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EXPRESS LETTER

High spatial resolution magnetic mapping 
using ultra‑high sensitivity scanning SQUID 
microscopy on a speleothem from the Kingdom 
of Tonga, southern Pacific
Naoto Fukuyo1,2,3*  , Hirokuni Oda3, Yusuke Yokoyama1,2, Geoffrey Clark4 and Yuhji Yamamoto5 

Abstract 

Speleothems are ideal archives of environmental magnetism and paleomagnetism, since they retain continuous 
magnetic signals 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 and paleoenvironmental changes, the 
time resolutions presented were insufficient. 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 for high spatial resolution magnetic mapping on a stalagmite collected at Anahulu cave 
in Tongatapu Island, the Kingdom of Tonga. The average measured magnetic field after 5 mT alternating field demag-
netization is ca. 0.27 nT with a sensor-to-sample distance of ~ 200 µm. A stronger magnetic field (average: ca. 0.62 nT) 
was observed above the grayish surface layer compared to that of the white inner part (average: ca. 0.09 nT) associ-
ated with the laminated structures of the speleothem at the submillimeter scale, which scanning resolution of the 
SSM in this study is comparable to the annual growth rates of the speleothem. The magnetization of the speleothem 
sample calculated from an inversion of isothermal remanent magnetization (IRM) also suggests that the magnetic 
mineral content in the surface layer is higher than the inner part. This feature was further investigated by low-temper-
ature magnetometry. Our results show that the main magnetic carriers of the speleothem under study are magnetite 
and maghemite and it can contain hematite or ε-Fe2O3. 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 coer-
civities and domain states. The contribution from maghemite to the total magnetization of the grayish surface layer 
was much higher than the white inner part. Such differences in magnetic mineralogy of the grayish surface layer from 
that of the inner part suggest that the depositional environment shifted and was likely changed due to the oxidative 
environment.
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Introduction
Recently, the magnetism of speleothems has been used 
to reconstruct the geomagnetism and paleoenvironment 
because they capture the magnetic signals synchronously 
with the formation of carbonate layers incorporating 
magnetic minerals (Lascu and Feinberg 2011). Magnetic 
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minerals deposited on speleothems are sourced from 
flood waters, which flow into caves and/or drip action 
filtering in overlying soils. The magnetic minerals in spe-
leothems can, therefore, record regional and global envi-
ronmental changes such as paleofloods, precipitation, 
and anthropogenic influences as variations in rock mag-
netic properties (e.g., Lascu and Feinberg 2011; Font et al. 
2014; Jaqueto et al. 2016; Chen et al. 2019; Feinberg et al. 
2020). For example, Jaqueto et al. (2016) used stalagmites 
from Brazil and suggested that more negative (positive) 
values of oxygen and carbon isotopes correspond to 
lower (higher) values of magnetic mineral content. They 
suggest that higher isotopic values are interpreted as 
drier periods, suggesting that vegetation cover controls 
the magnetic input in the cave (and vice versa). Drier 
periods (higher δ18O and δ13C) are associated with less 
vegetation cover and more erosion and more transport 
of Fe-rich sediments into the cave, resulting in higher 
magnetization. Similarly, Zhu et  al. (2017) used mag-
netic mineral concentration in Chinese speleothems to 
reconstruct paleo-precipitation. They suggest that a large 
number of storms and results in extreme rainfall events 
increase the flux of pedogenic magnetite from soils to 
the cave, enhancing magnetic mineral quantities. Since 
the frequency of storms in central China is correlated 
with El Niño Southern Oscillation (ENSO), they used 
speleothem magnetic minerals to examine the variability 
of ENSO over the last 8.6 ka. High peaks in IRM of the 
soft component are coeval with stronger ENSO periods 
(El Niño) and higher values of carbon isotopes, which is 
interpreted here as wetter periods.

Despite the advantages mentioned above, the mag-
netic signals of speleothems are too weak to reconstruct 
high-resolution paleomagnetic records by conventional 
magnetometers (Lascu et al. 2016). Thus, previous stud-
ies had to sacrifice the temporal resolution that speleo-
thems could potentially offer. However, scanning SQUID 
microscopy (SSM) can image very weak magnetic fields 
above natural geological samples with a high spatial reso-
lution of ~ 100 µm (e.g., Lima and Weiss 2016; Oda et al. 
2016), which could solve the problem of weak magnetism 
associated with paleo- and environmental magnetic stud-
ies using speleothems. To date, only a few preliminary 
relevant studies have been reported using SSM for spe-
leothems (e.g., Myre et al. 2019; Feinberg et al. 2020).

