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A rock magnetic cyclostratigraphy study was conducted on the Carboniferous Mauch
Chunk Formation red beds at Pottsville, Pennsylvania to determine if Milankovitch
climate forcing could be detected in these terrestrial, fluvial deposits with hematite
as the predominant ferromagnetic mineral. Because fluvial deposits are not deposited
continuously it would be important to determine if they could record Milankovitch-scale
climate cycles. Furthermore, the hematite magnetic mineral particles in red beds are
not always recognized as primary, depositional minerals, so it was unclear whether
they could record Milankovitch climate cycles. This locality was chosen because a
robust magnetostratigraphy had already been established for it thus giving an estimate
of its sediment accumulation rate (SAR). Magnetic susceptibility was measured in the
laboratory with a KLY-3s Kappabridge on samples collected every 0.5 m of section
for 68 m of section. Magnetic susceptibility measurements were also made in the
field using an SM-20 portable susceptibility meter. The time series that resulted were
different but yielded very similar power spectra calculated by the multi-taper method
(MTM). Significant spectral peaks isolated by robust red noise and harmonic f-tests
yielded peaks identified to be short eccentricity (125 and 95 ka), obliquity (35 ka) and
precession (21 and 17.5 ka) in the Carboniferous. Average spectral misfit (ASM) analysis
of these peaks for both the Kappabridge and SM-20 time series gave the identical
SAR of 5.69 cm/ka, somewhat slower than the ∼9 cm/ka average rate for >250 m of
section estimated from magnetostratigraphy and biostratigraphic correlation throughout
northeastern North America. Analysis of the low temperature magnetic susceptibility
versus temperature curves for a 10 m stratigraphic interval of samples indicates that the
ferromagnetic content of the bulk susceptibility appears to be driving the precession-
and obliquity-scale bulk susceptibility variations. This observation suggests that climate
change in the source area causes more or less erosion of ferromagnetic minerals that
are then deposited into a background of paramagnetic clays or diamagnetic quartz
sand in the depositional basin. Our study clearly shows that fluvial terrestrial sediments
can record astronomically forced climate change. Our study also indicates that portable
susceptibility measurements are a valid way of collecting reconnaissance rock magnetic
time series to determine sampling intervals for more detailed studies.

Keywords: cyclostratigraphy, rock magnetism, Milankovitch cycle, magnetic susceptibility, Mauch Chunk
Formation
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INTRODUCTION

Rock magnetic cyclostratigraphy (Kodama and Hinnov, 2015)
uses rock magnetic measurements of sedimentary sequences
to detect astronomically forced global climate change cycles
thus allowing high-resolution chronostratigraphy to be assigned
to the sequence. To date most successful rock magnetic
cyclostratigraphy studies have been conducted on marine
sediments (Kodama et al., 2010; Gunderson et al., 2012; Wu
et al., 2012; Hinnov, 2013; Minguez et al., 2015; Gong et al., 2017;
Minguez and Kodama, 2017; Pas et al., 2018) which have a greater
probability of nearly continuous sedimentation; therefore,
ensuring a more complete record of global climate cycles.

The goal of this study of the Carboniferous Mauch Chunk
Formation red beds is to determine if rock magnetics can
detect astronomically forced global climate cycles in a terrestrial,
fluvial depositional environment that doesn’t have continuous
sedimentation. There have been few cyclostratigraphic studies of
terrestrial environments (Abdul Aziz et al., 2000; Abels et al.,
2013; Noorbergen et al., 2018; Zhang et al., 2019). There is
the additional concern that a red bed, dominated by the anti-
ferromagnetic mineral hematite, may not have a depositional
remanence, although the Mauch Chunk has demonstrated a
robust magnetostratigraphy (DiVenere and Opdyke, 1991) so it
either carries a depositional remanence or a very early diagenetic
(chemical) remanence. Additional paleomagnetic studies of the
Mauch Chunk Formation (Kent and Opdyke, 1985; Stamatakos
and Kodama, 1991; Cioppa and Kodama, 2003; Bilardello
and Kodama, 2010) strongly suggest, in particular for the
anisotropy/inclination shallowing detection and correction work,
that the magnetization is a depositional remanence carried by the
hematite grains.

