degree of scatter than 
thermally demagnetized samples and suggest an inherently high 
ratio of NRM to near-saturation IRM corresponding to 0.17 in an 
ambient field of 50 μT. Magnetic microscopy using the QDM, com-
bined with electron microscopy and X-ray tomography, showed 
that all detectable sources of ferromagnetism in Bishop Tuff zir-
cons are hosted within or around apatite inclusions while typically 
<1% is likely carried by ferromagnetic grains uniformly dispersed 
within the zircon itself.

These results suggest that thermal demagnetization and pale-
ointensity experiments on zircons may yield reliable estimates of 
ancient geomagnetic field intensities. However, the retention of 
primary paleomagnetic information is contingent on the preserva-
tion of zircon inclusions, most importantly of apatite. Paleomag-
netic studies of single zircon grains, including the Jack Hills zir-
cons (Tarduno et al., 2015), must therefore establish the primary 
nature of the ferromagnetic carriers before a robust characteriza-
tion of ancient magnetic fields is possible. Micrometer-resolution 
magnetic imaging using the QDM, combined with electron and X-
ray imaging technique, can play a critical role in identifying the 
ferromagnetic remanence carriers in other zircon populations and 
geological samples.
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AF demagnetization of zircon  

 We performed AF demagnetization of NRM followed by AF demagnetization of IRM on 15 

zircons.  The close (1.5 mm) separation of the zircons on the epoxy holder resulted in 

contaminated field signals for three zircons mounted adjacent to much stronger samples.  As 

such, reliable magnetic moment inversions were recovered from 12 of the 15 zircons.  For these, 

initial NRM intensities range between 1.9×10-13 and 6.2×10-12 Am2 with a mean of 2.3×10-12 

Am2.  AF application yielded significantly noisier demagnetization sequences compared to 

thermal demagnetization (Fig. 2F).  We applied AF in 5 mT steps up to 20 mT and in 10 mT 

steps between 20 and 140 mT.  All AF demagnetization sequences showed one identifiable 

component of magnetization that is fully removed by AF application of between 70 and 130 mT.  

To derive paleointensities using the IRM normalization method, we imparted a near-saturation 

IRM of 0.4 T and conducted AF demagnetization using the same steps as described above up to 

90 mT.  We then computed the least-squares best-fit line to a diagram of NRM remaining and 

IRM removed to find the ratio of NRM to IRM in the 0 to 90 mT range (Fig. 4F; Table S1).   
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 The mean NRM to near-saturation IRM ratio (NRM/IRM) for 12 zircons is 0.15, which may 

be converted to a paleointensity (Bpaleo) estimate using the relationship: 

 

𝐵"#$%& = 𝑎(𝑁𝑅𝑀/𝐼𝑅𝑀) 

 

where a is an empirically calibrated factor.  Adopting a = 3000 µT based on experiments on 

magnetite and titanomagnetite with a wide range of domain states (Gattacceca and Rochette, 

2004; Kletetschka et al., 2003), we derive a paleointensity of 437 ± 95 µT (1σ), which is larger 

than the expected value by a factor of 10 (Gee et al., 2010).  This result implies that Bishop Tuff 

zircons have anomalously low values of a ≅ 300 µT, which corresponds to NRM/IRM ≅ 0.17 for 

a TRM acquired in an ambient field of 50 µT.  For zircons with similar ferromagnetic 

mineralogy and magnetization mechanism as those analyzed in this study, we recommend a 

calibration factor of 300 µT, which is expected to yield 1σ errors on the order of 22% compared 

to the 13% from dual heating experiments.  

 The value of a = 530 inferred by Kletetschka et al., (2004) for hematite represents a closer 

match to our inferred value, although we favor magnetite or maghemite as the dominant 

ferromagnetic phase in most of our zircons.  At the same time, our values of NRM/IRM are 

broadly consistent with the range (0.01 to 1) observed in Tanzawa pluton zircons (Sato et al., 

2015).  Similarly high values of NRM/IRM have been observed in natural single-domain 

magnetite particles embedded in anorthosite (Kletetschka et al., 2006).  At the same time, 

although observed NRM/IRM values in synthetic magnetite-bearing samples are lower by at least 

40% compared to our results, grain sizes in the 100 nm to 1 µm range represent the closest 
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approximation (Yu, 2006).  These small inferred grain sizes are consistent with our results from 

electron microscopy.  

