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 26 

Abstract 27 

 28 

Pass-through superconducting rock magnetometers (SRMs) enable rapid and precise 29 

remanence measurement of continuous samples and are essential for paleomagnetic studies. 30 

Due to convolution effect of the SRM sensor response, pass-through measurements need to 31 

be deconvolved to restore accurate and high-resolution signal. A key step towards successful 32 

deconvolution is a reliable estimate of the SRM sensor response. Here, we present new tool 33 

URESPONSE for accurate SRM sensor response estimate based on measurements of a well-34 

calibrated magnetic point source (MPS). URESONSE allows sensor response to be estimated 35 

for continuous samples with different cross-section geometry. We estimate sensor responses 36 

for an old liquid-helium-cooled SRM (SRM-old) and a new liquid-helium-free SRM (SRM-37 

new) at University of Southampton, and compare remanence measurement of a u-channel on 38 

both SRMs before and after deconvolution. For each SRM, sensor response estimates based 39 

on data collected using different MPS samples and/or measurement procedures generally 40 

yield small differences (std. < ~1%), while sensor response estimates for continuous samples 41 

with different cross-section geometry often show larger differences (std. up to ~2%). 42 

Compared with SRM-old, SRM-new has smaller cross-axis responses, less negative zones, 43 

and significantly broader main-axis responses. We demonstrate that normalization of data 44 

using a nine-element “effective-length” matrix calculated from sensor response estimate is 45 

necessary to minimize differences in measurements on two SRMs. Deconvolution of 46 

measurements on two SRMs using accurate sensor response estimates yields highly 47 

consistent and high-resolution results, while deconvolution using inaccurate sensor response 48 

data can lead to significant differences especially for data from SRM-old that has large cross-49 

axis responses. 50 
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 54 

Plain Language Summary 55 

 56 

Pass-through superconducting rock magnetometer is one of the most versatile tools for 57 

measuring magnetic signals preserved in rocks, sediments and other materials. It allows long 58 

samples to be measured continuously at high speed and has greatly contributed to 59 

paleomagnetic and environmental magnetic studies. Data acquired on these magnetometers 60 

are smoothed and distorted because of the way the magnetometer's sensors respond to signal 61 

carried by the sample. To overcome these effects, we developed a software to estimate how 62 

the magnetometers' sensors respond to sample signal in 3D space. The software reads 63 

measurement data collected using a small volume sample with known stable magnetic signal, 64 

and uses the data to calculate the magnetometer's response to samples with different shape. 65 

The sensors of two different magnetometers appear to respond to signal carried by the same 66 

sample in distinct ways, and measurements of the same sample on the two magnetometers 67 

show significant differences. A simple correction using factors calculated by the software can 68 

largely reduce these differences. We also show that estimates of the magnetometer's sensor 69 

responses produced by the software can be used to restore detailed and consistent magnetic 70 

signals through inverse calculation. 71 

 72 

 73 

1. Introduction 74 

 75 
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The development of pass-through superconducting rock magnetometers (SRM) has allowed 76 

high-sensitivity and rapid measurement of remanent magnetizations in continuous rock and 77 

sediment samples (e.g., Dodson et al., 1974; Weeks et al., 1993). The large volume of 78 

continuous records acquired on SRMs using u-channel samples (Tauxe et al., 1983) have 79 

greatly contributed to paleomagnetism and environmental magnetism studies (e.g., Channell 80 

et al., 2009; Roberts et al., 2013). These records represent one of the most important data 81 

archive in the building of paleomagnetic databases (e.g., Brown et al., 2015) and provide 82 

valuable constraints on time and spatial varying geomagnetic field models (e.g., Korte et al., 83 

2011; Nilsson et al. 2014). However, continuous measurements on pass-through SRMs are 84 

smoothed and distorted due to convolution effect of the SRM’s sensor response (e.g., Roberts 85 

2006; Philippe et al., 2018), and it is desirable to perform deconvolution as a routine for 86 

processing pass-through paleomagnetic data to restore accurate and high-resolution remanent 87 

magnetization signal.  88 

 89 

Various algorithms have been proposed to deconvolve continuous paleomagnetic data 90 

acquired on pass-through SRMs (e.g., Dodson et al., 1974; Constable & Parker, 1991; Oda & 91 

Shibuya, 1996; Jackson et al. 2010). Jackson et al. (2010) compared deconvolution results 92 

estimated using singular value decomposition and regularized least squares with those 93 

estimated using the Akaike’s Bayesian Information Criterion (ABIC) minimization-based 94 

method (Oda & Shibuya, 1996), and demonstrated that if the SRM sensor response is 95 

accurately estimated the three methods recover consistent and high-resolution magnetization 96 

signal. Building on the ABIC-minimization based method, Oda and Xuan (2014) developed 97 

an improved deconvolution algorithm that considers realistic uncertainties in sample length 98 

and measurement position. The new algorithm is implemented in the UDECON software 99 

(Xuan & Oda, 2015), which allows the users to directly read measurement files produced by 100 
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pass-through SRMs and perform optimized deconvolution. Yamamoto et al. (2018) used 101 

UDECON together with a recent sensor response estimate of the SRM at Kochi Core Center 102 