Our specific target was the Pottsville, Pennsylvania outcrop
of the Mauch Chunk Formation. It is located in east central
Pennsylvania and has been described in detail by Levine and
Slingerland (1987) (Figure 1). The Pottsville outcrop, exposed
along Route 61 just south of Pottsville, PA is approximately
600 m thick. We sampled the bottom 68 m of this section which,
according to Levine and Slingerland, is comprised of overbank
deposits (red calcareous mudstones) and shallow channel
deposits (coarse to fine-grained red sandstones). Slingerland
and Levine identify upward fining sequences from sandstone to
mudstone repeating about every 20 m in this part of the section.

The Pottsville outcrop of the Mauch Chunk also offers a
detailed magnetostratigraphy (DiVenere and Opdyke, 1991)
which allows constraint of the sediment accumulation rate (SAR)
thus allowing more robust identification of any Milankovitch
cycles detected by the rock magnetics. The DiVenere and
Opdyke (1991) magnetostratigraphy identifies a long (100 m
thick) normal polarity event in the bottom part of the section
where we have sampled. This normal event (MMCn at the
Pottsville section) has been correlated to N5 in the Nova
Scotia’s Maringouin Peninsula and the Joggins section and the
MPN1 at the Broad Cove-Chapel section in Cape Breton Island
by Opdyke et al. (2014) based primarily on biostratigraphy
(palynology and fossil plants). This correlation suggests that
270.5 m of the Pottsville section represents 2.9 million years

(Opdyke et al., 2014) yielding an average SAR of 9.3 cm/ka.
The Geologic Time Scale 2012 (Gradstein et al., 2012) indicates
that the MMCn normal polarity event is a little less than
one million years in duration (SAR∼9–10 cm/ka) and is
330.9 Ma in age.

This paper will demonstrate that Milankovitch cycles
(astronomically forced global climate change cycles of
periodicities 100, 35, and ∼20 ka) can be detected rock
magnetically in a fluvial depositional environment despite the
presence of hiatuses in sedimentation typical of this environment.
We will also show that measuring the susceptibility in the field
with a portable susceptibility meter can yield a time series which
records the same Milankovitch cycles.

MATERIALS AND METHODS

To acquire the rock magnetic time series, we collected an
un-oriented sample every 0.5 m of stratigraphic thickness,
measuring stratigraphic thickness with a Jacob’s staff for the
nearly vertically dipping strata at the Pottsville section. Based on
the time series analysis theory, the shortest cycle detectable is the
Nyquist frequency which is determined by the sample spacing.

Nyquist frequency = 1/(2 × sample spacing)

The shortest Milankovitch frequency we hoped to detect is
precession which has periodicities of about 17.5 and 21 ka
in the Carboniferous (Berger and Loutre, 1994; Waltham,
2015). Based on the SAR estimated from biostratigraphy and
magnetostratigraphy (9.3 cm/ka), this would dictate sampling
about every 80 cm of stratigraphic thickness to detect precession.
Conservatively, we sampled every 50 cm.

In a pilot study, in 2012, a graduate level paleomagnetism
class at Lehigh University sampled 40 m of the Pottsville
section and measured isothermal remanent magnetization
(IRMs) acquired in a 3.5 T field (IRM3.5T). The
measurements were normalized by sample mass. The magnetic
susceptibility (χ) was also measured and the IRMs were
alternating field demagnetized at 100 mT to remove the
contributions of low coercivity ferromagnetic minerals to the
IRM (IRM3.5T−100mT).

