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Abstract The development of pass-through superconducting rock magnetometers (SRM) has greatly
promoted collection of paleomagnetic data from continuous long-core samples. The output of pass-
through measurement is smoothed and distorted due to convolution of magnetization with the magnetom-
eter sensor response. Although several studies could restore high-resolution paleomagnetic signal through
deconvolution of pass-through measurement, difficulties in accurately measuring the magnetometer sensor
response have hindered the application of deconvolution. We acquired reliable sensor response of an SRM
at the Oregon State University based on repeated measurements of a precisely fabricated magnetic point
source. In addition, we present an improved deconvolution algorithm based on Akaike’s Bayesian Informa-
tion Criterion (ABIC) minimization, incorporating new parameters to account for errors in sample measure-
ment position and length. The new algorithm was tested using synthetic data constructed by convolving
“true” paleomagnetic signal containing an “excursion” with the sensor response. Realistic noise was added
to the synthetic measurement using Monte Carlo method based on measurement noise distribution
acquired from 200 repeated measurements of a u-channel sample. Deconvolution of 1000 synthetic meas-
urements with realistic noise closely resembles the “true” magnetization, and successfully restored fine-
scale magnetization variations including the “excursion.” Our analyses show that inaccuracy in sample mea-
surement position and length significantly affects deconvolution estimation, and can be resolved using the
new deconvolution algorithm. Optimized deconvolution of 20 repeated measurements of a u-channel sam-
ple yielded highly consistent deconvolution results and estimates of error in sample measurement position
and length, demonstrating the reliability of the new deconvolution algorithm for real pass-through
measurements.

1. Introduction

Superconducting rock magnetometers (SRM) are the most commonly used magnetometers in modern pale-
omagnetism studies [Goree, 2007]. SRM uses superconducting quantum interference devices (SQUIDs),
superconducting magnetic flux transformers, and superconducting magnetic shielding operating at a liquid
helium temperature of 4.2 K to measure the remanent magnetization in rock samples for paleomagnetic
study. The first SRM was designed and installed at the University of Pittsburgh in 1970, which was horizon-
tally orientated with a straight through, room temperature access [Goree and Fuller, 1976]. The use of SRMs
for paleomagnetic measurement of continuous long core samples was first introduced by Dodson et al.
[1974]. In 1985, the first long core SRM with radio frequency (RF) SQUIDs for continuous measurements was
installed onboard the R/V JOIDES Resolution for the Ocean Drilling Program (ODP) and was later upgraded
to direct current (DC) SQUIDs in 1992 for improved sensitivity [Goree, 2007]. The long core SRM systems
have been routinely used by ODP and later by Integrated Ocean Drilling Program (IODP) expeditions to
facilitate the timely construction of shipboard magnetostratigraphy.

In order to increase the spatial resolution of the traditional discrete paleomagnetic samples, Tauxe et al.
[1983] introduced the continuous “u-channel” sample (typically ~2 X 2 cm? cross section, 150 cm long).
U-channels are usually taken from the pristine central part of half-core sections, away from the often-
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disturbed outer part of cores that may considerably degrade the paleomagnetic measurement [Acton et al.,
2002]. The first “U-channel” SRM with higher-resolution pickup coils (due to the smaller diameter of u-
channels relative to half-core sections) was introduced in 1991 [Weeks et al., 1993]. Since then, over twenty
u-channel SRM systems have been installed at worldwide paleomagnetism research laboratories. Develop-
ments in long core and u-channel SRM systems during the last few decades have led to fast accumulation
of paleomagnetic data from continuous sediment samples that have greatly contributed to high-resolution
full vector reconstruction of Earth’s past magnetic field [e.g., Weeks et al., 1993; Channell et al., 1997; Roberts,
2006; Ohno et al., 2008]. For instance, stacked records of paleointensity reconstructions, obtained mostly
from continuous core sample measurements, have provided valuable information about the dipole field
evolution while serving as high-resolution environmentally independent stratigraphy tool for correlating
and dating worldwide sediment sequences [e.g., Guyodo and Valet, 1999; Valet et al., 2005; Channell et al.,
2009].

As paleomagnetic data acquired from continuous samples on pass-through SRM are smoothed and dis-
torted due to convolution effect of the magnetometer sensor response, deconvolution is necessary to
restore the magnetization at resolution comparable to that measured using side-by-side discrete samples.
Although sediment magnetization lock-in process may lead to time delay and smoothing of sedimentary
paleomagnetic records [e.g., Channell and Guyodo, 2004; Suganuma et al., 2011], further smoothing intro-
duced during pass-through measurements usually distort paleomagnetic signals significantly for samples
deposited at a wide range of accumulation rates. Therefore, reliable deconvolution is often desirable to
improve the data resolution. Dodson et al. [1974] conducted deconvolution of pass-through paleomagnetic
data utilizing Fast Fourier Transform (FFT) with low-pass filter on axial component of measured magnetiza-
tion, with optimum filtering empirically determined by the user. Constable and Parker [1991] introduced a
deconvolution algorithm based on a smoothness-constrained least-squares method by estimating system
noise level using measurements made beyond the continuous sample (i.e., leader and trailer). Oda and Shi-
buya [1994] conducted optimized deconvolution incorporating a smoothness-constrained least-squares
method based on Akaike’s Bayesian Information Criterion (ABIC) minimization, which was later extended to
3-D with cross terms by Oda and Shibuya [1996]. The cross terms have been proved to be particularly impor-
tant to deconvolve measurements made on the SRM onboard R/V JOIDES Resolution, where half-round core
samples occupy only the lower half of the pickup coils during the measurements [e.g., Oda et al., 2000].
Guyodo et al. [2002] successfully applied the deconvolution scheme of Oda and Shibuya [1996] and restored
a short excursion event from a u-channel measurement that was not recognized before the deconvolution.

