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Abstract

Speleothems can be an ideal archive of paleomagnetism because they retain continuous geomagnetic
records in stable conditions and can be used for reliable radiometric dating using U-series and
radiocarbon methods. However, their weak magnetic signals hinder the widespread use of this archive in
the field of geoscience. While previous studies successfully reconstructed paleomagnetic signatures,
including geomagnetic excursions, their time resolutions presented were still not reached to a sufficient
level. Recently emerging scanning SQUID microscopy (SSM) in this field can image very weak magnetic
fields while maintaining high spatial resolution that could likely overcome this obstacle. In this study, we
employed SSM to conduct paleomagnetic measurements on a stalagmite collected at Anahulu cave in
Tongatapu Island, the Kingdom of Tonga. The sliced sample to a thickness of ca. 0.2 mm was scan for
NRM using SSM showed the influence of viscous remanent magnetization. The average measured
magnetic field after 5 mT AF demagnetization is ca. 0.27 nT with a sensor-to-sample distance of ~200
pum. A stronger magnetic field (average: ca. 0.62 nT) was observed above the grayish surface layer, as
compared to that of the white inner layer (average: ca. 0.09 nT) associated with the laminated structures
of a speleothem at the submillimeter scale with the SSM. The magnetization of the speleothem sample
calculated by an inversion of isothermal remanent magnetization (IRM) also suggests that magnetic
mineral content in the surface layer is higher than the inner layer. This feature was further investigated by
low-temperature magnetometry and was suggested that it contains magnetite, maghemite, and goethite.
The first-order reversal curve (FORC) measurements and the decomposition of IRM curves show that this
speleothem contains a mixture of magnetic minerals with different coercivities and domain states. The
contribution from maghemite and goethite to the total magnetization of the grayish surface layer is much
higher than the white inner layer. The speleothem retaining magnetically and visually two distinct layers
indicates that the depositional environment was shifted when the surface layer was deposited and was
likely changed to the oxidative environment.

Introduction

A typical approach used to unveil the evolution of the geomagnetic field is to extract paleomagnetic
signals recorded in geologic materials such as volcanic rocks and sediments. However, obtaining
accurate chronology on these geologic archives is not trivial. Age uncertainties on radiometric dating of
volcanic rocks typically associate an age error with a few percents (e.g., ~ hundreds of years for ~ 50 ka
rock) that make it challenging to depict a precise picture of events. The age models of sediments are
often indirect, and the magnetization of sediments lagged behind as much as thousands of years due to
magnetization acquisition mechanisms called lock-in depth (Roberts et al., 2013).

Recently, speleothems have been used to overcome these problems because it captures the geomagnetic
signals synchronously with the formation of carbonate layers incorporating some magnetic minerals.
Also, samples can be dated radiometrically using the Uranium-series dating method. Their structures are
not impacted by later diagenesis, consolidation, or deformation after the deposition as compared to
sediments. Moreover, the time lag between their crystallization and lock-in of paleomagnetic signals is
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considered to be small (e.g., Latham et al., 1979; Morinaga et al., 1989). Thus, several speleothem
magnetism studies reported accurate ages of geomagnetic excursions using U/Th-dated speleothems
(e.g., Osete et al., 2012; Lascu et al., 2016; Pozzi et al., 2019).

Another advantage of using speleothems to reconstruct paleomagnetism is that it can be used as a
recorder of the paleoenvironment employing environmental magnetism approaches (Lascu and Feinberg,
2011). Magnetic minerals deposited on speleothems are derived with the floodwaters into caves and/or
drip action through overlying soils. The magnetic minerals in speleothems can, therefore, record regional
and global environmental changes such as paleofloods, precipitation, and anthropogenic influences as
variations in rock magnetic properties (e.g., Lascu and Feinberg, 2011; Font et al., 2014; Jaqueto et al.,
2016; Chen et al., 2019; Feinberg et al., 2020).