In 2017, un-oriented samples were collected from 68 m
of section, at a 0.5 m spacing. The rock samples were fitted
into 2 × 2 × 2 cm3 plastic sample cubes and their magnetic
susceptibility was measured in a KLY-3s Kappabridge. Each
sample was measured three times and the measurements were
averaged. The average measurements for each sample were
normalized by sample mass. In the 2017 study, an SM-20 portable
susceptibility meter was used to measure the bulk susceptibility
at each place on the outcrop that the un-oriented samples
were collected. The in situ susceptibility was measured at least
three times on the flattest surface available and the results were
averaged. The measurement is normalized by the volume that
the SM-20 measures, approximately 49 cm3. The stratigraphic
measurements were tied to the bottom of the Mauch Chunk
Formation which outcrops at the Pottsville section.
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FIGURE 1 | (Left) Stratigraphic column of the Pottsville, PA, Mauch Chunk Formation section from Levine and Slingerland (1987). (Right) Location of the Pottsville
section of the Mauch Chunk Formation along Route 61 in northeastern Pennsylvania (from Bilardello and Kodama, 2010).
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Time series analysis was conducted using the
multi-taper method (MTM, Thomson, 1982) with robust
(Mann and Lees, 1996) red noise [Gilman et al., 1963; AR-1
autoregressive for both the portable (SM-20) and un-oriented
rock samples (Kappabridge)]. Meyers’ (2014) and RStudio Team.
(2015) was used for the analyses. Evolutionary spectrograms,

using Astrochron, were also calculated to monitor how the
dominant cycles varied throughout the section.

In the Astrochron time series analysis, outliers were trimmed
from the time series using a box and whisker plot to reduce noise,
the time series was resampled at an even spacing using linear
interpolation, and MTM spectral analysis was conducted. In the

FIGURE 2 | (Top) Time series of IRM acquired in a 3.5 T field and then alternating field demagnetized at 100 mT (blue curve) and magnetic susceptibility (red curve)
for the 40 m of Pottsville section measured in 2012 by the graduate class at Lehigh University. Both curves show both long period and short period oscillations in
phase with each other. The amplitudes of the variation are greater for the IRM. (Bottom) The MTM (Thomson, 1982) power spectrum for the IRM calculated by
Astrochron indicates two significant peaks, one at 6.8 m stratigraphic thickness (labeled 1) and 1.3 m stratigraphic thickness (labeled 2). A third significant peak
(∼1.1 m-labeled 3) is selected by Astrochron when the confidence level selection criterion is dropped from 0.9 to 0.85.
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MTM analysis 3 DPSS tapers were used, the mean was subtracted,
the data were detrended and zero padded by a factor of 10.
AR-1 robust red noise was calculated. Astrochron automatically
identifies spectral peaks that are greater than a set value for the
confidence level of the robust red noise and the harmonic f-test
calculated by the MTM method (Meyers, 2012). The confidence
levels were set at the default value (0.9) for the SM-20 time series
and 0.85 for the Kappabridge time series.

To check our identification of the Milankovitch cycles, we
conducted amplitude modulation (AM) analysis of the cycle
we chose to be precession. The time series was filtered at the

suspected precession frequency and time series analysis of the
amplitude envelope of the filtered series was used to determine
if there were cycles at the eccentricity time scale, because
eccentricity modulates precession.

Low temperature (liquid N temperature, −195◦C,
warmed to 0◦C) magnetic susceptibility versus temperature
(MS vs. T) measurements were made in the KLY-3s
Kappabridge to determine the proportion of paramagnetic
(clays) and ferromagnetic (hematite and/or magnetite)
minerals carrying the magnetic susceptibility. This was
done following the constant ferromagnetic susceptibility

FIGURE 3 | Time series magnetic susceptibility for 68 m of the Pottsville section measured by the SM-20 portable susceptibility meter (Top left) and for rock
samples collected in the field and measured on the Kappabridge KLY-3s at the Lehigh University (Top right). Below each plot is the stratigraphy for the 68 m
samples showing the sandstone channel deposits and the mudstone overbank deposits. Base of the section is to the left. Both time series show both long period
and short period variability; however, they do not match. The Kappabridge measured susceptibility shows better correlation to the lithologic variations at long
periods, but both time series show short period variations within the different lithologies. A direct comparison of the two time series (Bottom center), with one
standard deviation error bars, shows the high uncertainty in the SM-20 measurements compared to the low uncertainty in the Kappabridge measurements (error
bars are typically smaller than the symbol for the measurement).
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method of Hrouda (1994) in which a hyperbola is fit to
the magnetic susceptibility measured as the sample warmed
from −195 to 0◦C. The goodness of fit determines the
percentage of paramagnetic minerals contributing to the bulk
susceptibility. High temperature MS vs. T measurements
in an argon atmosphere cycled up to 700◦C and back
down to room temperature were used to identify the
ferromagnetic minerals.