Jackson et al. [2010] summarized five basic assumptions of pass-through measurements for deconvolution
with better accuracy and reliability: (a) measurement errors follow Gaussian distribution with zero mean
and are independent of measurement position; (b) magnetization in sample varies only as a function of
depth; (c) variations in magnetizations are smooth and the smoothness of the magnetization is similar
throughout the core; (d) the length and sample position of the measurement are accurately known; and (e)
the magnetometer sensor response function is accurately known. In this paper, we present an improved
deconvolution algorithm considering assumptions (a), (d) and (e). First, we acquired an accurate estimate of
magnetometer sensor response through repeated measurements of a carefully designed magnetic point
source sample. Second, based on 200 repeated measurements for an ~1.49 m long u-channel sample, char-
acteristics of SRM measurement noise were analyzed and used to produce realistic measurement noise for
testing reliability of deconvolution algorithms. Third, we recognize that it is common to have errors (a few
mm to few cm) in sample length and position during a continuous pass-through measurement, and devel-
oped an ABIC minimization based deconvolution algorithm [e.g., Oda and Shibuya, 1994, 1996, 1998] that
overcomes such errors. Finally, we demonstrate the validity and robustness of the new deconvolution algo-
rithm using synthetic data containing a geomagnetic excursion with realistic measurement noise, and
repeated measurements of an actual u-channel sample.

2. Response Function Determination

2.1. General Idea and Previous Methods
SRMs normally use three orthogonal superconducting pickup-coil pairs arranged about a center measure-
ment position. The axial pickup coils are designed according to the Helmholtz configuration [Helmholtz,
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1849] to maximize the homogeneity for the space occupied by a discrete paleomagnetic sample, and the
transverse pickup coils are typically saddle-shaped coils. Oda and Shibuya [1996] expressed the pass-
through measurements of a continuous sample on an SRM as below,

d =Rm + ¢ (1

where d is the pass-through measurements, R is the empirically measured sensor response, m is the mag-
netization of the continuous sample, and ¢ is the noise, respectively. ¢ equals —3Rm + e, where 6Rm is the
error originating from the uncertainty of sensor response and e is the true measurement noise. Apparently,
systematic error in determining the sensor response may lead to undesired effects on deconvolution. The
sensor response of a particular SRM will likely remain unchanged for relatively long time. It is therefore ben-
eficial to accurately estimate the sensor response function of an SRM, which can be repeatedly used for
deconvolution of pass-through measurements made on that SRM.

The sensor response function of an SRM is primarily determined by the geometry of the sensing coils, while
“image effects” produced by the superconducting shield (used to maximize the sensitivity and minimize
the noise of the SQUID system) may complicate the actual response [e.g., Zieba, 1993]. Shibuya and Michi-
kawa [2000] performed theoretical calculations of sensor response for the first generation SRM onboard RV
JOIDES Resolution with superconducting shield, and obtained results comparable to the empirical measure-
ment along z axis [Oda and Shibuya, 1996]. However, the derived sensor response significantly deviated
from the measured response in x and y axes, possibly due to imperfect geometry and potential offset of the
pickup coils from the geometrical center. Similarly, Parker and Gee [2002] measured the sensor response of
the second generation SRM onboard R/V JOIDES Resolution and noticed that the centers of x and z axis pick
up coils are displaced from the geometric center by ~0.7 cm. The discrepancy of the theoretical sensor
response from the actual response leads to distortion of the deconvolved magnetization, which could only
be recognized with accurate estimates of the sensor response. Various methods and materials have been
used for empirical determination of SRM sensor response. For instance, estimate of the sensor response of
the first generation SRM onboard R/V JOIDES Resolution by Oda and Shibuya [1996] used magnetic tape
with the cross sectional shape of a half-round sample. Jackson et al. [2010] estimated sensor response func-
tion based on six scans of a homogeneous specimen (18 X 18 X 15 mm®) and used equation (1) to calcu-
late R from measurement d and magnetization m. Parker and Gee [2002] measured the sensor response
using a small dipole standard sample placed in a cylindrical plexiglass holder, which was fitted into one of
the holes in the holder (z axis), or taped (x and y axes) to the surface of the holder. To increase the accuracy
of orientation, and to avoid heterogeneity of the specimen, we use a dipole magnetic point source fixed in
the center of a polycarbonate cube for sensor response measurement.

2.2. Response Function Determination With a Magnetic Point Source

In this paper, we used the u-channel SRM (2G model 755-1.65UC) at Oregon State University (OSU) for
measurements of sensor response function and magnetizations of u-channel samples (Figure 1a). The
pickup coil design of the u-channel SRM at OSU is essentially the same as that of the first u-channel SRM
introduced by Weeks et al. [1993], as well as that of the u-channel SRM used by Jackson et al. [2010]. The
axial (z) coils of the OSU magnetometer are circular, with a diameter of ~85 mm, and the transverse sensors
are saddle coil pairs, formed on the same cylindrical core. The axial-coil pair separation (D) is ~24 mm, and
the saddle coils have a length (L) of ~68 mm. This geometry is intermediate between the “high homogene-
ity” arrangement (D = 40 mm, L = ~100 mm) optimized for discrete sample measurements and the “high-
resolution” geometry (D = 20 mm, L = ~40 mm) designed for maximum resolution [Jackson et al., 2010].
The coordinate system of the magnetometer at OSU is shown in Figure 1a.