Here, we report for the first time a high-resolution and 
high-sensitivity magnetic mapping using an SSM for a 
speleothem collected from the South Pacific together 
with dedicated rock magnetic measurements to unveil 
the magnetic minerals and their origins. The speleo-
them sample was collected from Tongatapu Island, 
the Kingdom of Tonga, where is an archaeologically 
important region as a base for human migration to East 

Polynesia (e.g., Clark et  al. 2015). However, few quanti-
tative paleoenvironmental studies using Earth-scientific 
methods have been reported (e.g., Roy 1997; Fukuyo et al. 
2020). The speleothem magnetism is expected to contrib-
ute to the studies of archaeology, such as the Polynesian 
expansion over the South Pacific islands during the Hol-
ocene, by providing information on magnetic minerals 
reflecting the change in depositional environment such 
as oxidation states, which might originate from human 
activity and/or environment.

Sample and methods
A stalagmite sample, AAC, was retrieved from the Ana-
hulu cave in Tongatapu island (21° 12′ 26″ S, 175° 05′ 
59″ W, Additional file 1: Figure S1, Worthy et  al. 1991). 
It consists mostly of the white part, with gray layers 
only in the surface portion of the stalagmite (ca. 1  mm 
depth). Moreover, the thin reddish-brown layer exists at 
the boundary between the gray and white part (Fig. 1a). 
Stalagmite AAC was first cut perpendicular to its growth 
direction. For SSM measurements, the topmost part of 
the speleothem was sliced and polished to a thickness 
of approximately 200 μm (Fig. 1b, c). For rock magnetic 
measurements using a magnetic property measurement 
system (MPMS) and an alternating gradient force mag-
netometer (AGM), a small quantity of material was col-
lected from the gray (AAC-B3) and white (inner part, 
AAC-W3) sections of the speleothem using a ceramic 
scalpel, and diamond wire saw.

The reddish-brown layer, however, could not be sepa-
rated from the gray layer and white part because of its 
thinness (< 0.1 mm) and proximity to the gray layer (ca. 
0.7 mm). Thus, a sample of a mixture of gray layers and 
white part, including the reddish-brown layer (AAC-M), 
was also collected for MPMS and AGM measurements. 
For radiocarbon measurements, approximately 5  mg of 
calcites were drilled from the stalagmite growth layers 
(Fig.  1b). The powdered sample was graphitized using 
the method described by Yamane et al. (2019) and then 
measured by a single-stage accelerator mass spectrome-
try at the Atmosphere and Ocean Research Institute, The 
University of Tokyo (Yokoyama et al. 2019). The 14C ages 
were calibrated to calendar ages using OxCal 4.4 (Ram-
sey 2009a) with SHCal20 (Hogg et  al. 2020). Moreover, 
a portion of the dating results was constrained using a 
P_sequence model (Ramsey 2008; Ramsey and Lee 2013) 
and a general temporal outlier model (Ramsey 2009b).

The SSM measurements were conducted using the 
SSM at the Geological Survey of Japan (GSJ), National 
Institute of Advanced Industrial Science and Tech-
nology (AIST) (Kawai et  al. 2016; Oda et  al. 2016). All 
measurements were performed with constant param-
eters described below except sensor-to-sample distance: 
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scanning steps of x and y axes were 100  μm; speeds of 
x and y axes were 150  mm/min; delay time before data 
acquisition was 0.05 s; scanning mode was one-way scan-
ning in the direction of the y-axis. The sensor-to-sam-
ple distance was set to be approximately 250–350  μm 
depending on measurement runs. First, natural remanent 
magnetization (NRM) at alternating field demagnetiza-
tion (AFD) 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 ana-
lyzed. At the same time, we conducted measurements 
of three components of magnetization with a supercon-
ducting rock magnetometer (SRM) at GSJ-Lab, AIST on 
the thin section after SSM measurement at each demag-
netization step (Additional file  2: Figure S2a and S2b). 

Subsequently, isothermal remanent magnetization (IRM) 
was imparted to the thin section by a DC field of 1.4 T 
using an electromagnet and was subsequently analyzed. 
Distributions of magnetic moments were calculated 
from the magnetic field data of IRM by assuming equally 
spaced magnetic dipoles on 200  μm 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 opti-
cal scanner (spatial resolution of 4  µm), overlaid with 
the magnetic image by marking two artificial magnetic 
dipoles for reference Oda et  al. (2016). The SSM data 
were processed according to the procedure described 
in Oda et  al. (2016). Additionally, the signal of a refer-
ence sensor was subtracted from that of the main sensor 

Fig. 1  a Photo of a half-split sample of a speleothem; b SSM measurements and 14C dating; and c MPMS and AGM measurements
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before processing after the introduction of the sensor for 
the removal of environmental noise (Oda et  al. 2020). 
Though the standard procedure was adjusted for drift 
correction (Weiss et  al. 2007), weak magnetization and 
contamination of magnetic dust particle contamina-
tion gave unsatisfactory results. Thus, we developed an 
improved method as follows: the median of magnetic 
data in each margin of a measurement line is extracted, 
and the average is calculated using the data that only 
values under within a predefined threshold value from 
the median. Then the average was used as a background 
value for drift correction. By choosing the lengths of mar-
gins and the threshold value properly, the magnetic maps 
were improved, especially for scanned lines with serious 
contamination in the background area. Finally, a median 
filter (3 × 3 points) is performed to remove spike noise 
(Noguchi et al. 2017).