Isothermal remanent magnetization acquisition experiments
were also conducted to identify the ferromagnetic minerals in
the samples. The IRM acquisition data were modeled using the
Kruiver et al. (2001) Excel spreadsheet available from the Fort
Hoofddijk paleomagnetic laboratory website.

All remanence measurements were conducted in a 2G
Enterprises superconducting rock magnetometer (model 755) in
a magnetically shielded room with a background magnetic field
of∼350 nT.

RESULTS

Spectral Analysis
The time series constructed from IRM and MS measurements in
the 2012 pilot study show a strong correlation between IRM3.5T,
IRM3.5T−100 mT and magnetic susceptibility, particularly at
stratigraphic thickness wavelengths of 5–10 m, but also at shorter,

FIGURE 4 | Log power spectrum for the SM-20 portable susceptibility meter magnetic susceptibility time series shown in Figure 3 showing significant peaks
chosen by Astrochron (Meyers, 2014) and numbered (confidence limit set to 0.9). The shaded bands show our choice for the Milankovitch cycles. See Table 1 for
the periods/frequencies of the numbered peaks.

FIGURE 5 | Log power spectrum for the Kappabridge measured magnetic susceptibility time series shown in Figure 3 showing significant peaks chosen by
Astrochron (Meyers, 2014) and numbered (confidence limit set to 0.85). The shaded bands show our choice for the Milankovitch cycles. See Table 2 for the
periods/frequencies of the numbered peaks.
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1–2 m scales (Figure 2 and Supplementary Table S2). The
IRM3.5T time series shows particularly high amplitude variation
at the 1–2 m wavelength stratigraphic thickness scale. The big
low in magnetic intensity for all three datasets at 25–30 m
along the section correlates with a large sandstone bed indicating
lithologic control of the susceptibility at this spatial scale. MTM
spectral analysis using Astrochron of the IRM3.5T−100 mT time
series shows significant spectral peaks at 6.8 m stratigraphic
thickness (labeled 1) and 1.3 m stratigraphic thickness (labeled 2)
(Figure 2). A third peak at ∼1.1 m stratigraphic thickness
(labeled 3) is selected by Astrochron when the confidence level
selection criterion is dropped to 0.85.

For the 2017 dataset, the main study of this paper, the magnetic
susceptibility time series for the Kappabridge, laboratory rock
sample measurements and the SM-20 portable susceptibility
meter measurements both show high amplitude, high frequency
(∼1 m stratigraphic thickness periods) content (Figure 3 and
Supplementary Table S1). The Kappabridge time series shows
a better correlation with the lithologic column with longer
wavelength lows associated with sandstone beds. Both time
series show high amplitude, high frequency variability within the
mudstone overbank deposits exposed between 5 m and about
28 m in the section, indicating that the magnetic susceptibility
isn’t controlled completely by lithologic variations. Both time
series show hierarchical frequency variability, as would be
expected for records of different Milankovitch cycles, but the
two different time series (SM-20 and Kappabridge) cannot be
easily correlated.

A direct comparison of the two time series, including errors
bars (one standard deviation), shows that the SM-20 portable
susceptibility meter dataset has much higher uncertainty in its
measurements. The uncertainty in the SM-20 measurements
could be the explanation for the differences in the two time series
(Figure 3). Given this obvious difference in the two time series,
collected by different types of measurement, it is interesting that
for the MTM spectral analyses, Astrochron (Meyers, 2014) picks
very similar significant peaks using both robust red noise (Mann
and Lees, 1996) and harmonic f-test (Thomson, 1982) as selection
criteria, for both series (Figures 4, 5 and Tables 1, 2).