In order to acquire a reliable estimate of magnetometer sensor response, we prepared a polycarbonate
cube with 5 mm edge length that includes a magnetic point source in the center of the cube. The point
source carries a stable remanent magnetization perpendicular to one surface of the cube (Figure 1b). Devia-
tions of the cube surfaces from perfect orthogonality are ~0.5°, allowing the point source magnetization to
be accurately aligned in the three orthogonal directions. We made the magnetic point source using a pow-
der of plastic magnet (Hc = 890 mT, Hcr = 894 mT) and instant glue. A pulsed magnetic field of 2.5 T was
applied three times while the instant glue was hardening. The point source was subsequently demagne-
tized using alternating field (AF) with a peak field of 50 mT, and magnetic moment of the point source
(declination = 1.5°, inclination = 1.0°, magnetic moment = 6.17 + 0.15 X 10~° Am?) was measured on a
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Figure 1. (a) SRM at Oregon State University (OSU) with coordinates indicated by white arrows. (b) lllustration of magnetic point source
measurement procedure with coordinates indicated by arrows. Oriented magnetic point source is fixed in the center of a polycarbonate
cube (5 mm edge length) that was attached to a larger polycarbonate cube (25 mm edge length) during the measurement. One surface of
the larger cube marks 25 evenly spaced grid positions. Gray circles are interpolated 1 mm grid points, and shaded area indicates the cross
section of a u-channel (18X 18 mm?) used for integration. (c) Sensor response after u-channel cross-area integration for each 1 mm meas-
ured positions along Z axis. “AB” in legend means sensor response of “B"-axis pickup coil to magnetization oriented along “A” axis, where
“A” and “B” are either “X,” "Y," or “Z."

spinner magnetometer at the Geological Survey of Japan (model SMM-85, Natsuhara Giken; cross calibrated
using a standard coil and current with an error < 1%). The point source was mounted using thin double-
sided tape onto one surface of a larger polycarbonate cube (25 mm edge length) with 5 X 5 grids marked
at every 5 mm intervals. The large polycarbonate cube was tightly attached to the measurement tray using
double-sided tape. Another rectangular rod was used to align the point source cube precisely parallel to
the grids. The angular errors of the small cube with point source relative to the large cube is expected to be
around 1°. The point source was repeatedly measured (a total of 150 times) over an ~40 cm interval along
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the track at every 1 mm intervals, while placed at each of the 25 grid positions orienting parallel or antipar-
allel to each of the three orthogonal axes (Figure 1b).

The peak reading of magnetic moment of the point source at position “13” (Figure 1b) in z axis pick up
coil is 6.12 X 10~® Am?, which is highly consistent with that measured on the spinner magnetometer,
agreeing with the fact that 2G magnetometers are calibrated with a standard coil and current before deliv-
ery [William Goree; personal communication]. The peak reading of magnetic moment observed at position
“13" in z axis pick up coil was used to normalize the sensor response curves measured at each grid posi-
tion (Supporting information Figure 1). To estimate sensor response over the cross area of a u-channel
sample (~18X18 mm?), we first interpolated the 5 X 5 grid response measurements with 5 mm spacing
to 1 mm spacing (i.e, 21 X 21 grids) using spline functions, and then calculated the integrated sensor
response over the u-channel cross area (red shaded area in Figure 1b). The integrated sensor response
was further normalized by the cross area and presented in Figure 1c. The x-y and y-x cross terms
contribute significantly to the sensor response. Deconvolution with and without y cross terms on a
u-channel with comparable magnetizations along three axes show significant differences (Supporting
information Figure 2), and suggest an ~6° rotation of x-y pickup coils around the z axis relative to the
plane of the measurement tray. Similar rotation (about 2.4°) around the z axis was previously

reported by Parker and Gee [2002] for the SRM onboard R/V JOIDES Resolution. Jackson et al. [2010] also
observed nonnegligible components in x-y and y-x cross terms for SRM at the Institute for Rock
Magnetism (IRM).

3. Improvements in Deconvolution Algorithm

The deconvolution algorithm in this paper is based on equations described by Oda and Shibuya [1996].
Major modifications and improvements in this study include: (1) consideration of cross terms related to y
axis, (2) measurements are considered to start from the edge of a sample, (3) incorporation of position shift
of a sample relative to the actual measurement start line, and (4) correction for error in sample length used
for measurement. Figure 2 explains the difference between the algorithm of Oda and Shibuya [1996] and
this study in measurement points (solid circles) and the representative center points (open circles) of uni-
formly magnetized slices. Oda and Shibuya [1996] assumed that measurement points start from the position
half the measurement interval inside from the measurement “Start Line” on the tray for a u-channel. In this
study, pass-through measurement is assumed to start from the measurement “Start Line”, which is usually
the case for measurements collected using 2G software. As a result, a 150 cm long u-channel measured at
every 1 cm interval will have a total of 151 measurement points, with the first and last measurement points
centered at the two ends of the u-channel. Note that the first and last slices (both enclosed by broken lines
in Figure 2) are half filled with sediments.