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

1. Zero-field (ZF) cycling curve: imparting saturation 
isothermal remanent magnetization (SIRM) by a mag-
netic field of 5 T at room temperature (300 K); measuring 
a remanence continuously while cooling from 300 to 10 K 
and warming back to 300 K in zero field.

2. Field cooling (FC) curve: cooling from 300 to 10 K in 
a magnetic field of 5 T; measuring a remanence in zero 
field during warming from 10 to 300 K.

3. Zero-field cooling (ZFC) curve: cooling from 300 
to 10 K in zero field; imparting SIRM in a field of 5 T at 
10 K; measuring a remanence in zero field during warm-
ing from 10 to 300 K.

4. 400  K thermoremanent magnetization (TRM) and 
ZF-cycling: imparting TRM by heating to 400  K and 
cooling to 300 K in a magnetic field of 300 mT (Guyodo 
et al. 2006; Lascu and Feinberg 2011); measuring a rema-
nence 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 300 K 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 before heating to 400 K 
for experiments 4 and 5. IRM acquisition results were 
decomposed by Max UnMix software (Maxbauer et  al. 
2016).

The other rock magnetic measurements were con-
ducted using an AGM (PMC MicroMag 2900 AGM; 
Lake Shore Cryotronics, Inc.) at GSJ, AIST, for hyster-
esis and first-order reversal curve (FORC) analyses. To 
reduce the noise, multiple FORC measurements were 
stacked. Hysteresis data were processed with the Hyst-
Lab (Paterson et  al. 2018), and FORC measurement 
data were analyzed by the FORCinel (Harrison and 
Feinberg 2008).

Results
Radiocarbon dating
We obtained nine radiocarbon dates, which were 
calibrated using OxCal 4.4 with a P_Sequence age-
depth model (Additional file  3: Figure S3, Additional 
file  4: Table  S1). The single calibrated ages ranged 
from 4370 ± 60  cal years BP at 0.8  mm from the top to 
27,100 ± 100 cal years BP at 109.3 mm from the top along 
the centerline of the growth axis. A significant age-gap 
of more than 20,000-years occurs around 1  mm from 
the top, coinciding with a boundary of gray and white 
part, which suggests the presence of a hiatus in growth. 
Moreover, an age-gap of ~ 1000 years between AAC9 
and AAC10 may suggest the existence of another hiatus 
(Additional file 3: Figure S3, Additional file 4: Table S1). 
The modeled ages, which were calculated by apply-
ing the P_Sequence model for AAC2–AAC9, ranged 
from 25,950 ± 50  cal years BP at 7.6  mm from the top 
to 26,000 ± 100 cal years BP at 97.0 mm (see Additional 
file 4: Table S1). The ages showed good agreement with 
modeled ages, apart from AAC2 at 7.6 mm depth. No age 
reversals were observed along the speleothem growth 
direction. Assuming that a layer of stalagmite corre-
sponds to 1  year, the number of layers existed between 
the nine dated layers is consistent with the dates obtained 
from radiocarbon dating except for the gap between 
AAC1 and AAC2 (Additional file  4: Table  S1). Dating 
results clearly indicate that the gray layers and white part 
are formed, respectively, during the Holocene and the 
last glacial (see Additional file 5).

δ13C values were also measured  by AMS (Additional 
file  4: Table  S1). AMS δ13C values are less precise than 
IRMS δ13C, because AMS δ13C can have isotopic frac-
tionation occurring in the sputter ion source or other 
parts of the AMS instrument. However, AMS δ13C val-
ues, instead of IRMS δ13C, were preliminary used for 
discussion on the sources of carbon in this study. δ13C of 
AAC1 (0.8 mm from the top) was ca. -6.03‰, while the 
average δ13C from AAC2–10 were ca. − 12.03‰. There 
is a significantly large gap between AAC1 and AAC2 by 
taking into account the measurement precision of δ13C 
(< 0.15‰).
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SSM measurements
Optical (Fig. 2a) and magnetic images (Fig. 2b) were first 
taken for NRM before AF demagnetization, and an over-
lay image was produced (Fig. 2c) for SSM measurements. 
The grayish surface layer that was observed in the opti-
cal image shows positive magnetic anomalies of approxi-
mately 0.15 nT (standard deviation: ~ 0.48 nT) on average, 
whereas weak negative anomalies (average ~ -0.58 nT, 
standard deviation: ~ 0.26 nT) were recognized in the 
white part (Fig. 2d). In contrast, there are no detectable 
features in the magnetic image corresponding to the red-
dish-brown layer.

