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Abstract Speleothems are of interest for high-resolution reconstruction of the Earth’s magnetic field.
However, little is known about the influence of speleothem morphologies on their natural remanent
magnetization (NRM) record. Here we report on a high-resolution paleomagnetic study of a dome-shaped
speleothem of middle Holocene age from southern Portugal, with special attention to the anisotropy of
magnetic susceptibility (AMS) and anisotropy of anhysteretic remanent magnetization (AARM). To assess the
potential influence of the slope of the speleothem surface on the recorded remanent magnetization, we
compare magnetic directions and AMS and AARM fabrics from subhorizontal to gradually subvertical calcite
growth layers collected in a transversal cross section of the speleothem. A linear correlation is observed
between magnetic inclinations, calcite laminae slope, and AARM k1 inclination. The AMS fabric is mostly
controlled by calcite crystals, with direction of the minimum axes (k3) perpendicular to laminae growth.
Magnetic inclinations recorded in inclined and vertical calcite growth layers are underestimated when
compared to a global paleosecular variation (PSV) model. After extrapolating magnetic inclinations to the
horizontal, the corrected data better fit the PSV model but are still lower than the predicted magnetic
inclinations, suggesting that inclination shallowing affects the entire speleothem. We suggest that
speleothem morphology exerts a critical role on the magnetic inclination recording, which is controlled
by the Earth’s magnetic field but also influenced by particle rolling along the sloping surfaces. These
observations open new avenues for reconstructing high-resolution paleomagnetic secular variation records
from speleothems and provide new insights into their NRM acquisition mechanisms.

1. Introduction

Speleothems are high-resolution archives of the Earth’s climate and the intensity of its magnetic field
[Latham et al., 1979; Morinaga et al., 1986; Martin, 1990; Lascu and Feinberg, 2011; Osete et al., 2012; Strauss
et al., 2013; Font et al., 2014; Bourne et al., 2015; Jaqueto et al., 2016; Lascu et al., 2016]. However, little is known
about the influence of the slope of calcite growth layers of speleothems on the orientation of recorded nat-
ural remanent magnetization (NRM). Pioneer paleomagnetic studies suggested that the difference of the
magnetic inclination recorded along the speleothem surface is not large enough to assess whether they
are due to the slope or to the measurement error [e.g., Latham et al., 1982, 1986, 1989; Morinaga et al.,
1989; Lean et al., 1995; Openshaw et al., 1997]. More recently, Zhu et al. [2012] applied anisotropy of magnetic
susceptibility (AMS) and anisotropy of isothermal remanent magnetization techniques to two speleothems
and concluded that the orientation of ferrimagnetic minerals in speleothems are not controlled by the
speleothem growth laminae but by the geomagnetic field. To unravel the potential effect of the speleothem’s
morphology on the recorded NRM vector directions, it is therefore useful to consider the variation of the
direction of the primary (detrital) magnetization along a speleothem at a high temporal/spatial resolution.
This is not straightforward because speleothems generally contain very low amounts of magnetic particles
within the diamagnetic calcite matrix. Such a limitation can be solved by using large (2 × 2 × 2 cm) paleomag-
netic samples. However, taking into account that the thickness of annual lamination is generally of a millime-
trical scale, this solution results in a low temporal resolution.

The aim of this study is to examine the potential influence of calcite growth patterns on the NRM directions
using a well-dated, high growth rate mid-Holocene speleothem (~3200–4500 years B.C.) collected from the
Algarve region, in southern Portugal. This speleothem, already studied by Font et al. [2014], carries a primary
(detrital) remanent magnetization due to detrital magnetite and maghemite and exhibits high values of
remanent magnetization of the order of 10�3 A/m. Such properties allowed us to collect relatively small
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specimens but with a high temporal and spatial resolution. Detailed U-Th measurements [Ghaleb et al., 2014]
provided a robust age model, using StalAge algorithm for interpolations [Scholz and Hoffmann, 2011]. On
these grounds, paleomagnetic data could be compared with a reference model of paleosecular variations.

2. Geological Setting and Sampling

The karst system investigated is developed in Jurassic limestones from the sedimentary sequence of the
Algarve basin, southern Portugal. These consist of reef and bioclastic carbonates capped by Terra Rossa soils.
Laterally, the limestones are replaced by a nearshore facies with either silex nodule layers or sandstones with
siliceous-fossil-rich pockets [Terrinha et al., 2013]. The SPA speleothem was collected in the Excentricas Cave
(geographic coordinates of 37°060 N, 7°460W), located over the large Peral-Moncarapacho karstic aquifer of
Algarve, Southern Portugal. The Excentricas cave lies over the Querença-Silves aquifer system (Cerro da
Cabeça). The region is dominated by a Mediterranean climate with a mean annual precipitation below
500 mm generally falling in autumn and spring and a mean annual temperature of 18°C. The area depicts
a scrubland vegetation cover with sparse shrubs and small trees (Querqus coccifera, Ilex aquifolium, etc).