(Oda et al., 2016) to demonstrate that deconvolution can restore detailed magnetization 103 

direction and intensity signal comparable to those measured using back-to-back discrete 104 

samples, supporting the results of experiments conducted by Guyodo et al. (2002) that 105 

compared deconvolved u-channel data with measurements of discrete samples cut from the u-106 

channel.        107 

 108 

A key step towards successful deconvolution is to obtain an accurate estimate of the SRM’s 109 

sensor response for a continuous paleomagnetic sample. SRM sensor response is defined by 110 

the geometry of pick-up coils and superconducting shield as well as the shape of the 111 

paleomagnetic samples (e.g., Shibuya & Michikawa, 2000; Jackson et al., 2010; Oda & Xuan, 112 

2014). For example, Lascu et al. (2012) conducted deconvolution experiments on pass-113 

through data collected on continuous cement samples with different cross sections and 114 

concluded that it is important to perform deconvolution using SRM response function 115 

tailored specifically for the shape of the sample. Estimation of SRM sensor response often 116 

involves repeated pass-through measurements of a very thin test sample (Constable & Parker, 117 

1991), sheets of magnetic tape (Oda & Shibuya, 1996), a short-length magnetic tape mounted 118 

in a glass tube (Parker & Gee, 2002), or a synthetic cube sample (Jackson et al., 2010). To 119 

avoid potential issue caused by sample inhomogeneity and/or varying procedures for sensor 120 

response estimate of different axes, Oda and Xuan (2014) introduced magnetic point source 121 

(MPS) sample held in the center of a small cube with six faces parallel or orthogonal to the 122 

magnetic moment direction of the MPS to collect measurement data for SRM sensor response 123 

estimate. The MPS sample can be repeatedly measured while it is precisely placed at 124 

different positions on cross-section orienting parallel/antiparallel to each of the three SRM 125 
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axes. This method was used to estimate sensor response of the SRMs at the Oregon State 126 

University (Oda & Xuan, 2014) and the Kochi Core Center (Oda et al., 2016).  127 

 128 

SRM measurements of an MPS sample produce a rich set of data making it possible to 129 

accurately estimate SRM sensor response for pass-through measurements collected at 130 

different resolution and for paleomagnetic samples with various shape. However, there is 131 

currently no algorithm/tool available to facilitate the optimization of SRM sensor response 132 

estimate. In this study, we first develop a new software URESPONSE with easy-to-use 133 

graphical user interface to process MPS data and make accurate and customized SRM sensor 134 

response estimates for paleomagnetic sample measurements in preparation for reliable 135 

deconvolution in UDECON. The software is then used to estimate and compare sensor 136 

responses of two types of 2G-Enterprises pass-through SRMs available at the University of 137 

Southampton. We compare measurements of a u-channel sample collected on both SRMs and 138 

discuss cross-calibration and improved normalization method needed to reduce discrepancies 139 

in paleomagnetic data acquired on different SRMs. We also demonstrate that deconvolution 140 

of paleomagnetic data measured on different SRMs using accurate SRM sensor response 141 

estimates produce highly consistent and high-resolution results.      142 

 143 

2. Samples and Methods 144 

 145 

2.1 Magnetic point source samples and measurements 146 

 147 

University of Southampton (UoS) houses two generations of 2G Enterprises pass-through 148 

superconducting rock magnetometers (SRMs) in a magnetically shielded room (Figure 1a): 149 

an old liquid-helium cooled SRM and a new liquid-helium free SRM (hereinafter referred to 150 
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as SRM-old and SRM-new, respectively). SRM-old was originally installed in 1991 with 151 

radio frequency (RF) superconducting quantum interference devices (SQUID) and a large 152 

sample access bore (7.6 cm diameter), and was upgraded in 2001 with direct current (DC) 153 

SQUID and a narrow sample access bore (4.2 cm diameter). SRM-new was installed in 154 

September 2017 and is equipped with a pulse tube cryocooler that operates completely liquid-155 

helium free. SRM-new is equipped with DC SQUID and a narrow sample access bore (4.2 156 

cm diameter). The three orthogonal measurement axes of both SRMs have been configured 157 

so that when viewed from the side with the sample load/unload zone on the right, the +X, +Y 158 

and +Z axes point vertically down, horizontally away, and horizontally to the right, 159 

respectively (Figure 1b).   160 

 161 

Two magnetic point source (MPS) samples (i.e. MPS-2 and MPS-11 created in 2011 and 162 

2015, respectively) were used in this study for sensor response estimate of the SRMs at UoS. 163 

MPS-2 and MPS-11 were previously used for sensor response estimates of SRMs at the 164 

Oregon State University (Oda & Xuan, 2014) and the Kochi Core Center (Oda et al., 2016), 165 

respectively. Both MPS samples were made using plastic magnet powders (Hc = 890 mT, 166 