After demagnetization at 5 mT, a magnetic image of 
NRM for the white inner part shows weak positive anom-
alies of ca. 0.1 nT (Additional file 6: Figures S4b and S4c), 
which is different from the values obtained from NRM. 
Furthermore, a weak magnetic feature corresponding to 
the reddish-brown layer could be observed. Even after 
demagnetization at 10 mT and 30 mT, the white inner 
part shows weak positive anomalies (Additional file  6: 
Figures  S4e, S4f, S4h, and S4i). The cross-sectional dia-
grams along the growth axis of the speleothem show the 

change of magnetic field values through AFD (Fig. 3b, d, 
f, and h). Moreover, measurements with a superconduct-
ing rock magnetometer (SRM) on the thin section sug-
gest that viscous magnetic overprints could be removed 
by AFD at 5–10 mT and AF demagnetization at 30 mT 
would remove ~ 80% of NRM (see Additional file 5: Fig-
ure S2).

Magnetic images of IRM indicate that magnetic field 
values above the gray layer and the reddish-brown layer 
are much higher than those above the white part (Fig. 2e, 
f, and g). Furthermore, magnetic moment values above 
the gray layer are higher than those above the white 
part (Fig.  2h, i). The peak moment of the grayish layer 
(x = 11.5  mm in Fig.  2i) is marked as 2.03 × 10–12 Am2, 
whereas the average of the white part is 4.98 × 10–14 Am2 
(the range is from 15.1 mm to 42.5 mm in Fig. 2i).

Magnetic mineralogy with low‑temperature 
magnetometry
Results from low-temperature magnetometry experi-
ments for samples AAC-B3, AAC-W3, and AAC-M 
are shown in Fig. 4. In general, inflection points around 

Fig. 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 the 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. e Optical image (contrast has been changed from a 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 × 0.2 mm grid points from the magnetic field in f. Magnetic moment distributions were calculated, 
according to Weiss et al. (2007). i Line profile along a horizontal line in 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 h 
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100  K could be recognized for the cooling curves of 
ZF-cycling (Fig.  4a–c). The inflections for AAC-B3 and 
AAC-M broadened and slightly shifted to a lower tem-
perature compared to AAC-W3. In the warming curve 
of ZF-cycling and FC/ZFC curves of AAC-W3 (Fig.  4b 
and Additional file 7: Figure S5), inflection points around 
100 K could be observed, while in the corresponding dia-
grams of AAC-B3 and AAC-M (Fig. 4a–c, and Additional 
file 7: Figure S5), such inflections were not observed.

It is noteworthy that the cooling curve of TRM for 
AAC-M shows an inflection point around 200 K (Fig. 4f ), 
which could be revealed as a sharp drop in the difference 
between the cooling curves of TRM and ThD for AAC-M 
(Fig.  4i). In addition, the difference between the ZF-
cycling curves of TRM and ThD for AAC-B3 and AAC-
W3 cannot be distinguished from zero at the levels of 
three standard deviations at 300 K (within the margins of 
error) (Fig. 4g, h).

Hysteresis and domain state diagnosis using FORC
Hysteresis loops are analyzed for the samples collected 
from the gray surface layer (AAC-B3), where saturation 
magnetization (Ms: 1.14 × 10–3 Am2/kg) was about two 
times higher than that of the white inner part (AAC-
W3, 6.32 × 10–4 Am2/kg). This is consistent with the 
SSM measurements, and which suggests that higher 
concentrations of magnetic minerals are contained in 
the grayish layer than in the white part. In addition, 
the mixture of gray layers and white part (AAC-M) has 
a similar value of Ms (7.51 × 10–4 Am2/kg) to that of 

AAC-W3. Meanwhile, coercivities (Hc) of all samples 
indicated almost the same values (AAC-B3: 7.6 mT; 
AAC-W3: 7.9 mT; and AAC-M: 8.2 mT).

FORC diagrams of AAC-B3 (Fig.  5d) and AAC-M3 
(Fig. 5f ) were similar and showed a small peak around 
the Bc axis and a spreading of the FORC distributions 
along the Bu axis with a sharp peak at around zero. 
Both diagrams also showed a diagonal distribution 
extending to the lower-right between the Bu and Bc 
axis. Though the FORC diagram of AAC-W3 (Fig.  5e) 
was noisier than the others, similar patterns could be 
observed.