 

Discussion of methodology for constraining the dispersed zircon magnetization  

 As described in Section 3.2 we use high-resolution QDM maps of the magnetic field from a 

zircon (A15) magnetized in a near-saturation 0.4 T magnetic field to constrain the possible 

moment contribution from volumetrically dispersed ferromagnetic sources in the zircon [e.g., 

Timms et al., (2012)].  Here we discuss the uncertainties of this analysis and argue that it is 

sufficient to produce a reliable, conservative upper bound on the intensity of dispersed 

magnetization.  To map between the dispersed magnetization and the imaged magnetic field, we 

approximated the zircon as a uniformly magnetized sphere with a 40 µm radius.  Because the 

external magnetic field of a uniformly magnetized sphere is equivalent to that of a dipolar source 

situated at its center (Dunlop and Ozdemir, 1997), we generate a magnetic field map for a given 

dispersed magnetization intensity assuming that a dipole source is situated at the center of the 

zircon at 40 µm depth (Fig. S1C).  The minimal amount of polishing conducted for the epoxy-

mounted zircons resulted in the removal of only a small fraction of the total volume, resulting in 

sub-equant zircons that have aspect ratios rarely greater than 2:1 (Fig. 7).  Even so, modeling the 

zircon as a uniformly magnetized sphere is an approximation.  Furthermore, the subtraction of 

the fitted localized sources assumes that these are well-modeled by a dipole; therefore, any non-

dipolarity of the actual localized sources would result in the incomplete or excessive subtraction 

of the signals.  A more comprehensive analysis would study the magnetic field from a zircon 

with no localized sources, avoiding any uncertainties introduced by the subtraction of localized 

sources.  Furthermore, the QDM image in Fig. 6 has a field gradient from the applied magnetic 
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field required by the QDM measurement with a full range of 0.46 µT across the image.  

Subtracting this gradient leaves a uniform background field and yields a weaker value for the 

dispersed zircon dipole moment.  However, such a subtraction may also remove some field 

contribution from the dispersed magnetization, leading to an overly stringent limit.  We chose the 

more conservative approach and refrain from subtracting the background gradient, strengthening 

the assertion that ~1% is an upper bound for the contribution of the dispersed magnetization to 

the total zircon moment.  Future analyses can more accurately constrain the dispersed 

magnetization by modeling realistic zircon geometries, studying zircons with no localized 

sources near the surface, improving the QDM applied magnetic field gradient, and distinguishing 

localized and dispersed sources by successively polishing or raising the diamond sensor height in 

10 µm steps.  
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Figure S1:  Elimination of localized ferromagnetic source signals and inversion for the 

maximum dispersed magnetization moment of zircon A15, which has been given a 0.4 T near-

saturation IRM in the out-of-plane direction.  (A) Raw QDM image of the out-of-plane magnetic 

field component where the dashed black line denotes the outline of the zircons.  (B) Processed 

QDM image where the four strongest localized magnetic moment sources have been fitted 

assuming a dipole source and removed.  (C) Magnetic field corresponding to the best-fit dipole 

moment source for the map in panel (B) assuming source location at the center of the zircon and 

40 µm depth.  This magnetic field distribution fails to reproduce the pattern shown in panel B, 

strongly suggesting that volumetrically dispersed ferromagnetic grains are not a significant 

contributor to the total magnetization.    
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Figure S2: Orthogonal projection diagrams of thermal demagnetization sequences for all zircons 

passing the quality criteria and included in the calculation of the final mean paleointensity.  