Hcr = 894 mT) and instant glue. For MPS-2, a 2.5-T pulse magnetic field was applied three 167 

times while the instant glue was hardening (Oda & Xuan, 2014). For MPS-11, static magnet 168 

with a peak magnetic field of 1.4 T was applied for ~10 seconds while the instant glue was 169 

hardening. Both MPS samples were subsequently demagnetized using alternating field (AF) 170 

with a peak field of 50 mT. The MPS samples are enclosed in the center of a plastic cube 171 

with 5 mm edge length, and carry a stable remanent magnetization perpendicular to one 172 

surface of the cube (Figure 1c). Magnetic moment of the two MPS samples has been 173 

monitored through time on an ASPIN-2 spinner magnetometer (Natsuhara Giken Co. Ltd.) at 174 

the National Institute of Advanced Industrial Science and Technology (AIST) in Japan 175 
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(Figure 2, Tables S1 and S2). A well-shaped holder was used to ensure accurate orientation 176 

of MPS-11 magnetic moment during spinner magnetometer measurement (see Figure S1).  177 

 178 

We conducted multiple sets of MPS measurements on both SRMs at UoS between December 179 

2013 and March 2018. Each set of MPS measurements involves measuring the MPS at high-180 

resolution (i.e. 1 to 10 mm spacing) over the possible sensor response range along the SRM 181 

Z-axis (typically about 40-50 cm). MPS is repeatedly measured while it is placed at different 182 

grid positions on the X-Y cross-section plane orienting parallel or antiparallel to each of the 183 

three SRM axes (Figures 1b-c). A cubic plastic block with 25 mm edge length and 5×5 or 184 

4×4 grids marked or carved on one surface is used to hold the MPS at different positions on 185 

the X-Y cross-section (Figure 1c). Grid positions on the block with 5×5 grids are evenly 186 

distributed with 5 mm × 5 mm spacing and orientation of the MPS cube at each grid position 187 

is controlled by a plastic rod (Oda & Xuan, 2014). Grid positions on the block with 4×4 grids 188 

are evenly distributed with 6 mm × 6 mm spacing and MPS cube orientation at each grid 189 

position is constrained by precisely carved plastic walls on four sides (Oda et al., 2016). Four 190 

(three) sets of MPS measurements were collected on SRM-old (SRM-new). These 191 

measurements used various combinations of MPS sample, measurement resolution, and 192 

cross-section grids (see Table 1). MPS-2 was used for measurements on SRM-old in Dec 193 

2013, and all the rest of MPS measurements for this study were collected using MPS-11. 194 

Note that for MPS-11 measurements made on SRM-new in Sept. 2017, SRM-new X-axis 195 

measurements experienced drifting issues and hence X-axis data from those measurements 196 

are not used for analysis in this study.  197 

 198 

2.2 New algorithm for SRM sensor response estimate 199 

 200 
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To estimate each of the nine SRM sensor response terms (i.e. XX, XY, XZ, YX, YY, YZ, ZX, 201 

ZY, ZZ; where in each term the first letter denotes orientation of the MPS and the second 202 

letter denotes the SRM pick-up coil), MPS measurements of that term for all cross-section 203 

grid positions at each measurement interval (along the Z axis) are usually interpolated using a 204 

2D spline function at high resolution (e.g. every 1 mm
2
) and then integrated over the cross-205 

section area of pass-through samples (Oda & Xuan, 2014; Xuan & Oda 2015; Oda et al., 206 

2016). In this study, we process all measurement data related to each response term as 3D 207 

matrix, and use 3D spline interpolation (e.g. at 1 mm
3
 resolution) followed by 3D integration 208 

to estimate SRM sensor response. The 3D interpolation approach is more robust than 2D 209 

interpolation at each measurement position as it considers links between nearby measurement 210 

positions, and would have better performance especially considering positioning errors of the 211 

SRM tracking system (e.g. Oda et al., 2016). By integrating the interpolated data over 212 

different 3D volumes, the new approach allows SRM sensor response to be estimated at 213 

different resolution along the Z-axis and for continuous samples with different rectangular 214 

shape and/or center position on cross section (Figure 3). We incorporate the new algorithm in 215 

MATLAB (version 2018a) program and develop easy-to-use software with graphical user 216 

interface to conveniently estimate SRM sensor response for different scenarios based on MPS 217 

measurements (Figure 4).  218 

 219 

2.3 Test u-channel measurements and deconvolution 220 

 221 

To investigate how sensor response of different SRMs influence measurements of the same 222 

sample and test if deconvolution using varying sensor response estimates can restore 223 

consistent and high-resolution signal, we repeatedly measured a u-channel sample on the two 224 

SRMs at UoS. The u-channel sample was taken from the archive-half of Core-section 225 
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U1438B-3H-2A recovered during International Ocean Discovery Program (IODP) 226 

Expedition 351 to the western Pacific (Arculus et al., 2015). The u-channel sample is 1.5m 227 

long with an inner cross section of ~1.9 cm (height) by ~1.8 cm (width), and mainly 228 

comprises light olive gray mud and moderate yellowish-brown mud. The sample recorded a 229 

geomagnetic polarity transition corresponding to top of the Jaramillo subchron (~0.99 Ma). 230 