Due to potential errors in placing the sample and in measurement start line calibration, or small void space
at the beginning of sample, a relative shift may exist between the “Start of Sediment” and the actual mea-
surement “Start Line” during pass-through measurement (Figure 2c). In our algorithm, a potential gap
between “Start of Sediment” and actual measurement “Start Line” (“Gap” in Figure 2c) including void space
in the first slice are accommodated using a new parameter “position shift” (5) of the sensor response (Figure
2d). Furthermore, sample length used for pass-through measurement may not exactly reflect the actual
sample length. For instance, a u-channel sample with actual sediment length of 149.6 cm could be meas-
ured as 150 cm long yielding a total of 151 measurement points. This difference between actual sample
length and measurement length as well as a “Gap” between “Start of Sediment” from “Start Line” results in
varying proportion of sediment filling the last slice (0-1). Thus, we introduce additional new parameters w;
and w, to represent “length correction” for the first and last slices needed to adjust the measurement length
to actual sample length.

Oda and Shibuya [1996] omitted cross terms of sensor response related to the y axis (i.e.; X-y, y-X, y-z, z-y
terms) for deconvolution, with the assumption that samples move right along the centerline of pickup coils
and the coils were perfectly wound. Precise sensor response measurements from this study (Figure 1c) and
previous studies [Parker and Gee, 2002; Jackson et al., 2010] revealed that the cross terms are not negligible.
Therefore, in this study we use the full tensor of sensor response for deconvolution. The basic formulae on
pass-through measurement on a pass-through SRM (equation (1)) can be expressed in three axes as below,
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where subscripts in dy,, m, and &, correspond to the vector component in axis a or b

(a=x, y, or z;b=x, y, or z)[see Oda and Shibuya, 1996]. Lengths of d,, and &, equal the number of meas-
ured points (N), and length of m, equals the number of unit slices (M). Rgp, is the sensor response term produced
by the a axis component of magnetization in the b axis pickup coil integrated over a unit slice and normalized
by the volume of the slice. Matrix Rz has M columns and (M + Il + It) rows, where Il and It are the numbers of
leader and trailer measurements, respectively. Different to that in Oda and Shibuya [1996] where leader and
trailer length are fixed to be the same, the new algorithm allows different measurement points for leader and
trailer to increase the freedom. The position of sensor response data is flipped for deconvolution, because the
sensor response measured first is the last of the sensor response for the convolution of magnetization.

fin equation (2) is the matrix representing sediment fill ratio of each unit sample slice. v is the volume of a
unit slice expressed as v = s - h, where s is the cross sectional area of a u-channel, and h is the measure-
ment interval, which is constant and equal to the thickness of a unit slice. The matrix of sediment fill ratios
fin equation (2) can be expressed as follows,

0.5+ w;
fi 0 0 1 0
f=|o0o f 0|, fi= 3)
0 0 f ()} 1

0.5+w,

Contributions of the magnetization m from the starting and ending slices to the measurements are reduced
according to the length corrections w; and w,. According to the proportion of sediment filling the first and
last slices, wg and w, are assumed to change between —0.5 (empty) and +0.5 (full). If the first or last slice is
half filled with the sediment as a default condition, w, and w, both equal zero.

Measurement noises in the three orthogonal axes are assumed to be Gaussian distributed with mean of
zero and variance of v, and are independent from each other (i.e., noise originated from sensor response
and/or positioning error is negligible). The likelihood function of a pass-through measurement is

3N
1T \2 1
L(d|m, v):(ﬁ) exp{—zﬂd—kamﬂz} (4)

where ||@?|| represents Euclidean norm of vector a. A simple maximum likelihood solution can be obtained
by minimizing ||d—vRfm|>.

Following Oda and Shibuya [1996], the solution of equation (4) is stabilized by assuming that the magnetiza-
tion change smoothly which was measured by the L, norm of second-order difference. The matrix formula-
tion of the second-order difference is ||z — Dm||?, where D and z are the same as in Oda and Shibuya
[1996]. The second-order differences are assumed to be Gaussian distributed with zero mean and a variance
of v/u?, where u is the hyper-parameter that measures the smoothness of the magnetization. With increas-
ing u, the magnetization is forced to change more smoothly. Using the matrix expression above, the prior
distribution of magnetization m is given by

(mly, u)=u v %\D'Dﬁex —u—2||z—Dm\|2 (5)
p ’ 2my P 2y

Following the formulae provided by Oda and Shibuya [1996], ABIC is calculated as below

o

ABIC=3Nlog (2”5

N ) + 3N — 3Mlog (u*) — log |D*D| + log |F'F| + 2K 6)

d vRf
where §*=||b—Fm|?, b—{ } F—{ D},mo is m that minimizes S=|b—Fm||*, and K is the number
uz u
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Figure 3. (a) Magnetic moments and (b) gradient of measured magnetic moments of 200 repeated measurements for u-channel sample
“EW0408-95JC-6." The sample was repeatedly measured 20 times after each of the ten AF demagnetization treatments from 0 to 90 mT at
10 mT steps. (c) Standard deviation of magnetic moments for 20 repeated runs calculated for each demagnetization step in (a).

of parameters and is set as 4 in our case that corresponds to u, ¢, ws, and w,, although w; is fixed to 0. Mini-
mization of S* and error calculations were conducted as matrix calculations similar to that of Oda and Shi-
buya [1996]. After the matrix calculation, ABIC is calculated and the optimum solution was obtained by
minimizing ABIC against three parameters; u, 6 and w,. In practice, the position shift (6) and length correc-
tion of the last slice (w,) should be the same for the same sample measured at different demagnetization
steps, if the sample was not moved between measurement steps.