Identification of coercivity components using IRM 
acquisition curves
Analytical results of the IRM acquisition curves by 
the Max UnMix software (Maxbauer et  al. 2016) sug-
gest that the grayish layer (AAC-B3) and the mixed 
layer (AAC-M) consist of three coercivity components 
(Fig.  4j, l), whereas the white part (AAC-W3) consists 
of two components (Fig. 4k). Each layer has two similar 
main components: the very-low-coercivity component 
(Comp-1) and the low-coercivity component (Comp-2). 
Comp-1 is characterized by a coercive field (Bh) of 4.7–
5.9 mT and a dispersion parameter (DP) of 0.34–0.38. A 
Bh of Comp-2 is 19.5–21.5 mT with a DP of 0.31–0.37. 
The intermediate-coercivity component (Comp-3) is 
observed in AAC-B3 and AAC-M but not in AAC-W3. 
Comp-3 is characterized by a Bh of 36.5–38.5 mT and a 
DP of 0.24–0.29.

a

b

c

d

e

f

g

h

Fig. 3  a, c, e, and g Magnetic images of NRM and after demagnetization at 5 mT, 10 mT, and 30 mT, respectively; and b, d, f, and h Line profiles 
along a horizontal line in the figures above
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g h i

j k l

Fig. 4  ZF-cycling curves and FC/ZFC curves of a AAC-B3 (the gray layer), b AAC-W3 (the white inner part), and c AAC-M (the mixture of gray 
layers and white part including reddish-brown layer); ZF-cycling curves after TRM at 400 K and ZF-cycling curves after ThD at 400 K of d AAC-B3, e 
AAC-W3, and f AAC-M; the difference between ZF-cycling curves after TRM and ZF-cycling curves after ThD of g AAC-B3, h AAC-W3, and i AAC-M; 
unmixing models of IRM acquisition curves of j AAC-B3, k AAC-W3, l AAC-M. 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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Discussion
Sensitivity, reliability, and implications of SSM 
measurements
Although the magnetic field produced by the studied spe-
leothem thin section was quite weak (0.1 nT or less), our 
SSM measurements successfully provided information 
on distributions of variable magnetization at a resolu-
tion of ~ 100 µm. The new procedure of drift corrections 
applied in this study is based on taking the average along 
with line scan measurements between predefined thresh-
old values (excluding local magnetic anomalies pro-
duced by contaminated dust particles, etc.) away from 
the median value in the marginal band area used for drift 
correction.

SSM magnetic images of NRM indicated that NRM 
before AF demagnetization (Fig.  3a, b) is dominated by 
negative anomalies (magnetized in the downward direc-
tion relative to the surface of the thin section), which is 
the opposite polarity to the other SSM magnetic images 
(i.e., 5mT, 10mT, and 30mT; Fig.  3c–h). This suggests 
that secondary magnetization was acquired after speleo-
them formation, which was removed by AF demagneti-
zation at 5 mT. This is confirmed by the magnetization 
measurements on the thin section with the SRM (Addi-
tional file 5: Figure S2). The results of the SSM magnetic 

imaging and SRM measurements suggest that the aver-
aged coercivity of the speleothem is ~ 10–20 mT, and the 
NRM can be reduced to ~ 20% by AFD at 30mT. Mean-
while, the previous studies on speleothems from Canada, 
the UK, and Mexico (Latham et al. 1979, 1986, 1987) and 
from Japan (Morinaga et al. 1989) reported the removal 
of viscous remanent magnetization (VRM) by AF demag-
netization using peak fields of 5–10 mT. Speleothems 
from China showed the removal of VRM by AF peak field 
of 30 mT (Openshaw et  al. 1997). Thus, the secondary 
magnetization could be adequately removed in the spe-
leothem by AF demagnetization.

SSM magnetic images of IRM suggest that the concen-
tration of magnetic minerals is higher in the gray layer 
than in the white part (Fig.  2h, i). We estimated mag-
netic concentration for the grayish layer and the white 
part based on the estimated magnetic moments (Fig. 2i). 
As mentioned in the methods section, the thickness of 
the samples is 200  µm, and we calculated a magnetic 
moment on a 200 µm grid. Thus, the saturation magnet-
ization of the grayish layer is 2.54 × 10–1 A/m, and that 
of the white part is 6.23 × 10–3 A/m. As described below, 
the main magnetic remanence carriers in the speleothem 
studied could be magnetite. Assuming that all magnetic 
remanence carriers in the speleothem are single-domain 

a b c

fed

Fig. 5  Results of measurements with AGM for samples from the grayish section (AAC-B3), the white section (AAC-W3), and the mixture of gray 
layers and white part (AAC-M). Hysteresis loops of a AAC-B3, b AAC-W3, and c AAC-M, and FORC diagrams of d AAC-B3, e AAC-W3, and f AAC-M
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magnetite (Ms: 446 kA/m; Mrs/Ms = 0.5), we can esti-
mate that the magnetic concentrations per volume in 
the speleothem of the gray layers and white part as 
1.14 × 10–6 and 2.79 × 10–8, respectively.

The above-described experiments demonstrated that 
SSM is capable of imaging very weak magnetic field dif-
ferences induced from differences in laminated struc-
tures of a speleothem at a resolution of ~ 100 µm.