The most striking similarities between the two time series are
spectral peaks at 6.8, 1.9, and 1.1 m. The ratio of these peaks
is similar to the ratios of short eccentricity (125 ka), obliquity
(35 ka), and short precession (17.5 ka) at 330 Ma (Waltham,
2015). Thus, we have tentatively identified these peaks as the
short eccentricity, obliquity and precession Milankovitch cycles
in the Carboniferous. Note that the 5.45 m peak in the SM-20
data (Table 1) could be 95 ka short eccentricity, and the 1.21 m
peak in the Kappabridge data (Table 2) could be long precession
(21 ka). Note also that the peaks identified from the longer 68 m
section are very similar to those observed for the IRM3.5T−100mT
measured for the 40 m pilot study. The IRM times series peak at
6.8 m is identified as short eccentricity, the 1.3 and 1.1 m peaks
are long and short precession.

We can test these picks using average spectral misfit (ASM)
in the Astrochron software package (Meyers and Sageman, 2007;
Meyers, 2014). It iteratively tries different SARs to fit the selected
spectral peak frequencies to Milankovitch target frequencies.

TABLE 1 | Portable SM-20 spectral peaks.

Peak
number

Frequency
(1/m)

Period
(m)

Harmonic
CL (%)

RedNoise
CL (%)

Target
Milankovitch (ka)

1 0.1 10 97.1 80.2

2 0.148 6.77 94.6 99.9 125

3 0.184 5.45 97.7 63.8 95

4 0.442 2.26 93.9 72.1

5 0.528 1.89 90.2 99.8 35

6 0.652 1.53 97.0 81.2

7 0.932 1.07 95.0 79.3 17.5

Bolded peaks used for average spectral misfit (Figure 6). CL = confidence limit.

TABLE 2 | Laboratory sample – Kappabridge spectral peaks.

Peak
number

Frequency
(1/m)

Period
(m)

Harmonic
CL (%)

RedNoise
CL (%)

Target
Milankovitch (ka)

1 0.06 16.2 87.7 85.6

2 0.144 6.94 95.9 83.6 125

3 0.328 3.05 96.5 81.4

4 0.529 1.89 99.0 70.0 35

5 0.826 1.21 91.9 86.3 21

6 0.932 1.07 97.8 77.3 17.5

7 0.972 1.03 98.8 63.4

Bolded peaks used for average spectral misfit (Figure 6). CL = confidence limit.

It tests the significance level of the null hypothesis for the best
fit SAR (Meyers, 2014). ASM gives statistically significant fits, at
greater than 98%, for both the SM-20 series and the Kappabridge
time series yielding the identical SAR of 5.69 cm/ka for both time
series (Figure 6).

Finally, we can test our Milankovitch picks by conducting
an AM test of the precession (17.5 ka) cycle we have identified
in our spectral analysis. Precession should be modulated
by eccentricity, so if we picked precession correctly its
amplitude should be modulated by the frequency we have
selected as eccentricity. Astrochon (Meyers, 2014) provides a
testPrecession routine that could accomplish this test, however,
an accurate theoretical model of precession is needed. This
exists only as far back in time as the Paleogene, therefore,
we conducted our own version of this test. We filtered
the Kappabridge rock sample time series at 0.93 m−1 (the
1.07 m spectral peak) and the resulting filtered series showed
AM with six peaks per pulse (Figure 7). We conducted
MTM spectral analysis on the amplitude envelope of the
filtered series and found a strong peak with a frequency of
0.14 m−1, which is exactly the 125 ka eccentricity peak we
targeted with our ASM analysis. The AM test shows that
we have correctly selected precession and eccentricity in our
spectral analysis.