The studied speleothem shows parallel banding, with no layer showing anomalous detrital mineral accumu-
lation or even dissolution, suggesting that growth was almost continuous along the studied profile. The
speleothem has also a peculiar shape, because the growth layers do not become thinner and condensed
along the sides of the speleothem (Figure 1a). It corresponds to a dripstone with a conical shape and tapered
form, similar to a mammiform speleothem [Hill and Forti, 1997]. Detailed mineralogical data, magnetic prop-
erties, and carbon and oxygen isotopic compositions from a portion of the speleothem under study (named
SPAII) are documented in Font et al. [2014].

Subsampling for U-Th dating was achieved on a 1 cm thick slice cut along the growth axis of the stalagmite.
For paleomagnetic analysis, the sampled section of the speleothem was thoroughly oriented using a mag-
netic compass. As illustrated by Figure 1a, the strike and dip of the vertical section are N80° and 90°, respec-
tively. Small cylindrical specimens of approximately 2 cm3 in volume (1.1 cm in diameter and 2 cm in length)
were subsequently drilled in the laboratory perpendicularly to the oriented face of the speleothem and
named SPAIV (Figure 1b) (samples SPAIII being the focus of another study). The orientation of the specimens
was reported by a vertical line pointing to the top of the cylinder as illustrated in Figures 1c and 1d. The final
declination value of the cylindrical specimens is N168°, considering a correction of the local declination of
~ �2° (N80° + 90° � 2°), with a dip of 0°. Specimens were collected from the top of the speleothem (where
calcite laminae are inclined to subhorizontal) to the laterally strongly dipping calcite growth layers (Figure 1b).
A total of six horizons or “lines” (called SPAIV.3-5-7-9-11-13; Figure 1) were selected, each one recording a
specific time span, leading to a total of 48 samples (8 samples per line; Figure 1b).

3. Methods

The U-series measurements for age determination were performed at the Radiochronology laboratory of the
GEOTOPO-UQAM-McGill research Center, Canada. Each half or centimeter-thick subsample of about 2 to 4 g
was grinded in an agate mortar for subsequent U-series isotope measurements. The sample powders were
dissolved using nitric acid in a Teflon™ beaker into which a weighted amount of calibrated mixed spike
233U-236U-229Th had been placed and evaporated slowly to dryness. After the dissolution around 10 mg of
iron carrier was added and the solution was then left over night for spike-sample equilibration. U and Th were
coprecipitated with Fe(OH)3 by adding ammonium hydroxide drop by drop until reaching pH 8–9. The pre-
cipitate was recovered by centrifugation and washed twice with deionized water, then dissolved in 6 N HCl.
U-Th separation was performed on a 2 mL AG1X8 anionic resin volume. The thorium fraction was recovered
though elution with 6 N HCl, and the U and Fe fraction, with water. The U fraction was purified on a 0.2 mL
U-Teva™ (Elchrom industry™) resin volume. Fe was eluted with 3 N HNO3 and the U fraction with 0.02 N HNO3.
After drying, thorium purification was carried out on a 2 mL AG1X8 resin in 7 N HNO3 and eluted with 6 N HCl.
U-Th measurements were performed using a multicollector inductively coupled plasma mass spectrometry
Nu instrument ™. 236U-235U-234 U-233 U and 232Th-230Th-229Th were measured on the ion counter (IC0) in peak
switching mode for uranium and thorium isotopes, respectively. 238U was not measured but calculated from
235U/236U ratios, assuming a constant 238U/235U mass ratio (137.88). Knowing 236U/233U of the spike, mass
bias corrections in atomic mass unit (amu�1) were calculated and used to correct measured ratios
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between uranium isotopes and between thorium isotopes. In order to get a direct insight into isotopic
properties of contaminating detrital fractions eventually transported into the cave and incorporated into
speleothem calcite layers, clay fractions (<2 μm) from soils overlying the karts system (Terra Rossa) were
sampled and pooled. The above U-Th chemical extraction procedures were used for the clay fraction,
except at early sample dissolution stage, for which we used a mixture of concentrated HF and HNO3. After
total evaporation, 2 mL of HCl supersaturated with H3BO4 were added, and the solution was evaporated to
dryness, prior to re-dissolution with HCl 6 M. The overall analytical reproducibility was estimated from
replicate measurement of a uraninite standard Hu-1. Precision is usually better than ±0.5% for uranium
results and around 1% for thorium in young samples at two sigma levels.