Despite the advantages mentioned above, the paleomagnetic signals of speleothems are too weak to
reconstruct high-resolution paleomagnetic records by conventional magnetometers (Lascu et al., 2016).
Thus, previous studies had to sacrifice temporal resolution that speleothems could potentially offer.
Whereas scanning SQUID microscopy (SSM) can image very weak magnetic fields above natural
geologic sample with a high spatial resolution of ~ 100 pm (e.g., Lima and Weiss, 2016; Oda et al., 2016),
which could likely solve the problem of weak magnetism associated with Speleothem based
paleomagnetic studies. To date, only a few preliminary studies addressing the using SSM on
speleothems have been reported (e.g., Myre et al., 2019; Feinberg et al., 2020). In this study, we report a
result from high-resolution and high sensitivity paleomagnetic and environmental magnetic investigation
based on magnetic mapping with an SSM and rock magnetic measurements on a speleothem collected
from Tongatapu Island, the Kingdom of Tonga.

Sample And Methods

A stalagmite sample (AAC) was retrieved from the Anahulu cave in Tongatapu island (21°12'26" S, 175°
05'59" W, Supplementary Figure S1). The AAC sample was first cut perpendicular to its growth direction
and then subsampled for different analyses (Figure 1). For SSM measurements, a topmost part of the
speleothem was sliced and polished to a thickness of approximately 200 um. For rock magnetic
measurements using a magnetic property measurement system (MPMS) and an alternating gradient
force magnetometer (AGM), a small quantity of material was collected from the grayish (close to the
surface, AAC-B1, 2, and 3) and white (inner part, AAC-W1, 2, and 3) sections of the speleothem. A
powdered sample of the white section of the stalagmite, which is just beneath the greyish layer, was sub-
sampled for radiocarbon dating and was graphitized using the method described by Yokoyama et al.
(2007) and then measured by a single-stage accelerator mass spectrometry at the Atmosphere and
Ocean Research Institute, The University of Tokyo (Yokoyama et al., 2019). The '#C age around the
boundary between the grayish and white layers of the stalagmite is 102801110 B.P (Supplementary
Figure S2).
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The SSM measurements were conducted using an SSM at the Geological Survey of Japan (GSJ),
National Institute of Advanced Industrial Science and Technology (AIST) (Kawai et al. 2016; Oda et al.
2016). All measurements were performed with constant parameters described below except a sensor-to-
sample distance: scanning steps of x and y axes were 100 pm; speeds of x and y axes were 150 mm/min;
delay time before data acquisition was 0.05 s; scanning mode was one-way scanning in the direction of
the y-axis. A sensor-to-sample distance was set to be approximately 250 — 350 um depending on
measurement runs. First, natural remanent magnetization (NRM) at alternating field (AF)
demagnetization steps of 0, 5, 10, and 30 mT, which was done using an AF demagnetizer equipped with a
two-axis tumbler (DEM-95C; Natsuhara Giken Co. Ltd.), was analyzed. Subsequently, isothermal remanent
magnetization (IRM) was imparted to the thin section by a DC field of 1.4 T using an electromagnet and
was analyzed. Distributions of magnetic moments were calculated from the magnetic field data of IRM
by assuming equally spaced magnetic dipoles on 200 ym grids, with upward magnetic moments
perpendicular to the thin section using the inversion algorithm of Weiss et al. (2007). Optical images were
taken separately with an optical scanner (spatial resolution of 4 pm), which was overlaid with the
magnetic image by marking two artificial magnetic dipoles for reference (Oda et al., 2016).

The rock magnetic measurements using an MPMS were conducted using an instrument (MPMS-XL5,
Quantum Design) at the Center for Advanced Marine Core Research (CMCR), Kochi University, for
analyses mostly relevant to temperature cycles. The sequences of measurement cycles are listed below:

1. ZF-cycling curve: imparting saturation isothermal remanent magnetization (SIRM) by a magnetic
field of 5 T at room temperature (300 K); measuring a remanence continuously while cooling from
300 K to 8 K and warming back to 300 K in zero field

2. FC curve: cooling from 300 K to 8 K in a magnetic field of 5 T; measuring a remanence in zero field
during warming from 8 to 300 K.

3. ZFC curve: cooling from 300 K to 8 K in zero field; imparting SIRM in a field of 5 T at 8 K; measuring
a remanence in zero field during warming from 8 to 300 K.