Evolutionary spectrograms of the portable (SM-20) and
laboratory-measured rock samples (Kappabridge) time series
(Figure 8) show that for the portable susceptibility meter
data all three of the Milankovitch cycles are stronger in the
upper part of the section, starting at about 30 m for the
short eccentricity and obliquity, but only at about 40 m
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FIGURE 6 | Average spectral misfit (ASM; Meyers and Sageman, 2007) results for the Kappabridge (A) and SM-20 (B) spectral peaks targeted to eccentricity,
obliquity, and precession at 330 Ma. The significant fit for the two different time series indicates an identical sediment accumulation rate of 5.69 cm/ka. In panels (C)
and (D), the dotted black lines are the data and the red solid lines are the target Milankovitch frequencies.

for the precession cycle. For the Kappabridge-measured rock
samples (Figure 8) the eccentricity cycles (both long and
short eccentricity, 405 and 100 ka) are strong throughout

the section while obliquity and precession [both long (21 ka)
and short (17.5 ka)] vary in strength throughout the section.
The most important observation is that the SAR doesn’t
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FIGURE 7 | Amplitude modulation (AM) test conducted on the frequency chosen for precession in our results. (Top) The Kappabridge time series was filtered at the
frequency of the spectral peak chosen to be precession (0.93 m−1) and the envelope of the amplitude variation yields a power spectrum (Bottom) with a significant
peak at the frequency we have chosen as short eccentricity (0.133 m−1). This result strongly supports our assignment of Milankovitch frequencies to the spectral
peaks observed in our data.

appear to change throughout the section. The evolutionary
spectrograms are compared to the MTM power spectra for
each time series. These spectra were calculated by the SSA-
MTM toolkit (Ghil, 1997) with robust red noise (Mann and
Lees, 1996) and are identical to the power spectra calculated
from Astrochron (Figure 5); however, using Astrochron’s
selection criteria (robust red noise and harmonic f-test) the
peak labeled long eccentricity (le) has a wavelength of only

10 m, which would only be 175.7 ka for the 5.69 cm/ka
SAR calculated by ASM and would not be consistent with
long eccentricity, 405 ka. However, the maximum amplitude
of the le peak yields a wavelength of 22.5 m, indicating
a period of 395.4 ka for an SAR of 5.69 cm/ka, entirely
consistent with long eccentricity. Therefore, the Kappabridge
time series also contains a record of long eccentricity which
repeats approximately three times in our record. The 40 m
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FIGURE 8 | Evolutionary spectrograms calculated using Astrochron (Meyers, 2014) for the SM-20 (Left) and the Kappabridge measured samples (Right). The MTM
calculated power spectrum for each series (using SSA-MTM) is shown at the top of each evolutionary spectrogram with Milankovitch spectral peaks labeled
(le = long eccentricity, se = short eccentricity, o = obliquity, p = precession). The evolutionary spectrograms were calculated with a window of 30 m and a step of
1 m. They show that the sediment accumulation rate does not vary significantly through the section although the power of the different frequencies does vary.
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FIGURE 9 | High and low temperature MS vs. T results measured on the Kappabridge for a sample representative of a mudstone lithology and a sandstone lithology.
The low temperature results are fit by a paramagnetic hyperbola to determine the relative proportion of ferromagnetic and paramagnetic contributing to the magnetic
susceptibility (Hrouda, 1994).

IRM time series collected in 2012 is too short to observe
long eccentricity.

Rock Magnetics
The MS vs. T plots measured at temperatures between 20 and
700◦C indicate the weak occurrence of magnetite but mainly the

presence of hematite in the Mauch Chunk Formation samples
(Figure 9). On cooling from high temperatures the strong
increase in susceptibility at 580◦C indicates that magnetite has
been created by the heating. This behavior is observed for both
a mudstone and a sandstone sample. The low temperature MS
vs. T plots measured at temperatures between −195 and 0◦C
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FIGURE 10 | Isothermal remanent magnetization acquisition results showing that the samples are dominated by a high coercivity remanence that saturates by 3.5 T
and is probably hematite. There is a minor contribution from a lower coercivity component that is probably magnetite.

show no evidence of a Verwey transition, so magnetite is not
present in any great abundance (Figure 9). These results are
supported by the IRM acquisition experiments (Figure 10) which
show that the IRM for the Mauch Chunk Formation samples
saturates at about 3 T. Modeling of the IRM acquisition data
shows that most (97%) of the IRM acquisition data could be fit
with a coercivity component of about 0.5–0.6 T indicating a high
coercivity mineral, most likely hematite. A very small component
(∼3% of the IRM) could be fit with a low coercivity (65 mT)
mineral, probably a small amount of magnetite.