4. Investigations on Uncertainties in SRM Measurement

Uncertainty in continuous measurements on the SRM at OSU was investigated utilizing a total of 200
repeated NRM measurements of an ~1.49 m long u-channel sample collected from core section EW0408-
95JC-6 (Latitude: 60.663°, Longitude: —147.709°, Water Depth: 744 m) that comprises mainly silty clay
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Figure 4. Standard deviation (std.) and absolute gradient of measured magnetic moment from repeated measurements of u-channel sam-
ple “EW0408-95JC-6" and simulated data used in Figure 5. (a) Std., and (b) std./gradient versus measurement sequence for the three mea-
surement axes on logarithmic scale. Data for x, y, and z axes are in green, blue, and red, respectively. Each rectangular block between two
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¥, and z axes, respectively. (d) Color contour showing density of data in (c), where red (blue) shows maximum (minimum) data density. His-
tograms of (e) gradient and (f) std. of magnetic moment for measured data (red) and simulated data (green) for all three axes and demag-
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Figure 5. Synthetic measurement data with simulated noise before and after deconvolution compared with “true” signal (red curve) in (a)
X, (b) y, and (c) z axis, and (d) inclination. Mean and 30¢ of 1000 simulated magnetization was shown as green circles and blue shaded
area, respectively. Mean and 3¢ of the 1000 deconvolved signal were shown as black circles and gray shaded area, respectively. Conver-
sion from magnetic moment to magnetization was done by normalizing the magnetic moment by the cross section area of a u-channel
and the effective lengths of sensor responses along track.

sediments. Measurements were made at every 1 cm interval for the u-channel as well as 10 cm before
(“leader”) and 10 cm after (“trailer”) the u-channel. NRM measurements after AF demagnetization with peak
fields from 0 to 90 mT at 10 mT steps were used here for analyses. Measurements for each demagnetization
step comprise 20 consecutive repeated runs. A modified version of the UPmag software [Xuan and Channell,
2009] was used to correct flux jumps and spike noises in the measurements. The total magnetic moments
of the 200 repeated measurements are shown in Figure 3a. The consecutive 20 repeated runs for each
demagnetization step are highly consistent with each other with deviations typically less than 0.1% of the
mean magnetic moment, and are often invisible due to the thickness of the colored lines in Figure 3a.

Figure 3b shows the gradient of measured magnetic moment for each run. Absolute gradient of
measured magnetic moment seems to increase at both ends of the u-channel. Measurement
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positions with minimum gradient of measured magnetic moment are consistent through demagnet-
ization steps up to 90 mT. Standard deviation of 20 measurements for each demagnetization step is
shown in Figure 3c. In general, standard deviations are at least three orders of magnitudes lower
than the magnetic moment indicating excellent repeatability of measurements for each demagnetiza-
tion step. It appears that significant peaks in standard deviation correspond to positions with larger
absolute gradient of measured magnetic moment. Possible relation between measurement error and
gradient of measured magnetic moment was pointed out by Jackson et al. [2010] (e.g., Figures 4
and 5). Our data confirm such a relation with observations on 20 repeated measurements for each
of the 10 demagnetization steps.

Figures 4a and 4b show std. and std./gradient variations of all 200 runs for each individual axis. In gen-
eral, standard deviations decrease with stepwise AF demagnetization. Standard deviations of measure-
ments before demagnetization (NRM) appear significantly larger than those after demagnetization (10
mT and further), which could be related to decay of viscous remanence through 20 repeated measure-
ments of NRM starting from the initial insert of u-channel to the SRM. Std./gradient data show higher
value before demagnetization, and seem to increase with increasing demagnetization levels from ~60
mT to 90 mT. The wedge shaped area void of data for 80 mT and 90 mT steps could indicate increase
in drift noise relative to the magnetic moment with 1/f character that is typical for SRM [Jackson et al.,
2010]. Distribution of data points on the diagram of std./gradient show a lower limit at around

0.06 mm (horizontal broken line in Figure 4b) that could be close to the standard deviation of position
error in the normal SRM measurement state. There might be larger episodic position errors of ‘stop and
go’ mode related to the friction between the tray and the track, which is sometimes witnessed during
measurements.

Figure 4c shows a log-log plot of standard deviation against gradient of measured magnetic moment.
A wedge-shaped area with no data presents below the scattered data points, suggesting that the min-
imum of standard deviation increases with gradient of measured magnetic moment. This clearly indi-
cates that measurement error is significantly related to the gradient of measured magnetic moment,
likely due to positioning error. The thick dashed black line in Figure 4c marks the bottom line of the
distribution of the standard deviation. The line has a slope of unity (linear relationship) and goes
through a point of logo(std.) = —9.2 and log;¢(gradient) = —7, which again corresponds to a minimum
estimate of positioning error of 0.06 mm. The dashed magenta line in Figure 4c shows the bottom
line of the distribution of the standard deviation corresponding to the lower value of the gradient of
measured magnetic moment. The line has a slope of unity and goes through a point of

logio(std.) = —9.9 and log;(gradient) = —8, corresponding to a minimum positioning error of 0.12 mm.