The u-channel sample was AF demagnetized with peak fields of 45 mT, and natural 231 

remanence of the sample was repeatedly measured for ten times on SRM-old. The sample is 232 

then immediately transferred and repeatedly measured for ten times on SRM-new. All 233 

measurements were collected at 1-cm resolution over the sample length as well as over a 10-234 

cm ‘leader’ interval before the sample and a 10-cm ‘trailer’ interval after the sample. For 235 

deconvolution test, we used the UDECON software (Xuan & Oda, 2015) and various sensor 236 

response estimates calculated using the new algorithm to optimize and compare 237 

deconvolution of the measurements made on the two SRMs.  238 

 239 

3. Results and Discussions 240 

 241 

3.1 The URESPONSE software 242 

 243 

We have developed a MATLAB program URESPONSE with graphical user interface (GUI) 244 

to conveniently estimate SRM sensor response using the new algorithm based on repeated 245 

measurements of an MPS sample. URESPONSE generates SRM sensor response data files 246 

that can be directly read and used in the UDECON software (Xuan & Oda, 2015) for 247 

optimized deconvolution. URESPONSE reads an Excel file that summarizes necessary 248 

information about the MPS measurements, and allows users to conveniently view and 249 

compare the MPS data (Figure 4a). The Excel summary file, a measurement data format file 250 
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same as that described by Xuan and Oda (2015) for the UDECON software, and a folder 251 

containing all MPS measurement data files should be placed in the same folder. Measurement 252 

of the MPS sample while it is placed at different grid positions on cross-section orienting 253 

towards different SRM measurement axes should be stored in separate files. MPS 254 

measurement data are labeled and organized on the top right ‘Measurement’ panel in 255 

URESPONSE according to grid position on cross-section and MPS orientation (Figure 4a). 256 

All grid positions are plotted on the middle right ‘Grids’ panel based on their coordinates on 257 

the X-Y cross-section plane. Users can choose to view individual or any combination of MPS 258 

data associated with different grid positions and/or MPS orientations by selecting 259 

corresponding label(s) on the ‘Measurement’ panel (Figure 4a). Selected grid positions are 260 

highlighted on the ‘Grids’ panel. Users can also choose to show MPS data measured along 261 

any combination of the SRM measurement axes using checkboxes located in the ‘Terms’ 262 

panel on the bottom right of the software.  263 

 264 

The ‘Response Estimate Parameters’ panel on the bottom of URESPONSE (Figure 4b) 265 

includes parameters that can be adjusted for SRM sensor response estimate.  These 266 

parameters define the resolution of 3D interpolation for each of the nine response terms and 267 

3D volumes (see Figure 3) for subsequent integration of the interpolated data that correspond 268 

to paleomagnetic sample geometry and measurement intervals. The ‘On cross section’ and 269 

‘Along the track’ boxes define resolution of the 3D interpolation grids on the cross-section 270 

and along the track, respectively. The ‘Cross-section center offset (cm)’ and ‘Integration 271 

volume dimension (cm)’ boxes define the volume over which the 3D integration is done for 272 

SRM sensor response estimates. Values in the ‘Height’ and ‘Width’ boxes are used to define 273 

the cross-section shape of the volume occupied by a paleomagnetic sample, and value in the 274 

‘Length’ box defines length of the 3D integration volume along the track and should match 275 
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the actual measurement interval of paleomagnetic sample along the track. ‘Horizontal’ and 276 

‘Vertical’ offset values are used to quantify difference in center positions between the 277 

paleomagnetic sample and the MPS measurement grids on cross-section. Radio buttons are 278 

provided to choose between two options for normalization of the integrated raw sensor 279 

response: (1) absolute magnetic moment of the MPS sample if provided in the Excel 280 

summary file; or (2) the average of the maximum response value of the XX and YY terms.  281 

 282 

When all ‘Response Estimate Parameters’ are set, users can press the ‘Calculate SRM 283 

Response’ button to generate a sensor response estimate (Figure 4b). Note that as the ZZ 284 

response term often show double peaks, the center position of the calculated SRM sensor 285 

response along the Z-axis is determined by averaging the maximum response positions of the 286 

XX and YY terms. Comparison of the estimated and user measured MPS position is 287 

displayed on the upper left corner below nine EL values providing information on if 288 

measurement positions of the SRM are properly calibrated. Users can view either the 289 

integrated raw or normalized sensor response using the ‘Show Normalized Response’ 290 

checkbox beneath the ‘Response’ panel. Cross section area of the volume used for response 291 

estimate is shown as a red rectangle on the ‘Grids’ panel along with interpolated grid points 292 

shown as small black dots. Checkboxes on the ‘Terms’ panel can be used to view any 293 

combination of the nine response terms. Users can generate multiple versions of response 294 

estimates and different response estimate can be viewed by selecting corresponding label on 295 

the ‘Response’ panel. When selected, any terms checked on the ‘Terms’ panel are shown in 296 

the main plot area, and parameters used for the response estimate are shown in relevant boxes 297 

on the ‘Response Estimate Parameters’ panel (Figure 4b). To export any of the normalized 298 

response estimate data as a tab-delimited text file, users can select corresponding estimate on 299 

the ‘Response’ panel and click the second icon in the toolbar located on the top left. The 300 
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exported file can be directly read by the UDECON software (Xuan and Oda, 2015) as 301 

‘response file’ and used for optimized deconvolution.  302 

 303 

3.2 Cross calibration of the MPS samples and SRMs 304 

 305 

In order to compare and calibrate measurements made on different SRMs, MPS samples used 306 

for sensor response estimates should: (1) have magnetization direction precisely 307 

perpendicular to one surface of the well-shaped small cube containing the MPS; and (2) have 308 

their absolute magnetic moment values well estimated and monitored over time. Magnetic 309 

moment directions of MPS-11 measured on spinner magnetometer at AIST show average 310 

deviation of ~0.5° from the expected direction perpendicular to the MPS cube surface (Table 311 