The relative proportion of ferromagnetic (hematite) and
paramagnetic (clay) contributing to the bulk susceptibility was
estimated for 21 samples over a 10 m stratigraphic interval
between 20.5 and 30.5 m in the section. The stratigraphic
interval included both the red mudstone overbank deposits and
the sandstone channel deposits. An example of the hyperbola
fit to the low temperature measurements for a mudstone and
a sandstone sample to estimate paramagnetic/ferromagnetic
content is shown in Figure 9. The contribution of paramagnetic
and ferromagnetic to the total susceptibility was determined by
multiplying the percentage of each by the bulk susceptibility
for a sample (Figure 11). Two repeated measurements for
both a mudstone and a sandstone sample show the percentage
estimates are repeatable within about 7% points. The high
frequency peaks in bulk susceptibility with a wavelength of
1–2 m are driven mainly by variations in the ferromagnetic
minerals. The ferromagnetic minerals are the only contributor
to the bulk susceptibility in the sandstone (Figure 11). The
paramagnetic minerals also drive some of the peaks in the
bulk susceptibility. They are sometimes in phase with the

ferromagnetic mineral variations and sometimes out of phase.
In the 10 m stratigraphic interval measured for this analysis,
there are six ferromagnetic peaks which match the six peaks
in the bulk susceptibility, suggesting a wavelength of ∼1.5 m,
whereas the paramagnetic minerals show two large peaks in
phase with the ferromagnetic peaks and possibly an additional
two smaller peaks that do not coincide with peaks in the bulk
susceptibility. When these estimates of stratigraphic wavelength
are compared to the spectral analysis of the Kappabridge
time series (Table 2), it strongly suggests that ferromagnetic
mineral concentration variations are a strong control on the
bulk MS variations that record astronomically forced climate
change (Milankovitch) cycles at precession (20 ka) and obliquity
(35 ka) frequencies. Given the 10 m length of the stratigraphic
interval used for this analysis, it is not possible to determine
if ferromagnetic or paramagnetic minerals are beating at the
eccentricity period of∼7 m.

DISCUSSION

Recording Milankovitch Cycles
The MS time series collected with the SM-20 portable
susceptibility meter and the Kappabridge measurement of rock
samples both showed a record of Milankovitch cycles at periods
of 100, 35, and 20 ka and the IRM time series showed
Milankovitch cycles at 100 and 20 ka. ASM analysis (Meyers,
2014) of both the portable and Kappabridge MS time series
indicate a SAR of 5.69 cm/ka showing that the 5–7 m wavelength
peaks are short eccentricity at 125 and 95 ka, the 1.9 m peak
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FIGURE 11 | The relative proportion of ferromagnetic minerals (blue curve) and paramagnetic minerals (red curve) contributing to the bulk susceptibility (black curve)
for 10 m between 20.5 and 30.5 m in the section. The percentages determined from the low temperature MS vs. T measurements have been multiplied by the bulk
susceptibility for a sample to determine the susceptibility for each magnetic mineral type. Note that the blue (ferromagnetic) curve follows all the short period peaks in
the bulk susceptibility curve (black curve) indicating that the ferromagnetic mineral variations are the source of the bulk susceptibility variations. The paramagnetic
mineral contribution is sometimes in phase with the ferromagnetic variations, sometimes out of phase. The magnetic susceptibility of the sandstone bed is almost all
due to ferromagnetic minerals.

is obliquity at 35 ka, and the 1.2–1.1 m wavelength peaks are
precession at 21 and 17.5 ka. AM analysis shows that the 1.07 m
wavelength peak, picked to be short precession at 17.5 ka, is
modulated by a frequency of about 0.14 cycles/m which is our
pick for short eccentricity at 125 ka. This result supports our pick
for Milankovitch cycles in the data.