4. 400 K thermoremanent magnetization (TRM) and ZF-cycling: imparting TRM by heating to 400K and
cooling to 300K in a magnetic field of 300 mT, according to Lascu and Feinberg (2011) and Guyodo
et al. (2006); measuring a remanence with the same protocol of ZF-cycling.

5. 400 K thermal demagnetization (ThD) and ZF-cycling: ThD by heating to 400 K and cooling to 300K
in zero field; imparting IRM with a magnetic field of 300 mT at 300 K; measuring a remanence with
the same protocol of ZF-cycling.

Note that a difference between the two measurements of 4 and 5 was used to diagnose the presence of
goethite (Lascu and Feinberg, 2011). Moreover, IRM acquisition curves were obtained at 60 steps on a
logarithmic scale up to 5 T at room temperature. IRM acquisition results were decomposed by Max UnMix
software (Maxbauer et al., 2016).

The rock magnetic measurements using an AGM were conducted using an instrument (PMC MicroMag
2900 AGM; Lake Shore Cryotronics, Inc.) at GSJ, AIST, for hysteresis and first-order reversal curve (FORC)
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analyses. Hysteresis data were processed using the software HystLab developed by Paterson et al.
(2018), and FORC measurement data were analyzed using the software FORCinel developed by Harrison
and Feinberg (2008).

Results
SSM measurements

Optical (Fig. 2a) and magnetic images (Fig. 2b) were first taken for NRM before AF demagnetization, and
an overlay image was produced (Fig. 2c) for SSM measurements. The grayish surface layer observed in
the optical image shows positive magnetic anomalies of approximately 0.15 nT (standard deviation:
~0.48 nT) on average, whereas weak negative anomalies (average ~ -0.58 nT, standard deviation: ~0.26
nT) were presented in the white layer (Fig. 2d).

After demagnetization at 5 mT, a magnetic image of NRM for the white inner layer shows weak positive
anomalies of about 0.09 nT (Supplementary Figures S3b and S3c), which is different from the values
obtained from NRM. It is possible that the secondary magnetization acquired after speleothem formation
was removed by AF demagnetization at 5 mT. Even after demagnetization at 10 mT and 30 mT, the white
inner layer shows weak positive anomalies (Supplementary Figures S3b and S3c). The cross-sectional
diagrams along the centerline of the speleothem growth axis visualize well the change of magnetic field
values through AF demagnetization (Supplementary Figures S4b, d, f, and h). The magnetic field values
of these anomalies are consistent with previously reported values for speleothems in Lascu and Feinberg
(2011). Viscous magnetic overprints acquired after speleothem formation can be removed in the
laboratory by magnetic cleaning involving partial alternating field (AF) demagnetization using peak fields
from 5-10 mT (e.g., Latham et al., 1987; Morinaga et al., 1989) to 30 mT (Openshaw et al., 1997).

Magnetic images of IRM indicate that magnetic field values above the black layer are much higher than
those above the white layer (Figs. 2e, 2f, and 2 g). In order to compare magnetizations of the two layers,
magnetic moments of dipole magnetic sources on uniform grids of 0.2 mm x 0.2 mm were calculated in
accordance with Weiss et al. (2007). The results indicate that magnetic moment values above the black
layer are higher than those above the white layer (Fig. 2h and 2i). This could be suggested that the
concentration of magnetic minerals is higher in the grayish layer than the white layer. The above-
described exercises demonstrated that SSM could image very weak magnetic field differences induced
from differences in laminated structures of a speleothem at the submillimeter scale.