S1). For MPS-2, average deviation of the magnetic moment directions is ~3° (Table S2).  312 

 313 

Magnetic moment values of MPS-11 monitored on spinner magnetometer at AIST are shown 314 

in Figure 2a. Note that values shown have been corrected using sensitivity factor of the 315 

spinner magnetometer calculated based on measurements of a reliable standard sample (see 316 

Table S1). Changes in the magnetic moment of MPS-11 are generally small (maximum ~3%) 317 

with majority of the changes happen within the first about two years, after which MPS-11 318 

appears to have reached equilibrium and remained stable (changes <~0.1%). MPS-11 319 

magnetic moment values fit well with a sigmoidal curve (red dotted line in Figure 2a). 320 

Estimated magnetic moment values of MPS-11 on dates when it was measured on SRM-old 321 

or SRM-new for this study, i.e. Jan. 2016, Oct. 2017, and Mar. 2018 (vertical dashed lines in 322 

Figure 2), were 5.300×10
-4

 emu, 5.244×10
-4

 emu and 5.244×10
-4

 emu, respectively. MPS-2 323 

was measured at AIST on an SMM-85 spinner magnetometer in Jun. 2011, and then on an 324 

ASPIN-2 spinner magnetometer in Dec. 2013 (Table S2). We translate the SMM-85 325 
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measurement of 6.012×10
-3

 emu to a predicted ASPIN-2 measurement of 6.174×10
-3

 emu, 326 

based on a conversion factor of 1.027 estimated using measurements of other MPS samples 327 

on both spinner magnetometers (see details in Table S2). The sensitivity corrected magnetic 328 

moment value of 5.937×10
-3

 emu was acquired for MPS-2 on ASPIN-2 in Dec. 2013 around 329 

the time when the first two sets of MPS measurements on SRM-old were conducted (i.e. 330 

SRM-old_Est1 and SRM-old_Est2). The new ASPIN-2 measurement of MPS-2 suggests an 331 

~3.8% decay in ~30 months since it was created in June 2011.  332 

 333 

In Figure 2, magnetic moment of MPS samples measured on SRM-old and SRM-new are 334 

shown as red and blue circles, respectively. These values are calculated by averaging peak 335 

values in XX, YY, and ZZ terms after integrating 3D-interpolated data (using 0.5×0.5×0.5 336 

mm
3
 grids) over a 1×1×1-cm

3
 volume with cross-section centered in that of a u-channel (see 337 

Table S4 for comparisons of values calculated by integration over volumes of 0.5×0.5×0.5 338 

mm
3
, 1×1×1 cm

3
, and 2×2×2 cm

3
 for the two SRMs). MPS magnetic moment values 339 

acquired on SRM-new are close to those measured using the spinner magnetometer with 340 

deviations of ~0.25%, whereas values acquired on SRM-old show consistent deviations of 341 

~2.5% compared with those measured using spinner magnetometer (Figure 2b). Smaller 342 

deviations on SRM-new could be related to a better calibration by the manufacturer due to 343 

the recent installation in 2017 and relatively wider flat sensor response in the center. The 344 

larger deviations on SRM-old could be due to calibration of SRM-old at the time of 345 

installation. Although 1×1×1-cm
3
 volume used for integration in our estimate of magnetic 346 

moment values of MPS samples should be comparable to that of a calibration coil, the 347 

measurements with a calibration coil could have been influenced by sharper changes due to 348 

narrower sensor response of SRM-old and possible offsets from the center of the pick-up 349 

coils. 350 
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 351 

3.3 Sensor response estimates of the two SRMs at University of Southampton 352 

 353 

We used URESPONSE to process each set of MPS measurements listed in Table 1 and create 354 

sensor response estimates for the two SRMs at UoS. Default values of ‘Response Estimate 355 

Parameters’ in URESPONSE are used for results shown in Figure 5 (i.e. ‘Horizontal’ and 356 

‘Vertical’ offsets of 0 cm and 0.1 cm, and ‘Height’, ‘Width’ and ‘Length’ of 1.9 cm, 1.8 cm 357 

and 1 cm, respectively). Results shown in Figure 5 are normalized using average of the 358 

maximum values in XX and YY terms. For MPS-11 measurements conducted on both SRMs 359 

in October 2017 using the same setting (see Table 1), we also calculated response estimates 360 

(Figures 6a&d) that are normalized using the MPS-11 magnetic moment value (i.e. 5.244×10
-

361 

4
 emu). In addition, we calculated response estimates that simulate two cases of u-channel 362 

sample measurements (Figures 6b-c, e-f): a partially filled sample (i.e. by setting ‘Height’ 363 

value and ‘Vertical’ offset to 1 cm and 0.55 cm respectively), and a sample placed with a 364 

horizontal offset of 2 mm towards the -Y direction (i.e. by setting ‘Horizontal’ offset to -0.2 365 

cm).  366 

 367 

For each response estimate in Figure 5, we calculated full widths at half maximum (FWHM) 368 

for the main-axis response terms (i.e. XX, YY, and ZZ) which define the main character of 369 

the sensor response geometry. FWHM values of SRM-old range between 4.49-4.54 cm for X 370 

axis (average 4.52 cm), 4.53-4.56 cm for Y axis (average 4.55 cm), and 5.33-5.41 cm for Z 371 

axis (average 5.37 cm). FWHM values of SRM-new range between 7.89-7.92 cm for X axis 372 