Our results indicate that a fluvial, terrigenous depositional
environment can record Milankovitch global climate cycles
despite the expectation that this type of environment will
experience discontinuous sedimentation (i.e., flooding into
the overbank environment) and the effects of environmental
shredding (Jerolmack and Paola, 2010) due to landscape
processes, such as avulsion (channel migration). Our results
would suggest, in light of Jerolmack and Paola’s analysis, that the
shortest Milankovitch cycle recorded (i.e., precession at 17.5 ka) is
still a longer period than shredding processes in the depositional
basin (e.g., flooding and avulsion).

The SAR derived from these high resolution
chronostratigraphy results suggests that the long normal
polarity interval of the Earth’s geomagnetic field recorded at
the Pottsville section and correlated throughout eastern North
America (Opdyke et al., 2014) is 1.75 million years in duration
and not 1.0 million years as suggested by biostratigraphy
(Opdyke et al., 2014) and may help more accurately calibrate

this part of the geologic time scale in the Carboniferous
(Gradstein et al., 2012).

Encoding the Milankovitch Signal
The strong positive correlation between the percentage
of ferromagnetic minerals contributing to the magnetic
susceptibility and the bulk susceptibility variations suggests
erosion in the source area, driven by climate change, is adding
more or less depositional hematite to a background of either
clay minerals or quartz sand in the depositional basin at the
Milankovitch time scales. Therefore, changes in the source area
for the Mauch Chunk sediments are encoding the Milankovitch
cycles rather than changes in the depositional basin. This is
similar to the record of Milankovitch cycles in marine sediments
in which variations in precipitation on the continent changes
the supply of clastic sediments into a background of carbonate
production in the near-shore marine environment (Kodama
et al., 2010; Gong et al., 2017; Minguez and Kodama, 2017).
The record of eccentricity and precession by the Mauch Chunk
Formation sediments is consistent with its 23◦S paleolatitude
(Bilardello and Kodama, 2010) where the strength of the
monsoon is driven by eccentricity and precession. However, it is
interesting that rock magnetics also detect obliquity for this low
paleolatitude because obliquity insolation variations are stronger
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at high latitudes than low latitudes. In support of our results,
Gunderson et al. (2012) did observe a strong obliquity signal
in Mediterranean (low latitude) Plio-Pleistocene sediments
recorded by magnetic susceptibility. The weak coupling of
paramagnetic minerals to the shorter Milankovitch frequencies
could be due to variations in chemical weathering in the source
area being driven by global climate change.

Portable Susceptibility Meter
Measurements
Even though the portable susceptibility meter measurements
did not observe exactly the same time series as the more
accurate Kappabridge measurements of rock samples, and
could not be normalized by sample mass, the spectral analysis
of the portable time series was still able to detect the
same Milankovitch cycles as the Kappabridge-rock sample
measurements. This result indicates that using the portable
susceptibility meter for rock magnetic cyclostratigraphy is a valid
method for constructing a time series, particularly for clastic,
relatively high magnetic mineral content, sedimentary rocks.
Conceivably, the portable susceptibility measurements could be
used for reconnaissance work to accurately set the sampling
interval for more detailed sample collection and rock magnetic
measurements in the laboratory.

CONCLUSION

Both measurements in the field using a portable susceptibility
meter and magnetic susceptibility and IRM measurement of
rock samples in the laboratory could detect Milankovitch cycles
in a fluvial depositional environment recorded by depositional
hematite grains in red beds deposited during the Carboniferous.
This is an important result because it opens up terrestrial, fluvial
deposits to the high-resolution dating and correlation afforded by
rock magnetic cyclostratigraphy.

A SAR of 5.69 cm/ka derived from both the portable
susceptibility meter and the rock sample measurements suggests
that the long normal polarity interval in the Pottsville
Mauch Chunk Formation section is 1.75 million years in
duration, not <1 million years as previously indicated by the
biostratigraphy and suggests a slight recalibration of this part of
the Carboniferous geologic time scale is needed.

The astronomically forced, Milankovitch-scale climate cycles
were probably encoded by variations in erosion of the source

area supplying varying amounts of depositional hematite into a
background of paramagnetic clay minerals or diamagnetic quartz
sand in the depositional basin.
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