Magnetic mineralogy with low temperature magnetometry

Results from low-temperature magnetometry experiments for samples AAC-B and AAC-W are shown in
Figs. 4 and 5. In general, inflection points around 120 K attributed to the Verwey transition, a
characteristic feature for magnetite, are found. However, although the degree of inflections found in this
study for the white layer shows general agreement, the grey layers seem not identical from the feature
expected to be found for stoichiometric magnetite. In the ZF-cycling and FC/ZFC curves of AAC-W1
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(Figs. 4b and 4d), the transition can be observed clearly, while in the corresponding diagrams of AAC-B1
(Figs. 4a and 4c), the transition is not clear. Similarly, the ZF-cycling curve of TRM at 400 K and that after
thermal demagnetization (ThD) at 400 K for AAC-W2 (Figs. 5b and 5d) show the inflection points
corresponding to the Verwey transition, whereas those for AAC-B2 (Figs. 5a and 5c¢) do not show this
transition. The clear transitions of the white inner layers suggested that their main magnetic carrier is
relatively stoichiometric magnetite. In contrast, the vague or absence of the Verwey transition for the
grayish surface layers is considered as the result of the oxidation of magnetite. Namely, as the surface of
magnetite is oxidized to maghemite, the magnetization changes at the Verwey transition becomes
smaller, and the transition is broadened and shifted to a lower temperature (Ozdemir and Dunlop, 2010).

It is noteworthy that a warming curve of the ZF-cycling for grayish surface (AAC-B2) exhibits a decreasing
trend with increasing temperatures (red curve; Fig. 4a). Furthermore, the FC curve of AAC-B1 (Fig. 4c) is
separate from the ZFC curve independent of the Verwey transition. These features are similar to those for
the speleothems with the presence of goethite (e.g., Lascu and Feinberg, 2011; Strauss et al., 2013;
Jaqueto et al., 2016). Moreover, the difference between the ZF-cycling curves of TRM and ThD for AAC-B2
is non-zero at 300K and slightly increases during while cooling steps (blue curve; Fig. 5e), which also
suggests the presence of goethite (Lascu and Feinberg, 2011). In contrast, AAC-W1 does not exhibit the
features indicative of goethite clearly for ZF-cycling (Fig. 4b) and FC/ZFC curves (Fig. 4d). Further, the
difference between the ZF-cycling curves of TRM and ThD for AAC-W3 is zero at 300K and shows a
significant increase around Verwey transition while cooling (Fig. 5f). This might be evidence of the
presence of magnetite/maghemite but not of goethite. In summary, relatively stoichiometric magnetite is
likely the main magnetic carrier for the white inner layers, whereas this is not the case for the grayish
surface layers. In contrast, goethite is probably included in the grayish surface layers, that is not apparent
in the white inner layers.

Hysteresis and domain state diagnosis using FORC

Hysteresis loops are illustrated for the samples collected from the surface grey layer and the inner white
layer (Figs. 3a and 3b). The saturation magnetization (Ms) of the surface layer (3.79 x 10~* Am?/kg) was
about four times higher than that of the inner layer (8.44 x 10 ° Am?/kg). This is consistent with the SSM
measurements, and we suggest that higher concentrations of magnetic minerals contained in the surface
layer than in the inner layer. By contrast, coercivity (Hc) of the surface layer (6.2 mT), on the other hand,
was lower than that of the inner layer (12.5 mT).

FORC diagrams of the grayish surface layer (AAC-B3; Figs. 3c) and inner white layer (AAC-W3; Fig. 3d)
show the existence of central-ridges around the Bu axis. This may be a typical character of non-
interacting single-domain (SD) particles, which could possibly be originated from magnetotactic bacteria
(Roberts et al., 2014). Both diagrams also show a multi-domain (MD)-like horizontal spreads, which are
similar to the results reported by Harrison et al. (2018). In addition, the FORC diagram of the grayish layer
shows a diagonal distribution extending to lower-right between the Bu and Bc axis (Fig. 3c) which is
similar to the results on vortex state (pseudo-single-domain) particles (Zhao et al., 2017) or/and
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“randomly packed single domain particles” (Harrison et al., 2019). These magnetic components are also
similar to those reported for speleothems by Jaqueto et al. (2016). Hence, we posit that the speleothem in
this study contains both SD and MD magnetite, at a minimum.