Magnetic minerals in the speleothem
Magnetic mapping of the speleothem from the stalagmite 
of Anahulu cave with the submillimeter scale resolution 
with SSM (Fig.  2a–c) clearly showed a difference in the 
magnetization distributions among the grayish surface 
layer, the white inner part, and the reddish-brown layer 
(Fig. 2e–f). A series of rock magnetic results suggest that 
the main magnetic remanence carriers in the speleothem 
studied are magnetite and maghemite, and the minor 
magnetic remanence carrier is hematite (or ε-Fe2O3; see 
discussion below). Similar results have been obtained 
in other stalagmites (e.g., Strauss et  al. 2013; Font et  al. 
2014; Jaqueto et al. 2016).

The cooling curves of ZF-cycling for AAC-B3 and W3, 
and the warming curve of ZF-cycling and FC/ZFC curves 
for AAC-W3 show the characteristic inflection points 
at ~ 100 K (Fig. 4a, b, d, and e), which can be attributed 
to the Verwey transition (125 K for stoichiometric mag-
netite, e.g., Jackson and Moskowitz 2021), a diagnos-
tic feature of magnetite. The relatively sharp inflection 
observed for the white inner part (AAC-W3) suggests 
that their main magnetic carrier is relatively stoichio-
metric magnetite. In contrast, the vague shift to lower 
temperatures or absence of the Verwey transition for 
the grayish surface layers (AAC-B) is considered as the 
result of highly oxidized (deviation from stoichiometry) 
magnetite (e.g., Jackson and Moskowitz 2021). The differ-
ence between the ZF-cycling curves of TRM and ThD for 
AAC-B3 and M was not distinguished from zero at 300 K 
(Fig.  4g, h). These features can indicate the absence of 
goethite (Lascu and Feinberg 2011).

On the other hand, the inflection point at ca. 200  K 
in the TRM curve for AAC-M seems to be related to a 
Morin transition, which can suggest the presence of hem-
atite (Fig. 4f, i). In general, Morin transition occurs at ca. 
260  K, but it can be shifted toward lower temperatures 
for impure hematite (e.g., de Boer et  al. 2001; Liu et  al. 
2010). Thus, the inflection point at ca. 200  K in TRM, 
which can be observed only in AAC-M, may suggest that 
hematite exists in the reddish-brown layer. Meanwhile, 
the inflection point can alternatively be explained by the 
presence of ε-Fe2O3. The magnetic property of ε-Fe2O3 
corresponds to a high coercive field and low unblocking 
temperature (e.g., Tuček et al. 2010; López-Sánchez et al. 

2017; Kosterov et  al. 2020b). Furthermore, the occur-
rence of ε-Fe2O3 is related to the anthropogenic fire (e.g., 
López-Sánchez et al. 2017; Kosterov et al. 2020a) or the 
vegetation change (McClean et al. 2001). This is consist-
ent with the environmental magnetic implication we dis-
cussed below.

If we take the IRM decomposition results into account, 
it suggests that the main magnetic components of the 
speleothem are magnetite. Comp-1 (Bh: 4.7–5.9 mT; DP: 
0.35–0.38) can be identified as a low-coercivity multi-
domain (MD) magnetite (e.g., Maxbauer et al. 2017; He 
and Pan 2020). Comp-2 (Bh:19.5–21.4 mT; DP: 0.31–
0.37) represents a mixture of magnetite and maghemite 
(e.g., Abrajevitch and Kodama 2011; Font et  al. 2014; 
Jaqueto et  al. 2016). Comp-3 (Bh: 36.5–38.5 mT; DP: 
0.24–0.29), which is observed in AAC-B3 and AAC-M, 
not in AAC-W3, are highly consistent with observations 
of oxidized pedogenic magnetite from previous work 
(e.g., Egli 2004; Maxbauer et  al. 2017), which is consid-
ered as mainly single domain particles.

Thus, the assemblage of magnetic minerals in the gray-
ish surface layer comprises a mixture of MD magnetite, 
PSD magnetite/maghemite and SD magnetite/magh-
emite. In contrast, the assemblage of magnetic minerals 
in the white inner part is dominated by MD magnetite 
and PSD magnetite/maghemite without pedogenic SD 
magnetite/maghemite. We suggest that the environmen-
tal condition that supplied magnetic minerals included in 
the surface grayish layer is different from that of the inner 
white part. Furthermore, hematite (or ε-Fe2O3) could be 
observed only in the reddish-brown layer, which was also 
recognized as a thin detectable feature in the SSM image 
of NRM after demagnetization and IRM acquisition.