(average 7.91 cm), 7.64-7.72cm for Y axis (average 7.68 cm), and 7.43-7.50 cm for Z axis 373 

(average 7.46 cm). In general, differences in estimated FWHM values for each main-axis 374 

response term are <0.1 cm. FWHM values of SRM-new are significantly larger (~2.1-3.4 cm) 375 
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than those of SRM-old. FWHM values of SRM-new for the three axes are comparable with 376 

one another (difference < 0.5 cm). Whereas, FWHM values of SRM-old in Z-axis are 377 

significantly larger (~0.8 cm) than those in X- or Y-axis.  378 

 379 

We also calculated effective length (EL) for each main-axis response term (Figure 5). EL is 380 

estimated by calculating the area under each of the normalized main-axis response curves, 381 

and used together with sample cross-section area to calculate volume normalized 382 

magnetizations for SRM measurements. For each SRM, different response estimates yielded 383 

comparable EL values (differences < ~0.1 cm). SRM-old has EL values of ~3.98 cm, ~4.17 384 

cm, and ~6.23 cm for X, Y, and Z axis, respectively. SRM-new has EL values of ~7.65 cm, 385 

~7.44 cm, and ~7.90 cm for X, Y, and Z axis, respectively. EL values of Z-axis for both 386 

SRMs (especially SRM-old) are the largest among the three main-axis response terms, partly 387 

due to the fact that ZZ term does not have negative parts as a result of its pick-up coil 388 

geometry.  389 

 390 

Cross-axis response terms are usually <5% for SRM-new (Figures 5e-g). For SRM-old, 391 

cross-axis response terms are mostly <15% (Figures 5a-d), but can reach ~30% (i.e. in ZX 392 

term). The large ZX term on SRM-old is likely related to position of the X pick-up coil 393 

relative to the integrated volume for response estimate. This is supported by the observation 394 

that ZX term of MPS measurements on SRM-old increases in amplitude when cross-section 395 

grid position of MPS sample moves from the bottom to the top. Significant YX and XY terms 396 

on SRM-old could be originated from a rotation of the SRM sample tray plane relative to Y-397 

Z plane defined by the Y and Z pick-up coils. Similar rotation was reported by previous 398 

sensor response estimates of SRMs at different laboratories (e.g. Parker & Gee 2002; Roberts 399 

2006; Jackson et al. 2010; Oda & Xuan 2014; Oda et al., 2016). 400 
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 401 

In Figure 7, we directly compare response estimates for SRM-old (Figure 7a) and SRM-new 402 

(Figure 7b) by subtracting response estimates shown in Figures 5 and 6 from SRM-old_Est4 403 

and SRM-new_Est2, respectively. Histograms of corresponding differences in response 404 

estimates for SRM-old and SRM-new are shown in Figures 7c&d. Response estimates based 405 

on MPS data collected at different times following the same measurement procedure (e.g. 406 

SRM-old_Est3 and SRM-old_Est4, and SRM-new_Est3 and SRM-new_Est2; see Table 1) 407 

produce very similar results with differences typically <2% and std. of ~0.4% (black curves 408 

in Figure 7). For SRM-new, response estimate based on 1-cm resolution MPS measurement 409 

(i.e. SRM-new_Est1) show differences up to >5% (e.g. in ‘ZY’ term) with std. of ~1.1% 410 

(dark blue curves in Figure 7b), suggesting higher-resolution MPS measurements (e.g. 2mm) 411 

are preferred for accurate sensor response estimate. For SRM-old, response estimates based 412 

on 1-mm resolution MPS-2 measurements yield generally comparable results with 413 

differences mostly <5% (std. of ~0.7-1%) but reaching 5% around a negative peak of ZX 414 

term for SRM-old_Est2 (see dark and light blue curves in Figures 7a&c). These differences 415 

could be related to less-well constrained magnetic moment direction of MPS-2 (see Section 416 

3.2).  417 

 418 

For both SRMs, response estimates for a partially filled u-channel (see Figures 6b&e) show 419 

large deviations from the reference estimates with differences reaching >10% (e.g. in ZY 420 

term) and std. of ~1.7-1.9% (red curves in Figure 7). Response estimates for horizontally 421 

shifted (e.g. by 2 mm) u-channel (see Figures 6c&f) also show large deviations from the 422 

reference estimates with differences reaching >5% (e.g. in ZX term) and std. of ~0.8-1% 423 

(green curves in Figure 7). These observations are supported by the histograms of the 424 

differences (Figures 7c&d), which show that majority of the difference values are small (i.e. 425 
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<~2%) while response estimates for partially filled (red curves in Figures c&d) or 426 

horizontally shifted (green curves in Figures c&d) samples yield larger range of differences.  427 

 428 

3.4 Comparison of u-channel data measured on two SRMs 429 

 430 

Repeated magnetic moment measurements (ten times) of the test u-channel made on the same 431 