According to Jackson et al. [2010], measurement error p can be formulated as below,
op(2)= 0 o+ 6,dD /dz (7)

where gy is the noise of SRM excluding linear drift, o, is the positional error, and dD /dz is the gradient
of measured magnetic moment along the track. Jackson et al. [2010] estimated positioning error from
the slope of std. versus gradient, and system noise from the intercept based on equation (7). Density
distribution of all three axes (Figure 4d) data has peaks of standard deviation around 2.5x107'° Am?
and gradient around 1x10~% Am?/cm, which can also be recognized as modes on histograms of gradi-
ent (Figure 4e) and standard deviation (Figure 4f). The histograms in each axis exhibit different distribu-
tion, and z axis has modes on standard deviation of ~1.2X107'® Am? and std./gradient of ~9X10~3
cm. A preliminary forward modeling on the distribution of standard deviation versus gradient in z axis
based on equation (7) shows that modes on the histograms of standard deviation and std./gradient
could be reasonably reconstructed with 6o =1.2X10"'° Am? and a,=9x10"> cm. However, the model
could not accommodate standard deviation higher than the mode very well. This might be caused by
non-Gaussian distributed noise components (e.g., instrument noise and/or position error). For instance,
Jackson et al. [2010] pointed out that measurements on SRM exhibit drift with 1/f frequency distribution
longer than 30 s. In addition, position error may increase due to the extension of the handler rope
away from the home position, and noise in one axis may originate from other axes through cross terms
of sensor response.
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5. Test Using Synthetic Data

5.1. Reliability of Deconvolution With Realistic Noise

In order to demonstrate the robustness of the improved deconvolution scheme, we conducted deconvolu-
tion on synthetic signal with simulated noise. We constructed a “true” vector signal (red curves in Figure 5)
based on a high-resolution record of Iceland Basin excursion recorded at ODP Site 983 [Channell et al.,
1997]. The “true” signal was then convolved with the well-estimated OSU magnetometer sensor response
function (Figure 1c), to produce a synthetic “measured” signal (blue curves in Figure 5). The mean of the
total magnetic moments of the synthetic “measured” signal was adjusted to be the same as the mean of
the 200 repeated measurements of EW0408-95JC-6. The distribution of the gradients of magnetic moment
of the synthetic signal is similar to that of the measured data from EW0408-95JC-6 (Figure 4e). The synthetic
signal therefore provides a realistic representation of actual measurement data.

Realistic noise was produced by 1000 runs of Monte Carlo simulation and added to the synthetic magnetic
moment signal. We assume measurement noise is related to the gradient of magnetic moment signal. For
each synthetic measurement position, standard deviations of measurement error on each axis were ran-
domly drawn based on the gradient of the synthetic signal on that axis, and the standard deviation versus
gradient relation defined by the total number of 5070 (169 measurement points X 10 demagnetization
steps X 3 axes) data points in Figure 4c. The distribution of the standard deviation of measurement errors
from the 1000 simulations is shown in Figure 4f (in green). The simulated noise distribution clearly resem-
bles that based on actual measurement (in red). The means of 1000 simulated magnetic moment signals
are shown as green circles in Figure 5. The blue shaded area in Figure 5 represents a =300 range from the
mean magnetic moment.

Each of the 1000 simulated measurements was deconvolved separately with optimization on In(u), and the
mean and *3¢ ranges of the 1000 deconvolved magnetizations are shown as black circles and gray shad-
ing in Figure 5, respectively. Note the similarities between the “true” signal (red curves) and the decon-
volved signal (black circles with gray shading). The “true” magnetization is mostly within the =3¢ range for
the deconvolved signal. It is clear that the synthetic geomagnetic excursion constructed based on real data
was not visible before deconvolution, and was successfully restored after deconvolution. Smaller amplitude
fluctuations with spatial resolution higher than the sensor response (typically ~4 cm) were apparently
smoothed out in the synthetic measurements, but were successfully recovered after deconvolution.

Comparison of the estimated residual and simulated residual (Supporting information Figure 2) shows that
the mean of the 1000 simulated “true” residual is mostly close to zero on all three axes, whereas the mean
of the 1000 estimated residual changes with measurement position. The larger deviation of the mean esti-
mated residual from zero at certain measurement positions could be caused by the roughness of the simu-
lated model magnetization. For most of the measurement positions, *a of the simulated residual is larger
than that of the estimated residual, possibly because the optimized model magnetic moment is closer to
the simulated magnetic moment with noise than to the true magnetic moment. Larger residuals around

0 cm in the z axis and around 70-80 ¢cm in the x and z axes (corresponding to the simulated geomagnetic
excursion interval) are associated with larger amplitudes in the gradient of measured magnetic moment
(Supporting information Figure 2d) that potentially produce larger error according to Figure 4b.

We also compared the standard deviation of error estimated by the deconvolution algorithm (based on
Oda and Shibuya [1996, equation (18)]) with the “true” standard deviation of error calculated from the differ-
ence between the deconvolved data and the “true” magnetization (Supporting information Figure 3). The
estimated error standard deviation agrees well with the calculated error standard deviation on the y axis,
with generally lower values in the estimated error standard deviation. The estimated error standard devia-
tion deviates significantly from the calculated error standard deviation on the x axis, especially for the first
half of the u-channel. For the z axis, the calculated error std. is much larger than estimated error std., and
shows prominent peaks at ~0 cm and ~70-80 cm. The large discrepancy on the x and z axes might be
explained by the larger gradient of measured magnetic moment for the corresponding intervals on the two
axes (Supporting information Figure 3d), which may introduce larger amplitude non-Gaussian noise based
on Figure 4b. Although the assumption of a Gaussian distribution for the measurement noise in equation
(4) was not satisfied completely, the deconvolved magnetizations for 1000 simulated measurements are
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Figure 6. Test of position shift optimized deconvolution. (a) Synthetic “measured” magnetization with 0.5 cm (dashed lines) and without (solid lines) position shift in x (blue), y (red) and z
axis (green). (b) An example of optimized deconvolution of the 1000 shifted synthetic measurements with realistic noise, compared with “true” signal without shift in x (light and dark blue
curves), y (light and dark green curves) and z axis (black and red curves). (c) Blow-up of magnetization in z axis for the 60-100 cm interval before and after convolution and deconvolution.
(d) Histogram of optimized position shift obtained from deconvolution of 1000 synthetic shifted measurements. Red vertical dashed lines indicate the true position shift of 0.5 cm.