Identification of coercivity components using IRM
acquisition curves

Analytical results of the IRM acquisition curves by the Max UnMix software (Maxbauer et al., 2016)
suggest that the grayish layer (AAC-B1) and white layer (AAC-W1) consist of four coercivity components
(Figs. 4e and 4f). Both layers have four similar main components: the very-low-coercivity component
(Comp-1), the low-coercivity component (Comp-2), the intermediate-coercivity component (Comp-3), and
the high-coercivity component (Comp-4: B, ~1600—-2000 mT). Acquisition fields (B;,) and dispersion
parameter (DP) of each component are similar to those reported for sediments and speleothems (e.g.,
Yamazaki, 2009; Abrajevitch and Kodama, 2011; Font et al., 2014; and Jaqueto et al., 2016): Comp-1 (B}
~14-16 mT, DP: ~0.44-0.46) represents a mixture of magnetite and maghemite; Comp-2 (B},: ~37-42
mT, DP: ~0.23) and Comp-3 (B},: ~75-97 mT, DP: ~0.14-0.15) has low coercivities and relatively narrow
DPs, which suggest the presence of biogenic magnetite; Comp-4 (B},: ~1600-2000 mT, DP: ~0.38-0.68)
represents the presence of goethite, but DP of AAC-W1 is inconsistent with those reported for goethite
(e.g., Abrajevitch and Kodama, 2011; Font et al.,, 2014; and Jaqueto et al., 2016). It is thought that the
grayish surface layer should contain goethite, but the white inner layer does not obviously.

Discussion

Magnetic minerals in this speleothem

Magnetic mappings of the speleothem from the stalagmite of Anahulu cave with the submillimeter scale
with SSM (Figs. 2a, 2b, and 2c¢) clearly showed a difference in the magnetization distributions between
the grayish surface layer and the white inner layer (Figs. 2d, 2e, and 2f). A series of rock magnetic results
suggest that the main magnetic remanence carriers in the speleothem studied are magnetite, maghemite,
and goethite. Similar results have been obtained in other stalagmites (e.g., Lascu and Feinberg, 2011;
Strauss et al., 2013; and Jaqueto et al., 2016).

The results of low-temperature magnetometry suggest that the magnetite in the grayish surface layer
could have been partially oxidized to goethite and/or maghemite (Figs. 4a, 4c, 53, 5¢, and 5e). Meanwhile,
the main magnetic mineral in the white surface layer is magnetite, and the presence of goethite is not
clear (Figs. 4b, 4d, 5b, and 5d). This result consistent with the analyses of IRM acquisitions (Fig. 4e and
4f). Meanwhile, DP shows inconsistent values for Comp-1, 2, and 3 (~ 0.44-0.46, ~ 0.23, and ~ 0.14-
0.15, respectively). It suggests that each magnetic component have different characteristics in terms of
grain size and composition due to the variability of the physical and chemical processes (Egli, 2004).
This is also supported by reading of FORC diagrams, which suggest that the speleothem in this study
contains SD and MD magnetite.
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Thus, the assemblage of magnetic minerals in the grayish surface layer comprises a mixture of
magnetite, maghemite, and goethite. In contrast, the assemblage of magnetic minerals in the white inner
layer is dominated by magnetite and small quantities of goethite. We suggest that the depositional
condition of the surface layer is different from that of the inner layer since the latter.

Environmental magnetic implication

Results obtained from the present study demonstrate that different magnetic properties can be detected
clearly between the two layers using SSM. Concentrations of magnetic minerals are higher in the black
layer, whereas much smaller in the white layer. The type of magnetic minerals contained in the two layers
also can be distinguished. According to Lascu and Feinberg (2011), the deposition rate of detrital
magnetic minerals onto the speleothem surface is controlled by precipitation, flood frequency, and soil in
the surface layer situated strata above. We thus may potentially be attributed depositional mechanism of
black and white layers to changes in ambient environments. Recording of distinct several colored layers
would be expected if the change observed in this study occurred over time as a result of frequent events
such as extreme climate changes, including floods and/or tsunamis (e.g., Denniston and Luetscher, 2017;
Feinberg et al., 2020). However, no recurrence of distinct layers was found, and only a single black layer
on the surface of the speleothem has existed. This might suggest that the black layer was formed as the
consequence of the relatively short-lived unique event that happened during the last ca. 10,000 years. The
distinct grey to black color on the white calcium carbonate speleothem also is suspected that the origin
of this color is coming from sediments dominated by non-carbonate minerals. Tongatapu island consists
mainly of limestone and overlaid two soil layers from andesitic volcanic ash, which is estimated to be
20,000 and 5,000 years old (e.g., Cowie, 1980; Spennmenn, 1997; Manu et al., 2007). Magnetic minerals
in soils of Ha' apai, Kingdom of Tonga consist mainly of goethite (Childs and Willson, 1993). Furthermore,
typically soil containing volcanic ash is acidic; thus, magnetite in the soil could oxidize to maghemite
(Taylor and Schwertmann, 1974). Therefore, it is considered that the black layers are mainly originated
from volcanic eruptions that occurred neighboring islands.