Zircons already shown in Fig. 2 are excluded here.  Solid and open circles denote the projection 

of magnetization onto the north-east and up-east planes, respectively.  Red data points indicate 

range used in paleointensity calculations.  Paleointensity (Arai) diagrams for the zircons shown 

here are plotted in Fig. S3. 
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Figure S3:  Paleointensity (Arai) diagrams for all thermally demagnetized zircons passing the 

quality criteria and included in the calculation of the final mean paleointensity.  Zircons already 
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shown in Fig. 4 are excluded here.  Directional demagnetization data (Zijderveld diagrams) for 

these zircons are shown in Fig. S2.  Zircons in the T1 group were treated with sequential thermal 

demagnetization and pTRM acquisition while those in the T2 group were measured using the 

IZZI Thellier-Thellier protocol including pTRM checks (blue triangles).  The data ranges chosen 

for computing the paleointensity are indicated in red.    



 10 

 

Figure S4: Orthogonal projection diagrams of demagnetization sequences for all zircons failing 

the quality criteria and not included in the calculation of the final mean paleointensity.  Zircons 

already shown in Fig. 2 are excluded here.  Solid and open circles denote the projection of 
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magnetization onto the north-east and up-east planes, respectively.  Red data points indicate 

range used in paleointensity calculations.  Paleointensity (Arai) diagrams for the zircons shown 

here are plotted in Fig. S5. 
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Figure S5:  Paleointensity (Arai) diagrams for all thermally demagnetized zircons failing the 

quality criteria and not included in the calculation of final mean paleointensity.  Zircons already 

shown in Fig. 4 are excluded here.  Directional demagnetization data (Zijderveld diagrams) for 

these zircons are shown in Fig. S4.  Zircons in the T1 group were treated with sequential thermal 

demagnetization and pTRM acquisition while those in the T2 group were measured using the 

IZZI Thellier-Thellier protocol including pTRM checks (blue triangles).  The data ranges chosen 

for computing paleointensity are indicated in red.    
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Figure S6: Orthogonal projection diagrams of demagnetization sequences for the two zircons 

with no components of magnetization analyzed for paleointensity.  Note the very low magnetic 

moments compared to most other zircons.  Solid and open circles denote the projection of 

magnetization onto the north-east and up-east planes, respectively.   
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Table S1: Results of AF demagnetization of single zircons and IRM paleointensity experiments  

Sample	
name	 MAD	(˚)	

Normalized	scatter	
(𝜎/|b|)	 NRM/IRM	

Paleointensity	
(µT)	

1𝜎	uncertainty	
(µT)	

A1	 29.1	 0.18	 0.28	 826	 146	
A2	 26.1	 0.32	 0.03	 88.4	 28	

A3	 22.1	 0.21	 0.16	 465	 99	
A4	 13.7	 0.12	 0.21	 620	 76	
A5	 44.8	 0.22	 0.08	 236	 51	
A6	 15.2	 0.08	 0.06	 192	 14	
A7	 26.1	 0.31	 0.11	 335	 103	
A8	 22.3	 0.20	 0.10	 289	 58	
A9	 20.5	 0.15	 0.31	 915	 135	
A10	 30.2	 0.15	 0.27	 819	 126	
A11	 30.4	 N/A	 N/A	 N/A	 N/A	
A12	 33.2	 2.57	 0.01	 22.4	 57.7	

	 	 	 	 	 	Mean	 		 		 0.15	 437	 94.7	
 

Notes: Due to zircon A11’s close location to the much stronger zircon A12 on the sample mount, 

we were unable to recover a reliable IRM demagnetization sequence.  For the same reason, we 

were unable to recover reliable NRM or IRM data from three further zircons (A13-A15), which 

are not listed here.  AF range fitted for the NRM to near-saturation IRM ratio (NRM/IRM) is 0 to 

90 mT for all samples.  The number of fitted steps is 12 for all samples.  IRM paleointensities are 

computed using the slope of the standard least squares best fit line and an empirical factor of 

3000 µT (Gattacceca and Rochette, 2004; Kletetschka et al., 2003).  Column 2 gives the 

maximum angular deviation, which describes the scatter of demagnetization data around the 

best-fit direction.  Column 3 gives the 1𝜎 uncertainty of the best-fit slope in the Arai diagram 

normalized by the slope value.   
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