ODA AND XUAN ©2014. American Geophysical Union. All Rights Reserved. 3919



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2014GC005513

mostly consistent with the “true” magnetization providing reasonable estimates of residuals and errors
except slight discrepancies on measurement points with higher gradients of measured magnetic moment.

5.2. Optimization in Terms of Position Shift

To test the validity of optimization in terms of the new parameter “position shift,” deconvolution was per-
formed for a second set of 1000 synthetic measurements that incorporates realistic measurement noise as
well as a “position shift” of 0.5 cm (Figure 6). Optimization was conducted in terms of In(u) and position shift
at the same time to search for the combination of In(u) and position shift that provides deconvolution result
with a minimum ABIC. Figure 6b compares the “true” magnetization (with no shift) with one example of an
optimized deconvolution result from the 1000 runs. The optimized deconvolution can clearly overcome the
“position shift” introduced during the measurement even with the existence of realistic noise. A detailed
comparison of the z axis magnetization between 60 and 100 cm with and without shift, before and after
deconvolution is shown in Figure 6c. The optimized deconvolution result (solid red curve) tracks very well
with the original true signal without shift (solid blue curve). The histogram in Figure 6d summarizes the
optimized position shift values corresponding to the 1000 optimized deconvolution results, and clearly
shows a peak around the “true” position shift of 0.5 cm. Optimization for the new parameter “position shift”
improves the reliability of the deconvolution results by accounting for errors in placing a u-channel relative
to the actual measurement “Start Line,” and accommodating possible void space in the beginning of a u-
channel. The importance of having accurate positions of the u-channel in deconvolution was pointed out
by Jackson et al. [2010], and our simulations suggest that such uncertainty can be accounted for using the
new optimized deconvolution algorithm.

5.3. Optimization in Terms of Length Correction

In addition to “position shift,” we test the validity of deconvolution optimized for another new parameter
“length correction” at the sample end, using a third set of 1000 synthetic measurements with realistic noise
(Figure 7). In order to avoid instability of optimization at the end of the u-channel due to unusually low
magnetization (therefore low signal-to-noise ratio), the same synthetic measurement data (before adding
noise) used in Sections 5.1 and 5.2 were flipped along the z axis. The length correction of the last slice of
synthetic magnetization was changed from zero (default length correction) to —0.3 cm (applied length cor-
rection) for the simulation, corresponding to a corrected u-channel length of 149.7 cm (“missing” 0.3 cm at
the sample end). Optimization was conducted in terms of In(u) and length correction at the same time to
search for the combination of In(u) and length correction that provides the deconvolution result with a min-
imum ABIC. Figure 7b compares the “true” magnetization (with no length correction) with one example of
an optimized deconvolution result from the 1000 runs. The optimized deconvolution can apparently over-
come the “missing” 0.3 cm of sediments with the existence of realistic noise, and restore the “true” magnet-
ization at the sample end. A detailed comparison of the z axis magnetization between 130 and 160 cm with
the default and applied length corrections, before and after deconvolution is shown in Figure 7c. The opti-
mized deconvolution result (solid red curve) tracks very well with the original true signal without any “miss-
ing” material (solid blue curve). The histogram in Figure 7d summarizes the optimized length correction
values corresponding to the 1000 optimized deconvolution results, and clearly shows a peak around the
“true” length correction of —0.3 cm. Optimization for the new parameter “length correction” improves the
reliability of the deconvolution results by reducing the uncertainty in practice due to the loss of sediment
materials at the end of u-channel. A preliminary set of length correction optimization simulation using syn-
thetic measurement records with a range of signal-to-noise (S/N) ratios suggest that absolute difference
between the “true” and estimated length corrections is less than ~0.5+0.8 (1) mm for records with S/N
ratios of >~10,000, which are usually the case for most u-channel measurements. The optimization
becomes less stable (with absolute difference of ~1.7+1.4 (16) mm) when S/N ratio of the measurement is
reduced to ~100. Although further study is needed for more robust evaluation of the stability of the algo-
rithm, the preliminary simulation results suggest promising performance of the proposed length correction
optimization for most u-channel measurement records with S/N ratios of >~10,000.