SRM are highly consistent with one another, and differences between them are barely 432 

observable in Figure 8a. However, there are substantial differences between magnetic 433 

moments obtained from SRM-old and SRM-new. Magnetic moments obtained from SRM-434 

new are smoother and significantly larger than those from SRM-old due to the generally 435 

broader sensor responses that integrate signal over longer intervals of the u-channel (i.e. 436 

FWHM and EL are ~2-3 cm longer on SRM-new, see Figure 5).  437 

 438 

The default software provided by the SRM manufacturer (2G Enterprises) converts voltage 439 

readings on an SRM to magnetic moment in ‘emu’ using a coefficient in ‘emu/volts’ for each 440 

axis determined based on factory calibration. Magnetic moment (𝒅𝒊 in emu) values are then 441 

normalized by sample cross-section area (𝒂  in cm
2
) and EL of each axis (𝒍𝒊  in cm) to 442 

calculate volume normalized magnetizations (𝒎𝒊 in emu/cc), following the formulae below.    443 

 444 

𝒅𝒊 =  𝒂 ∙ 𝒍𝒊 ∙ 𝒎𝒊            (1), 445 

 446 

where 𝒊 represents either X-, Y-, or Z-axis data. We refer to magnetization calculated using 447 

formulae (1) as single EL normalized magnetization. Magnetizations of the test u-channel 448 

calculated using single EL normalization of repeated magnetic moment measurements on the 449 

two SRMs are shown in Figure 8b. Single EL normalized data from the two SRMs appear to 450 
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be more comparable than data from the two SRMs before the normalization (Figures 8a&b). 451 

Although single EL normalized magnetizations from the two SRMs seem to match well along 452 

the Z axis (some differences are related to position shift along the Z-axis), there are 453 

significant differences along the X- and Y-axis data from the two SRMs. These differences 454 

are likely due to non-negligible cross-axis response terms that are not accounted for by the 455 

single EL normalization.  456 

 457 

We propose to normalize magnetic moment measurements on SRMs using sample cross-458 

section area and a nine-term EL matrix following formulae (2) below.  459 

 460 

[

𝒅𝑿

𝒅𝒀

𝒅𝒁

] =  𝒂 ∙ [

𝒍𝑿𝑿 𝒍𝒀𝑿 𝒍𝒁𝑿

𝒍𝑿𝒀 𝒍𝒀𝒀 𝒍𝒁𝒀

𝒍𝑿𝒁 𝒍𝒀𝒁 𝒍𝒁𝒁

] ∙ [

𝒎𝑿

𝒎𝒀

𝒎𝒁

]        (2), 461 

 462 

where l is a tensor with nine components corresponding to effective lengths calculated from 463 

each of the nine normalized SRM sensor response terms. This nine-term EL matrix accounts 464 

for the fact that each vector component of measured magnetic moment is affected by 465 

magnetization along all three axes through SRM sensor response including cross terms. 466 

Magnetization 𝒎 can be calculated by solving formulae (2) with the inverse matrix of l. We 467 

refer to magnetization calculated using formulae (2) as full EL normalized magnetization. 468 

URESPONSE software automatically calculates and displays the nine-term EL matrix on top 469 

left region of the main plot (see Figure 4b). Magnetizations of the test u-channel calculated 470 

using full EL normalization of repeated magnetic moment measurements on the two SRMs 471 

are shown in Figure 8c. It is clear that full EL normalization largely reduces the discrepancies 472 

between data acquired on the two SRMs.  473 

 474 
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We compare declination, inclination, and total magnetization intensity data of the test u-475 

channel acquired on the two SRMs using both single and full EL normalized data in Figure 9. 476 

The two normalization methods yield only very minor differences for data acquired on SRM-477 

new. This is probably due to less significant cross-axis response terms and larger FWHM of 478 

the main-axis response terms on SRM-new (i.e. EL matrix of SRM-new is dominated by 479 

main-axis response contributions with almost negligible contributions from the cross-axis 480 

response terms). Declination data acquired on SRM-old using single and full EL 481 

normalizations, however, show differences up to ~10° (light and dark gray curves in Figure 482 

9a). This large discrepancy is likely related to large contributions of cross-terms on SRM-old 483 

sensor response especially in YX and XY terms (see Figure 4) that are not compensated for 484 

by single EL normalization. Declinations acquired on both SRMs using full EL normalized 485 

data are more consistent with one another (dark gray and dark blue curves in Figure 9a), 486 

compared with those acquired using single EL normalized data (light grey and light blue 487 

curves in Figure 9a).   488 

 489 

3.5 Comparison of deconvolved u-channel data 490 

 491 

Although full EL normalization compensates for differences in SRM sensor responses to 492 

some extent and provides a reasonable correction of paleomagnetic data acquired on different 493 

SRMs, it is not sufficient to overcome differences or smoothing introduced by sensor 494 

responses of different SRMs. A fundamental solution to restore the high-resolution and 495 

undistorted signal relies on deconvolution. Deconvolved magnetization data of the u-channel 496 

using measurements acquired on SRM-old (SRM-new) and response estimate of SRM-497 

old_Est4_v2 (SRM-new_Est2_v2) normalized using calibrated MPS magnetic moment are 498 

shown in Figure 8d. Corresponding declination, inclination, and total magnetization intensity 499 
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data are compared in Figure 9. Errors associated with the deconvolution of  X, Y, and Z data 500 

are shown in Figure S2 and are typically two orders of magnitudes lower than the signal.  501 