Finally, detrital values of U/Th ratio determined from Terra Rossa soils and the stratigraphical ordering of
samples as proposed by Hellstrom [2006] similarly corrected 230Th ages. One of the layers was also sampled
several times for the setting of an isochron age also in accordance with other correction methods [Ghaleb
et al., 2014]. Model ages of the six lines of samples were finally estimated by interporlation between corrected
230Th ages and using the algorithm StalAge [Scholz and Hoffmann, 2011] (Figure 2).

Magnetic measurements were performed at the Paleomagnetism Laboratory of the Instituto Dom Luis,
Faculty of Sciences of the University of Lisbon, Portugal. The magnetic remanence was measured
using a JR6 spinner magnetometer (sensitivity of 2.4 × 10�6 A/m) after stepwise alternating field

Figure 1. (a) Photographs of speleothem under study before cutting (top), after cutting and replacement in its original position (middle), and orientation of the ver-
tical plane with a magnetic compass (bottom). (b) Vertical face of the speleothem with location of the cylindrical SPAIV specimens (1.1 × ~2 cm) collected for
subsequent paleomagnetic measurements. Samples are distributed along lines corresponding to calcite growth layers of a similar age, and columns that represent
the temporal variations. Each line includes a reference calcite growth layer (darker). Ages Before Christ (B.C.) and associated errors have been determined by
interpolation of corrected 230Th ages for dated layers using the StalAge algorithm [Scholz and Hoffmann, 2011]. (c) Cylindrical specimens and their respective
orientation illustrated in Figure 1b. (d) The dip of calcite laminae is calculated based on the mean of the angles measured on the front (α) and back sides (α0) of
the specimen.
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(AF) demagnetisation using a tum-
bling LDA-3A demagnetizer device.
Characteristic remanent magnetiza-
tion (ChRM) was calculated based
on principal component analysis
[Kirschvink, 1980] and Fisher statistics
[Fisher, 1953] using the software
Remasoft 6.0 (AGICO) software.

Low field anisotropy of magnetic sus-
ceptibility (AMS)wasmeasuredwith a
MFK1-FA Kappabridge (AGICO), with
a field of 200 A/m and a frequency of
976 Hz. Data were analyzed by using
the Anisoft 4.2 software of AGICO.
The magnetic anisotropy is repre-
sented by an ellipsoid whose geo-
metry is given by its principal axes,
or eigenvectors Kmax (k1) ≥ Kinter
(k2) ≥ Kmin (k3) of the corresponding
AMS tensor [Tarling and Hrouda,
1993]. The susceptibility difference
ΔK (ΔK = k1 � k3) and the shape
parameter U (U = (2 k2 � k1 � k3)/
(k1 � k3)) [Jelinek, 1981] are prefer-
entially used for samples having
very low or negative values of mag-
netic susceptibility [Hrouda, 1986;
Hirt and Almqvist, 2012].

Anisotropy of anhysteretic remanent magnetization (AARM) was performed following the method ofMcCabe
et al. [1985]. This technique is useful for sedimentary rocks that have low (or negative) bulk susceptibility
values, as in this case, and isolates the contribution of the ferromagnetic minerals. AARM is obtained by a
combination of a DC magnetic field of 0.5 mT and an alternating field (AF) magnetic field of 50 mT.
Samples were previously demagnetized using AF of 50 mT using a LDA-3A demagnetizer. Remanence was
measured with the JR6 spinner magnetometer. The procedure was repeated for six different orientations,
and data were treated using the software Anisoft 4.2 (AGICO). AARM is represented by an ellipsoid defined
by the three principal axes (minimum, intermediate, and maximum susceptibility axes). The anisotropy
degree is evaluated by the P parameter (P = k1/k3), and the shape is defined by the T parameter (T = 2 (ln
(k2) � ln (k3))/(ln (k1) � ln (k3)) � 1).

Slopes (dips) of calcite growth layers versus the horizontal plane were calculated based on themean between
the angles measured on the front and the back faces of each cylindrical sample as illustrated by Figure 1d.

The coefficient of determination R2 has been determined using the most general definition, R2 = 1 �
(SSresidual/SStotal), where SStotal is the total sum of squares and SSresidual is the sum of squares of residuals.