6. Application to Real Data

To demonstrate the reliability of optimized deconvolution for real u-channel measurement data, we per-
formed optimized deconvolution for 20 repeated measurements of u-channel EW0408-95JC-6 after 30 mT
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Figure 8. Deconvolution of 20 repeated measurements of u-channel sample “EW0408-95JC-6" (after 30 mT AF demagnetization) optimized for (a) In(u) only, (b) In(u) and position shift,
() In(u), position shift, and length correction. Vertical dot dashed lines indicate the end of leader or beginning of trailer measurements. (d) In(u) versus ABIC plot for deconvolution of
each repeated measurement. For deconvolution in Figure 8b and 8¢, only results associated with optimized position shift and/or length correction are shown. (e) Histogram of optimized
position shift values for deconvolution of the 20 measurements. Blue and red bars are from optimized deconvolution in Figure 8b and 8c, respectively. (f) Histogram of optimized length
correction values from optimized deconvolution in Figure 8c.
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AF demagnetization (Figure 8). For each measurement step, deconvolution was optimized only for In(u) first
(Figure 8a), then optimized for In(u) and position shift (Figure 8b), and finally optimized for In(u), position
shift, and length correction (Figure 8c). Ranges used for the optimized deconvolution are —3 to 3 (with 0.2
step) for In(u), —1.5 cm to 1.5 cm (with 0.1 cm step) for position shift, and —0.5 cm to 0.5 cm (with 0.1 cm
step) for length correction, respectively. Figures 8a—8c compare the 20 repeated measurements before
(blue curves) and after optimized deconvolution (red curves). It is clear that deconvolved data for the 20
repeated measurements are highly consistent with each other using any of the three optimized deconvolu-
tion schemes (i.e., In(u) only, In(u) and position shift, and all three parameters), suggesting that optimized
deconvolution can reliably restore high-resolution information for measurement data with realistic errors.

Results of deconvolution using the three different optimization schemes are generally comparable to each
other, but with apparent differences especially near the ends of the sample. For instance, deconvolution
optimized only for In(u) of the 20 repeated measurements (red curves in Figure 8a) shows a significant
increase at the right end of the sample in all three axes. This abnormal increase in the magnetization was
significantly reduced in deconvolution results optimized for both In(u) and position shift (Figure 8b), and for
all three parameters (Figure 8c). A small relative shift (<1 cm) can also be observed in the deconvolved data
between Figure 8a and Figure 8b, as well as between Figure 8a and Figure 8c (see vertical green lines in Fig-
ure 8). The improvements in the solution can also be monitored on the In(u) against ABIC value plots for
each of the 20 deconvolution runs (Figure 8d). Minimum ABIC values for deconvolution optimized for In(u)
and position shift (blue), and for all three parameters (red) show values much smaller than that optimized
for In(u) only (black).

As the u-channel sample was not moved during the 20 repeated measurements, “true” position shift and
length corrections of the 20 runs should be very similar to each other. Figure 8e shows the consistency of
the optimized position shift values for deconvolution of the 20 repeated measurements. All 20 runs of
deconvolution optimized for In(u) and position shift yield optimized position shifts of either 0.8 cm (9 runs)
or 0.9 cm (11 runs) (blue), and 19 of the 20 runs of deconvolution optimized for all three parameters yielded
an optimized position shift of 0.8 cm (red). Figure 8f shows the optimized length correction values for
deconvolution of 20 repeated measurements optimized for all three parameters. The results show a major
peak at 0.1 cm (13 out of 20 runs), and smaller peaks at 0.2 cm (6 out of 20 runs) and 0.3 cm (only 1 run).
The small value of length correction might be the reason for the similarities in deconvolved magnetization
and minimum ABIC for deconvolution optimized for In(u) and position shift, and for all three parameters.
The consistency in optimized position shift and length correction values for the results of 20 repeated meas-
urements indicate that optimized deconvolution can be achieved and is stable considering realistic mea-
surement uncertainties.

7. Conclusions

High quality sensor response estimate was acquired for superconducting rock magnetometer (SRM) at Ore-
gon State University (OSU) based on repeated (150 times) measurements of a precisely fabricated magnetic
point source placed at 25 different positions on a cross section in three orthogonal orientations, over an
~40 cm interval along the track at every T mm intervals. A new deconvolution algorithm was devised incor-
porating new parameters “position shift” and “length correction” along with Akaike’s Bayesian Information
Criterion (ABIC) minimization of Oda and Shibuya [1996]. Analyses on repeated measurements (200 times)
of a u-channel sample after 10 step-wise AF demagnetization treatments indicate that the standard devia-
tion of measurement error is related to the gradient of measured magnetic moment.

The algorithm is tested using synthetic measurement data constructed by convolving the sensor response
with a “true” magnetization resampled from a sedimentary paleomagnetic record containing an excursion.
A total of 1000 simulated noise was superimposed on the synthetic measurement records by randomly tak-
ing standard deviation values according to the distribution of standard deviation for a certain gradient of
measured magnetic moment acquired from repeated measurements. Deconvolution of the 1000 simulated
signals closely resembles the true signal, and successfully restores the excursion that is not observable
before deconvolution. Optimization for “position shift” using synthetic data with realistic noise and a “true”
shift of 0.5 cm successfully reduced the error of deconvolution at the ends of the sample, and the decon-
volved data tracks the true magnetization very well. Optimized “position shift” values are mostly consistent
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with the true value of 0.5cm. Optimization for “length correction” using synthetic data with realistic noise
and a void interval (—0.3 cm) at the sample end clearly yield deconvolved magnetizations that track the
true magnetization very well. A majority of the 1000 optimized “length correction” values match the true
value of —0.3 cm. Deconvolution of 20 repeated real measurements indicates that optimized deconvolution
can be achieved and results are stable considering realistic measurement uncertainties. In order to obtain
more reliable magnetization by deconvolution, a practically designed standard point source, and conven-
ient software for sensor response optimization, as well as precise positioning are needed.
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