The other possible scenario would be the potential influence of human activities. As the previous studies
suggested, soil magnetic and archaeomagnetic studies can indicate that an increase in fire and organic
carbon supply from human activities could lead to the transformation of into ferrimagnetic mineral (e.g.,
Marmet et al., 1999; Hanesch et al., 2006; Fassbinder, 2015). The results observed from this study also
reveal similar magnetic properties that would point out the influence of fire. Future work, such as U/Th
dating, is needed to discuss the processes affecting the magnetism of speleothems.

Conclusion

We successfully performed SSM on a speleothem collected from a cave on Tongatapu Island in
combination with a series of rock magnetic measurements. We could observe magnetic images of the
speleothem at the submillimeter scale with SSM and detected the difference in the magnetic field maps
associated with the laminated growth structure distinguishing between surface grayish to black colored
and inner white-colored layers. Further, rock magnetic measurements showed that: 1) the magnetic
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mineral content in the grayish surface layer is higher relative to that in the white inner layer; 2) the
speleothem in this study contains several magnetic minerals (magnetite, maghemite, and goethite) with
different domain states; and, 3) the contribution of maghemite and goethite is much larger in the surface
layer than in the inner layer. The magnetic mineralogy of the surface layer different from that of the inner
layer could have occurred due to the change of the depositional environment of the magnetic minerals in
the speleothem to the oxidative condition.
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Figure 1

Photo of a half-split sample of a speleothem used for SSM and rock magnetic measurements, and 14C
dating.
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Figure 2

Optical and magnetic images of NRM and IRM, and their analyses. (a) Optical image, (b) magnetic image
of NRM, and (c) optical image overlaid on magnetic image of NRM. (d) Distribution of magnetic field
within the highly magnetic layer next to the surface and the layer slightly inside with less magnetic
feature. Each dataset was selected according to the region shown in the inset figure on the upper-right;
i.e., red and blue correspond to the magnetic and less magnetic areas, respectively. () Optical image
(contrast has been changed from Fig. 2a for better visibility of the colored surface layers), (f) magnetic
image of IRM (1.4 T), and (g) optical image overlaid on a magnetic image of IRM (1.4 T). (h) Magnetic
moment distribution of IRM image calculated on 0.2 mm x 0.2 mm grid points from the magnetic field in
Fig. 2(f). Magnetic moment distributions were calculated, according to Weiss et al. (2007). (i) Line profile
along a horizontal line in Fig. 2(h) at 20.1 mm of Y position. The range of gray shade is the same as the
range of a light green square in Fig. 2(h).
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Figure 3

Results of measurements with AGM for samples from the grayish section (AAC-B1) and white section
(AAC-W1). Hysteresis loops of (a) AAC-B1 and (b) AAC-W1, and FORC diagrams of (c) AAC-B1 and (d)

AAC-W1.
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Figure 4

ZF-cycling curves of (a) AAC-B1 (the grayish surface layer) and (b) AAC-W1 (the white inner layer);
FC/ZFC curves of (c) AAC-B2 and (d) AAC-W2; and Results of IRM acquisition curves analyses using MAX
UnMix (Maxbauer et al. 2016) of (e) AAC-B1 and (f) AAC-W2. Bh and DP are the mean coercivity and the
dispersion parameter (given by one standard deviation) of an individual grain population assuming a
Gaussian distribution in log space, respectively.
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Figure 5

ZF-cycling curves after TRM at 400 K of (a) AAC-B2 and (b) AAC-W2; ZF-cycling curves after ThD at 400 K
of (c) AAC-B3 and (d) AAC-W3; the difference between ZF-cycling curves after TRM and ZF-cycling curves

after ThD of (e) AAC-B3 and (f) AAC-W3.
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