4. Results
4.1. U-Th Dating and Age Model

The studied speleothem was first analyzed for its 14C content. Result yielded conventional ages ranging from
6048 ± 45 to 4836 ± 47 years (±1σ) [Veiga-Pires et al., 2011]. However, since cave 14CO2 offsets with atmo-
spheric CO2 are not known and might have varied through time, U-series measurements were made in order
to obtain 230Th ages. The precise U-series dating of this speleothem revealed to be challenging, due to its low
total U-content (mean ~ 115 ppb) and relatively abundant contaminating detrital fraction, illustrated by a
mean 232Th content of ~12 ppb. Several corrections have been proposed in literature in order to estimate

Figure 2. Age model for SPAIV obtained from the StalAge algorithm [Scholz
and Hoffmann, 2011]. The blue and red lines represent the estimated ages
and their upper and lower 95% confidence limits, respectively. The vertical
dashed lines correspond to each sample line (see Figure 1). The black points
represent the input data as corrected 230Th ages and their respective errors.
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the U strictly coprecipitated within calcite and its in-grown daughter 230Th isotope, to be used for calculating
sample ages. The isotopic composition of the contaminating fraction is generally considered uniform in U-Th
dated speleothems or, at least, within given growth layers, and estimated from 232Th-contents strictly
inherited with this fraction. The detrital-source isotopes are quantified (i) assuming a mean crustal isotopic
composition (i.e., [Th]/[U] ~ 3.8), or (ii) through the calculation of theoretical isotopic ratios yielding
stratigraphically ordered corrected ages, or (iii) based on the isotopic composition of clay fractions in soils
overlying the karst system or (iv) using an isochron approach. All methods yielded compatible results
within standard deviations, the latter three with more precise final age estimates. They range from
4.52 ± 0.19 ka (bottom) to 3.08 ± 0.24 (top) ka (Figure 2). These corrected ages were then used as input
values into the StalAge algorithm developed especially for determining age models in speleothems [Scholz
and Hoffmann, 2011]. The resulting age model (Figure 2) was used to attribute an age (with given
uncertainty) to each of the studied lines (Figure 1b).

4.2. Paleomagnetism

Paleomagnetic results are summarized in Figure 3 and in Table 1. NRM intensities are relatively high and
range between 0.88 × 10�3 and 2.98 × 10�3 A/m, in agreement with previous data [Font et al., 2014]. After

Figure 3. (a) Stereographic and orthogonal projections and remanence intensities during alternating field (AF) cleaning of
sample SPAIV_C13. After cleaning a viscous remanent magnetization below 6 mT, the orthogonal projection shows a
unidirectional magnetic vector pointing to the origin. (b) Stereographic projections of the characteristic remanent mag-
netizations (ChRMs) obtained from all specimens; the colors correspond to the different lines.
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cleaning of a weak (viscous) magnetization below 6 to 8 mT, orthogonal projections show stable and well-
defined remanent magnetization directions trending to the origin (Figure 3a). After AF demagnetization at
25 mT, about 90% of the remanence was cleaned. The median destructive field ranges between 10 and
15 mT, confirming the presence of a low coercive phase (magnetite) as previously described by Font et al.
[2014]. Sample-based magnetic directions are well clustered within a region from 348.2° to 5.2° in
declination and from 31.4° up to 49.1° in inclination (Figure 3b). Maximum angle deviation (MAD) values are
low (0.8° to 3.7°). The recorded magnetic inclinations decrease from the top to the base of the speleothem,
a pattern verified in all six lines (Figure 4a) and evidenced by the striking correlations (0.67 < R2 < 0.97)
between the magnetic inclination and the dip angle of the corresponding calcite laminae. The trend is very
similar in four of the studied lines (3, 7, 9, and 13) and slightly higher in lines 5 and 11.

4.3. Anisotropy of Magnetic Susceptibility

The AMS data are illustrated in Figure 5 and in Table 1. The bulk susceptibility (Km = [k1 + k2 + k3]/3) varies
from �9.18 × 10�6 to 3.61 × 10�5 (SI) and includes 18 samples with negative values and 28 samples with
positive values (Figure 5a). These values are slightly higher than the magnetic susceptibility of pure calcite
(Km = �12.1 × 10�6 SI [Schmidt et al., 2006] or Km = �15 × 10�6 SI [Borradaile and Jackson, 2010]), pointing
toward a major contribution of diamagnetism due to calcite and a few, but significant, contribution of para-
magnetic and/or ferromagnetic minerals to the bulk susceptibility.

The AMS eigenvectors (k1 ≥ k2 ≥ k3) are clustered within elongate 95% confidence regions (Figure 5b).
Parameters k1 and k2 are confined within an NW-SE great circle, while k3 is oriented NE-SW and has inclination
values ranging from nearly horizontal to 70° (Figure 5b).