FORC diagrams have three features: (1) the small peak 
around the Bc axis; (2) the spreading of the FORC dis-
tributions along the Bu axis with a sharp peak at around 
zero; (3) and a diagonal distribution extending to the 
lower-right between the Bu and Bc axis. These features 
can suggest the presence of pseudo-single domain (PSD) 
magnetite (Lascu et  al. 2018). Alternatively, these fea-
tures may suggest the mixture of single-domain (SD) and 
multi-domain (MD) particles, where SD particles are 
characterized as the existence of central-ridges around 
the Bu axis (Roberts et al. 2014) and multi-domain (MD) 
particles are represented as horizontal spreads (Lascu 
et  al. 2018), respectively. Although FORC diagrams in 
this study have some noise even after stacking, we could 
tentatively interpret the FORC diagrams in combination 
with IRM component analyses that the gray part is domi-
nantly composed of SD, PSD, and MD particles, whereas 
the white part is dominantly composed of PSD and MD 
particles. Recently, Ahmed and Maher (2018) showed 
that magnetite formation in Chinese paleosol occurs in 
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well-drained, generally oxidizing soils. They also sug-
gested that maghemite was present as an oxidized shell 
around the magnetite, where coatings of clay minerals are 
preventing the transport of oxygen to their surface. Their 
results have profound implications on our future studies 
in connecting to climate change and human activities.

Environmental implication
Results obtained from this study demonstrate that differ-
ent magnetic properties can be detected clearly between 
the two layers using SSM. Concentrations of magnetic 
minerals are higher in the gray layer, whereas much 
smaller in the white part. The type of magnetic miner-
als contained in the two layers also can be distinguished, 
and a hiatus in growth appears to exist between the two 
layers.

According to Lascu and Feinberg (2011), the deposition 
rate of detrital magnetic minerals onto the speleothem 
surface is controlled by precipitation, flood frequency, 
and the surface soil above the cave. The depositional 
mechanism of gray layers and white part could poten-
tially be attributed to changes in ambient environments. 
Previous studies showed that frequent events such as 
extreme climate changes, including floods and/or tsuna-
mis, could have been recorded as distinct, several colored 
layers (e.g., Denniston and Luetscher 2017; Feinberg et al. 
2020).

The distinct gray color on the white calcium carbonate 
speleothem may have been deposited with influence from 
non-carbonate minerals. The surface geology of Tonga-
tapu island consists mainly of limestones overlain by two 
soil layers of andesitic volcanic ash, which are estimated 
to be aged at 20,000 and 5000 years from active volcanoes 
in the north, such as Tofua and Kao island (e.g., Cowie 
et al. 1991; Spennemann 1997; Manu et al. 2014). Soils of 
Ha’ apai, Kingdom of Tonga, which are correlated with 
the soils of Tongatapu, are high in iron oxide minerals 
by weight (Childs and Wilson 1983). Furthermore, typi-
cal soils containing volcanic ash is acidic; thus, magnetite 
in the soil could oxidize to maghemite (Taylor and Schw-
ertmann 1974). Therefore, the gray layers may have been 
formed due to volcanic eruptions 5000  years ago that 
occurred in the northern islands.

The other possible scenario would be the potential 
influence of human activities. The first human settlement 
on Tongatapu ranges from 2863 to 2835  cal BP (Burley 
et al. 2015). As the previous studies suggested, soil mag-
netic and archaeomagnetic studies can indicate that an 
increase in fire-related activity and an increase in the 
organic carbon supply from human activities, leading to a 
transformation into ferrimagnetic minerals (e.g.,Marmet 
et al. 1999; Hanesch et al. 2006; Fassbinder 2015). Thus, 
the results from this study also reveal similar magnetic 

properties that would point to the influence of anthropo-
genic fire use.

Moreover, AMS δ13C values of speleothem can provide 
supportive evidence for such human activity. Previous 
studies have suggested that variations in δ13C values of 
speleothems can be largely caused by two effects, both of 
which are potentially influenced by climate changes (e.g., 
Fairchild and Baker 2012a; Schwarcz 2013). When the 
climate is warm/arid, C4 plants with higher δ13C values 
are favored relative to C3 plants, leading to higher δ13C 
values in speleothems (e.g., Denniston et al. 2007; Zhang 
et al. 2015). On the other hand, sparse vegetation above 
caves leads to a lower proportion of organically derived 
and isotopically lighter CO2 dissolved in the drip water 
and results in contributing to higher speleothem δ13C 
values (e.g., Baldini et  al. 2005; Genty et  al. 2006). Car-
bon and nitrogen stable isotope analyses of bone collagen 
and apatite (Herrscher et al. 2018; Fenner et al. 2021) and 
pollen analysis in Tongatapu (Clark et al. 2015) indicated 
the development of horticulture ~ 2500  cal. BP for the 
supplement of the lack of marine foods. Therefore, the 
changes in δ13C values of the speleothem can suggest that 
the shift from dense to sparse vegetation was caused by 
primitive agriculture. In fact, Manu et al. (2014) reported 
that δ13C of repeatedly cropped soil is heavier than that 
of the primary forest soil with > 50% contribution of soil 
carbon from C4 grass vegetation in modern Tongatapu.

Future work, such as U/Th dating, is needed to discuss 
the processes affecting the magnetism of speleothems. 
The speleothem magnetism is still in the early develop-
mental stages. However, by applying the method pro-
posed in this study to other speleothems, speleothem 
magnetism can be a new paleoenvironmental proxy in 
addition to the conventional ones (e.g., oxygen isotope, 
trace elements/Ca ratio).