Figure 4. (a) Remanent magnetic inclination as a function of the calcite layer dip. The dashed line represents the linear regression considering all data. (b) Same data
but with the trend line corrected by using the slope of the linear regression calculated in Figure 4a. The anchor points (stars) are defined by the sample based mean
magnetic inclination and the mean calcite layer dip of each line. Extrapolated magnetic inclinations for horizontal calcite layer are obtained at calcite dip = 0°.
(c) k3AMS and (d) k1ARM inclinations in function of the calcite layer dip. The determination coefficient (R2 = 1 � (SSresidual/SStotal)) is also shown.
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Figure 5. AMS and AARM data of the SPAIV speleothem. (a) Histogram of the meanmagnetic susceptibility. (b) Representation of the three principal axis of magnetic
susceptibility: k1 (squares), k2 (triangles), and k3 (circles). (c) Susceptibility difference (ΔK) versus bulk susceptibility (Km) diagram. The red point in ΔK-Km represents
the reference value for pure calcite [Schmidt et al., 2006]. (d) Shape anisotropy (U) versus ΔK; oblate and prolate domain are also shown. (e) Representation of the
three principal axis of anhysteretic magnetic remanence: k1 (squares), k2 (triangles), and k3 (circles). (f) P parameter (anisotropy degree) versus bulk susceptibility
diagram. (g) Shape parameter (T) versus anisotropy degree parameter (P).
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The susceptibility difference ΔK varies from 2.29 × 10�7 to 2.28 × 10�6 SI (Figure 5c). The mean value of ΔK is
1.05 × 10�6 SI, comparable to the reference value of 1.1 × 10�6 SI of calcite [Schmidt et al., 2006]. The U
parameter is positive for all samples, confirming the oblate fabric suggested by the orientation of the AMS
ellipsoid (Figure 5d).

The oblate shape and the gradually decreasing k3 inclinations with respect to the calcite layer inclination
points to a fabric that mimics the shape of the speleothem, i.e., where the magnetic foliation (k1-k2) is
concordant with the surface of the speleothem with k3 perpendicular to it. Such a feature is strength-
ened by the very strong positive correlation (R2 = 0.95) between k3 inclination and the dip of the calcite
layers (Figure 4c). Samples from the base of the speleothem (vertical layers) display the highest k3
inclinations, while the samples located at the top (subhorizontal layers) are nearly vertical. However,
the inclination of the k3 susceptibility eigenvector is systematically steeper (by over 10° in some cases)
than the complement to the calcite layer dip (90°-calcite layer dip) (Figure 4c), which suggests that
the measured calcite layer angle is an apparent dip rather than the true dip or that the orientation of
the AMS ellipsoid is slightly influenced by the orientation of the AARM ellipsoid (i.e., orientation of the
ferromagnetic particles).

The striking correlation between k3AMS and the calcite layer dip suggests that a close relationship exists
between the orientation of the AMS fabric and the crystallographic orientation of the calcite crystals, similarly
to what has been shown by Zhu et al. [2012]. The crystallization of calcite crystals in speleothems follows the
direction of the c axis, which corresponds to the longest axis perpendicular to the bedding plane. This orien-
tation corresponds to the k3AMS axes measured in this study.

4.4. Anisotropy of Anhysteretic Remanent Magnetization

AARM data are illustrated in Figure 5 and Table 1. Most of themaximum remanent anisotropy axes (k1ARM) are
preferentially distributed within the SE quadrant of the stereographic projection and show variable inclina-
tions ranging from 40 to 80° (Figures 5e and 5g). The intermediate and minimum axes (k1ARM and k2ARM)
are more dispersed but distributed along a NE-SW great circle (Figure 5e).

The samples exhibit a weak ARM anisotropy, with P ranging from 1.013 to 1.114, at the exception of sample
E9 that shows a P of 1.171 (Figure 5f). Despite this low anisotropy, the fabric is a dominantly prolate (more
than 70% of the samples), while some samples exhibit an oblate fabric, as shown by T values ranging from
�0.778 to 0.670 (Figure 5g). The k1ARM are not close to the horizontal plane but are rather steeply inclined
(Figure 5e). More exactly, subhorizontal calcite layer has higher values of k1ARM inclination (60–80°), while
subvertical calcite layer exhibits shallower k1ARM inclinations (Figure 4d). This suggests that the orientation
of the AARM ellipsoid (i.e., orientation of the ferromagnetic particles) depend on the slope: the steeper the
slope is, the shallower the k1 axes. Interestingly, samples located at the top of the speleothem, where the
slope is shallower (~35°), show a lower dispersion of the k1ARM (55° to 75°) than in the case of samples located
at the bottom (dip of 90°) for which k1ARM ranges from 5° to 80° (Figure 4d). Such a gradual increase in the
k1ARM dispersion suggests that the distance traveled by ferromagnetic minerals from the top to the bottom,
as the water drops travel down the speleothem’s surface, has a strong influence on the orientation of the
AARM ellipsoids (see below).

5. Discussion

The new paleomagnetic data presented above indicate that the main magnetic carrier of the speleothem
investigated in the present study is a low coercive phase, probably corresponding to magnetite and/or
maghemite. Data corroborates previous results by Font et al. [2014], who pointed to the presence of a primary
(detrital) remanent magnetization carried by pedogenic magnetite/maghemite based on detailed rock mag-
netic properties and microscopic observations. In contrast to most examples from the literature, the present
SPAIV speleothem has rather high NRM intensities (~10�3 A/m) linked to the presence of a terrigenous det-
rital fraction also labeled by high detrital Th contents. The speleothem under study has a peculiar curved
shape, in which the thickness of the calcite laminae remains nearly constant along the growth surface.
Both peculiarities provide the means to document with accuracy the influence of the speleothem shape
on the recorded Earth’s magnetic field.
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In order to assess the influence of the speleothem’s morphology on the recorded magnetic directions, SPAIV
sample-based magnetic directions were compared with the dip angle of the corresponding calcite layers
(Figure 4a). As already mentioned, the results show a striking linear correlation (R2 > 0.68) between the
recorded magnetic inclination and the dip of the calcite layer (Figure 4a): the steeper the calcite layer, the
shallower the inclination of the NRM vector (Figure 6).

The inclination error observed in the studied speleothem can also be evidenced by comparing the present
data with the SHA.DIF.14k geomagnetic field model [Pavón-Carrasco et al., 2014]. The SHA.DIF.14K model is
exclusively based on archaeomagnetic and lava flow data, and thus immune from possible influence of
biased inclination data from sedimentary rocks. We analyzed the variation of the magnetic inclination of
the speleothem under study between ~3970 years B.C. (line 13 on Figure 1) and 3430 years B.C. (line 3),
and we considered the three following cases: (i) nearly vertical layers (column C + sample B5 on Figure 1),
(ii) intermediate-steep (dip ~ 65–75°) layers (column I), and (iii) the top of the speleothem where calcite layer
dip varies from 35° to 50° (column N). Results are illustrated in Figure 7. All lines show a trend comparable to
the reference model within the interval of 3500–4000 years B.C.. The rate at which magnetic inclinations vary
during this time interval is similar in the three cases (column B5-C, I, and N) and comparable to the character-
istic increase of the Earth’s magnetic field inclination observed in the SHA.DIF.14k model during the studied
time-interval. This suggests that the remanent magnetization recorded by the speleothem is primary and
provides a robust record of the Earth’s magnetic field at the time of deposition. However, the magnetic incli-
nations from the speleothem are underestimated (below the 95% confidence interval) compared to the SHA.
DIF.14K model and are gradually displaced from the reference curve as the calcite dip increases (Figure 7).

The speleothem investigated has no horizontal layer at the top, but since the relation between the remanent
magnetic inclination and the calcite layer dip is linear (Figure 4a), we attempted to extrapolate the data to the
horizontal (dip of 0° in Figure 4b). We first assume that the influence of the speleothem surface slope at any
point should be the same for all lines, because calcite layers are mostly parallel in the speleothem under study
(Figure 1). However, the linear regressions have slightly different slopes in Figure 4a, mostly due to measure-
ment errors of the magnetic inclination (ex. line 11). For this reason, we calculate a mean variation rate of the

Figure 6. Conceptual model of the orientation of the magnetic grains when dripwater flows along the speleothem surface.
The reported values of k3AMS, k1ARM, and magnetic inclinations are based on the present data set. Mgt = Magnetite grains.
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magnetic inclination as a function
of the speleothem surface slope
based on all data (48 samples)
(dashed line in Figures 4a and 4b).
Subsequently, the trend line is
anchored to the point defined by
the sample-based mean magnetic
inclination and mean calcite layer
dip of each line (Figure 4b). With
this approach, the influence of
samples affected by measurement
errors is minimized. The final extra-
polated magnetic inclinations are
obtained when considering a cal-
cite dip layer value of 0°. Finally,
we compared the extrapolated
magnetic inclinations with the
SHA.DIF.14K model to check for
the validity of our approach. The
resulting corrected PSV curve
shows a better correlation with
the SHA.DIF.14k model than origi-
nal data (Figure 7). Inclination

values are slightly lower than the mean inclinations given by the model but are within the 95% confidence
envelope. These observations confirm our inference about the critical influence of the speleothem shape
on the recorded magnetic inclinations and highlight the need to further investigate this effect in future
studies on speleothem magnetism.