Conclusions
We successfully performed SSM analysis on a speleo-
them collected from a cave located in Tongatapu Island, 
the South Pacific, in combination with a series of rock 
magnetic measurements. We observed 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 distin-
guishing the surface of grayish, black-colored layers and 
inner white-colored part. The SSM used in this study 
is capable of detecting magnetic fields with an optimal 
resolution better than 0.3 mm. Speleothem growth rates 
are < 100  μm/year for temperate regions and can reach 
800  μm/year in warm and humid climates (e.g., Fairch-
ild and Baker 2012b). Therefore, the scanning resolution 
of the SSM can be comparable to speleothem annual 
growth rates.
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Meanwhile, radiocarbon dating results suggest that 
the existence of a hiatus between the gray layers and the 
white part may correspond to the boundary between the 
last glacial and the Holocene. Furthermore, rock mag-
netic measurements showed that: (1) the magnetic min-
eral content in the grayish surface layer (2.54 × 10–1 A/m) 
is much higher relative to that in the white inner part 
(6.23 × 10–3 A/m); (2) the speleothem in this study con-
tains several magnetic minerals (magnetite, maghemite, 
and hematite or ε-Fe2O3) with different domain states; (3) 
hematite or ε-Fe2O3 can exist only in the reddish-brown 
layer and, (4) the contribution of maghemite is much 
larger in the surface layer than in the inner part. The dif-
ference in magnetic mineralogy of the surface layer from 
that of the inner part suggests the change in the depo-
sitional environment of the magnetic minerals supplied 
to the speleothem to the oxidative condition in the Holo-
cene after the observed hiatus.
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Additional file 2: Figure S2. We conducted measurements of three 
components of magnetization with a superconducting rock magnetom-
eter (SRM) in GSJ-Lab, AIST, on the thin section after SSM measurement at 
each demagnetization step. Figure S2a shows a setup of the experiment, 
and Fig. S2b shows the photo indicating the size of the thin section 
(thickness = 0.2 mm). Figure S2c shows the sensor response of the cross-
Sect. (31 mm × 0.2 mm) calculated with a software response (Xuan and 
Oda, 2019). Nine tensor components of the effective length correspond-
ing to the AAC1 sample (37 mm) were also calculated using the sensor 
response (shown in Figure S2c). Three components of the magnetization 
after the correction of the sensor response was calculated from the raw 
magnetic moment values and the tensor components using the formulae 
2 in Xuan and Oda (2019). Deconvolution was not conducted, because 
the cross-section of the speleothem sample is not uniform along the thin 
section. Figure S2d shows an estimated magnetization for NRM before 
demagnetization (top: declination, middle: inclination, bottom: total 
intensity, and each component). Figure S2e–d shows demagnetization 
diagrams of magnetization picked up from positions at 1 cm and 3 cm as 
representative of upper and lower parts of the sample, respectively. S2e is 
the normalized intensity versus AF steps, S2f and S2g are vector endpoint 
diagrams for positions 1 cm and 3 cm, respectively. Solid (open) circles 
correspond to projection onto a horizontal (vertical) plane. It is clear that 
80% of the magnetization of the sample is removed by AF demagnetiza-
tion up to 30 mT. The components removed by AF demagnetization (AFD) 
at 5 mT indicate that this component is different from the component 
removed from 5 to 30 mT AFD. The second measurement of NRM with the 
SSM was used in this study conducted after the measurement with the 

SRM, which is different from the other AF step measurements. The sample 
could have been exposed to the Earth’s magnetic field during transporta-
tion to the SRM located in another building, which suggests the acquisi-
tion of laboratory-induced viscous remanent magnetization after the 1st 
SSM measurement and before the SRM measurement. 

Additional file 3: Figure S3. Scanned images of the separate stalagmite 
pieces (left) and dating results (right). The red line indicates a growth 
line, and the white lines indicate the positions of drilling for radiocarbon 
dating. The light-gray probability density distribution shows each single 
calibrated age. In contrast, the dark-gray one shows the modeled prob-
ability density distribution by the P_Sequence model. 

Additional file 4: Table S1. δ13C, 14C ages, unmodelled calibrated ages 
and modeled ages for subsamples of the stalagmite. 

Additional file 5. Timing of speleothem layers formation. 

Additional file 6: Figure S4. (a) Optical image, (b) Optical image overlaid 
on a magnetic image of NRM after demagnetization at 5 mT, (c) Magnetic 
image of NRM after demagnetization at 5 mT, (d) Optical image, (e) Optical 
image overlaid on a magnetic image of NRM after demagnetization at 10 
mT, (f ) Magnetic image of NRM after demagnetization at 10 mT, (g) Opti-
cal image, (h) Optical image overlaid on a magnetic image of NRM after 
demagnetization at 30 mT, (i) Magnetic image of NRM after demagnetiza-
tion at 30 mT.  
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