The process by which sediments (including speleothems) acquire a detrital remanent magnetization (DRM) is
a very complex and not completely understood mechanism. Less is known in the case of speleothems [Lascu
and Feinberg, 2011]. Paleomagnetic inclinations in sedimentary rocks are frequently suspected of being too
shallow, and the recognition and correction of shallow bias have been the focus of numerous investigations
[e.g., Verosub, 1977; Tauxe and Kent, 2004; Tauxe et al., 2008]. Since the early 1950s, a number of laboratory
experiments simulated the deposition of sediments in an attempt to investigate the origin of the inclination
error observed in sediments (see Bilardello [2013] for a comprehensive review). Their results indicated that
particle size and shape (anisotropy), gravity, viscosity, water current, surface slope angle, intensity and
direction of the ambient magnetic field, and magnetic interactions between magnetic particles are the main
factors controlling the acquisition of a DRM. Some inclination error also occurs during postdepositional rema-
nent magnetization acquisition by processes of compaction, slumping, bioturbation, and water-filled voids
allowing rotation of the magnetic minerals within the sediment matrix. However, such effects are insignifi-
cant in the case of speleothems, where burial and compaction are negligible, and where the time lag
between the deposition of the magnetic particles and their immobilization by calcite precipitation is minimal
[Lascu and Feinberg, 2011]. This leaves the ambient field, gravity, particle shape and size, slope, and magnetic
interactions as the main possible factors controlling the acquisition of DRM in speleothems.

The influence of the shape and orientation of themagnetic grains along the speleothem surface were studied
here by using AMS and AARM techniques. AMS experiments showed the presence of an oblate fabric, with k3
varying from nearly horizontal to strongly dipping (~65°) depending on the location at the base or the top of
the speleothem, respectively (Figure 6). However, it is not possible to unequivocally distinguish whether the
AMS signal is controlled by calcite and/or by ferromagnetic particles. Previous studies of natural and synthetic
calcite show that the fabric is dominantly oblate [Schmidt et al., 2006; Zhu et al., 2012]. In the case of spe-
leothems having few or no detrital components, the k3 is generally perpendicular to the speleothem surface
and corresponds to the direction of the crystallographic axis of the calcite crystals [Zhu et al., 2012]. In the
present case, the speleothem has a significant amount of detrital material [Font et al., 2014], as also observa-
ble by the reddish color of the speleothem. A significant amount of ferromagnetic grains is indicated by the

Figure 7. Comparison of the SPAIV magnetic inclinations with the SHA.
DIF.14K model [Pavón-Carrasco et al., 2014] calculated with respect to the
speleothem age and for the cave’s coordinates. The compared data refer to
magnetic inclinations obtained from the samples in the column B and C
(calcite dip angle ~75–85°), in column I (calcite dip angle ~65–75°), in column
N (calcite dip angle ~35–50°), and extrapolated values to the horizontal
layers (see text for more details).
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rather high values of the NRM (~10�3 A/m) (this study) and saturation isothermal remanent magnetization
(SIRM ~ 10�1–10�2 A/m [Font et al., 2014]). However, the very low bulk susceptibility values, close to zero,
strongly questioned the contribution of ferromagnetic minerals to the AMS signal. Rochette [1988] and
Schmidt et al. [2006] observed that the AMS fabric changes from oblate to prolate when paramagnetic
and/or ferromagnetic minerals are present, hence when their signal overcomes the negative susceptibility
of calcite. In this case, the AMS fabric remains oblate independently of whether the Km is positive or negative
(Figure 5), suggesting that calcite is the main carrier of the AMS signal. This is consistent with the strong cor-
relation of k3 versus growth layer angle (R2 = 0.95; Figure 4c). We thus conclude that the variations of k3 are
representative of the shape of the speleothem (i.e., of the slope of the growing surface) and not of the orien-
tation of the ferromagnetic particles, similarly to what has been shown by Zhu et al. [2012].

AARM results differ strongly from those obtained by AMS techniques (Figure 5). AARM fabric presents a pre-
dominantly prolate shape (70% of the samples) with some samples having an oblate fabric (30%). The k1ARM
are relatively well clustered into the SE quadrant, and most samples exhibit a very low degree of anisotropy
(P). Such difference in the fabrics reinforces the evidence that AARM is carried by significant amounts of fer-
romagnetic particles, while AMS is essentially controlled by calcite. The relatively low degree of anisotropy
(P < 1.114) suggests a near-spherical shape of the magnetic minerals, typical of detrital magnetite grains.
The fabric is preferentially prolate, with a minor contribution of oblate shapes. Inclination of the k1ARM axes
shows a significant correlation with the calcite layer dip (Figures 4d and 6). Independent of the shape (oblate
or prolate) of the fabric, samples located at the top (vertical layers) of the speleothem show k1ARM of ~70°,
while samples located at the base (vertical layers) show k1ARM ~ 40° (Figure 6). This suggests that (i) the par-
ticle shape has no or little control on the observed shallowing of the remanent inclination and (ii) the latter is
indeed controlled by the orientation of the magnetic minerals along the speleothem surface.

The first point has been investigated by King [1955], Griffiths et al. [1960], and Bilardello [2013], who con-
ducted deposition experiments with spherical and platy particles under different conditions. Contrarily to
the model of King [1955], who proposed that inclination error is mostly due to platy magnetic particles that
would flatten due to gravity and align with the horizontal surface, Griffiths et al. [1960] suggested that rolling
of the spherical particles as they encounter the substrate could also generated shallow inclination. More
recently, Bilardello et al. [2013] and Bilardello [2013] have shown that spheres alone may lead to significant
amounts of shallowing and that this shallowing is also dependent on the ambient magnetic field.

Assuming that the particle shape has no influence on the shallowing of the inclination error, we suggest that
the orientation of themagnetic particles along the surface of the speleothem under study is controlled by the
interplay between the intensity/direction of the Earth’s magnetic field during precipitation, gravity, and the
slope of the speleothem surface. Gravity alone cannot explain the subsequent inclination errors, otherwise
k1ARM would be vertical (parallel to the slope) at the bottom of the speleothem, which is not the case
(Figures 4d and 6). On the other hand, under the proviso that the magnetic inclinations provided by the
SHA.DIF.14K are true, the direction of the Earth’s magnetic field at the time of calcite precipitation alone can-
not explain the observed remanent magnetic inclinations, which are ~5° lower in the extrapolated horizontal
layer than in the SHA.DIF.14K model (Figure 7). This scenario (i.e., the case of the horizontal layer) is compar-
able to the experiment of Bilardello et al. [2013], who conducted a laboratory experiment using spherical
magnetic grains settled in a tube. Considering field inclination of 30° and 60°, the authors obtained inclina-
tion shallowing of 7–20°, values compatible to our case study. Based on a newly developed numerical model,
Bilardello et al. [2013] also suggested that particle collision during settling combined with both rolling and
slipping (translation) is consistent with the experimental results. This model would also explain why the
orientations of the magnetic particles evidenced by the orientation of k1ARM are much more scattered at
the bottom of the speleothem than the top. As gravity preferentially acts on the subvertical slope at the
bottom and/or the ferromagnetic grains roll more because of the increased travel distance, the directions
of k1ARM become more scattered and shallow [Jezek et al., 2012; Bilardello et al., 2013].

These findings are illustrated in Figure 6. Note that the difference observed between the magnetic inclination
measured at the bottom and the top of the speleothem differ from ~5°, whereas the difference observed
between the k1ARM is more than 30°. This corroborates the observation of Jackson et al. [1991], who suggested
that the orientation of the long axes of the ferromagnetic particles is mainly controlled by physical mechan-
ism (rolling in this case), while the orientation of the magnetic moment is mainly controlled by the
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geomagnetic field. The increased misalignment of the magnetic particles results in a net distribution of mag-
netic moments that is shallower than the orientation of the ambient geomagnetic field.

Although our findings are specific to the speleothem investigated, whose shape is not common, it provides
important insights into the NRM acquisition mechanisms in speleothems. Accordingly, it is also strongly
recommended to study horizontal layers collected in the center of the speleothems, in agreement to what
has been done in recent paleomagnetic studies [e.g., Osete et al., 2012; Lascu et al., 2016], where shallowing
effect is suggested to beminor. However, further investigations are urgently needed to evaluate the extent of
the shallow inclinations and improve the representativeness of paleomagnetic data in speleothems.

6. Conclusions

Our results show that the recorded magnetic inclinations in the speleothem under investigation are strongly
influenced by its shape. Comparing the obtained magnetic inclinations with a global paleosecular variation
model (PSV) indicates that magnetic inclinations move gradually away from the PSV curve as the surface
slope increases. The best fit between our data and the PSV model is obtained when extrapolating magnetic
inclinations to the horizontal.

Although the studied speleothem contains significant amounts of detrital particles (including ferromagnetic
grains), its AMS signal is dominantly carried by diamagnetic calcite, attested by negative bulk magnetic sus-
ceptibility, and corresponds to an oblate fabric where k3 represents the crystallographic direction of the cal-
cite growths and thus mimics the shape of the speleothem. On the other hand, the orientation of the AARM
ellipsoid is perpendicular to the calcite layers and its orientation varies according to the slope of the layers;
i.e., the steeper the slope, the shallower the k1ARM. Although the remanent magnetic directions recorded
in the speleothem under study are mainly controlled by the ambient geomagnetic field, inclination error
may result from the influence of physical mechanism, such as particle rolling and slipping during transport
along the slope. Increased misalignment of the ferromagnetic particles results in a net distribution of direc-
tions that is shallower than that of the ambient geomagnetic field. Contrarily to previous studies suggesting
that speleothem shapes had no influence on the remanent magnetization, the present data provide the first
and undisputable piece of evidence against this conclusion. Our data also suggest that inclination error may
occur even in horizontal layers, and this aspect should deserve more attention in forthcoming paleomagnetic
studies of speleothems.
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