 502 

Deconvolution results of repeated measurements on the same SRM (ten times) show little 503 

difference, suggesting that typical errors associated with the SRM measurements of the 504 

sample do not yield significant differences in optimized deconvolution using UDECON if the 505 

same accurate sensor response estimate is used. Deconvolved SRM-old and SRM-new data 506 

are remarkably similar on all three axes in terms of both amplitudes and detailed variabilities 507 

(Figure 8d). In addition, optimized deconvolution using UDECON apparently has also 508 

accounted for position shift observable between SRM-old and SRM-new data before 509 

deconvolution (Figures 8b&c). Deconvolved paleomagnetic directions and total 510 

magnetizations are again highly consistent between SRM-old and SRM-new results (green 511 

and red curves in Figure 9), and show clearly repeatable and high-resolution variabilities that 512 

are not observed in data before deconvolution. For example, the large swing in inclination at 513 

~50 cm seen in deconvolved data from both SRM-old and SRM-new, was not shown in data 514 

before deconvolution. These results suggest that using accurate sensor response estimates 515 

generated by URESPONSE, deconvolution can successfully overcome the smoothing and 516 

distortion effects induced by the sensor responses of different SRMs.  517 

 518 

For u-channel measurements on each SRM, we also conducted deconvolution using three 519 

additional response estimates that simulate: (1) a partially filled u-channel (i.e. SRM-520 

old_Est4_v3 and SRM-new_Est2_v3), (2) u-channel that is placed horizontally shifted (2 mm 521 

towards -Y) on the sample tray (i.e. SRM-old_Est4_v4 and SRM-new_Est2_v4), and (3) no 522 

cross-axis response terms (i.e. SRM-old_Est4_v2 and SRM-new_Est2_v2 with cross terms 523 

set to 0). Corresponding deconvolved data are compared in Figure 10 together with those 524 
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deconvolved with sensor response estimates calculated using default URESPONSE 525 

parameters (i.e. SRM-old_Est4_v2 and SRM-new_Est2_v2).  526 

 527 

Deconvolution of SRM-old data using response estimate without cross-terms (black curves in 528 

Figures 10a-c) yield the largest deviations from the reference deconvolution result using 529 

SRM-old_Est4_v2 (red curves in Figures 10a-c). The differences are particularly large for X-530 

axis data and for some intervals (e.g. ~40-70 cm) of the Y-axis data. Deconvolution of SRM-531 

old data using response estimates that simulate partially filled (blue curves in Figures 10a-c) 532 

or horizontally shifted (green curves in Figures 10a-c) u-channels show smaller but 533 

significant deviations from the reference data especially for some intervals of the X- and Y-534 

axis results. These results demonstrate the large contribution of cross-terms in SRM-old 535 

measurements and the importance of accurate sensor response estimate for reliable 536 

deconvolution of SRM-old data.   537 

 538 

Deconvolution of SRM-new data using different response estimates appears to yield 539 

generally small differences from the reference deconvolution result using SRM-new_Est2_v2 540 

(red curves in Figures 10d-f). Deconvolution of SRM-new data using different response 541 

estimates presented here seems to show smaller deviations in results for Z-axis than those for 542 

X- and Y-axis (Figure 10f). Deconvolution of SRM-new data using response estimate 543 

without cross-terms (black curve in Figure 10d) or response estimate for horizontally shifted 544 

u-channel (green curve in Figure 10d) shows some deviations in X-axis results. 545 

Deconvolution using response estimate associated with a partially filled u-channel yields 546 

deviations for some intervals in Y-axis results (blue curve in Figure 10e). The fact that sensor 547 

response estimates of SRM-new (Figures 4b, 5e-g, and 6d-f) show generally small amplitude 548 

cross-terms (i.e. XY, YX, XZ and YZ terms) or have comparable positive and negative areas 549 
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in cross-terms (i.e. ZX and ZY terms) could explain why deconvolution using sensor 550 

response estimate without cross-terms does not seem to generate significant differences.  551 

 552 

4. Conclusions 553 

 554 

We present new algorithm and software (URESPONSE) for sensor response estimate of a 555 

superconducting rock magnetometer (SRM) based on 3D interpolation and integration of 556 

measurement data of well-calibrated magnetic point source (MPS) samples. The new 557 

algorithm allows SRM sensor response to be estimated for measurements of samples with 558 

different rectangular shapes and/or center position on cross-section, and for pass-through 559 

measurements made at different resolutions.  560 

 561 

Using multiple sets of MPS measurements and URESPONSE, we compared sensor response 562 

of two SRMs at the University of Southampton. MPS magnetic moment obtained from SRM-563 

old and SRM-new measurements show deviations of ~0.25% and ~2.5% from values 564 

acquired on well-calibrated spinner magnetometer. Sensor response estimates for each SRM 565 

using different sets of MPS measurements yielded small differences (std. < ~1%), but sensor 566 

response estimates for the two SRMs show distinct features probably due to differences in the 567 

two SRM’s pick-up coils configuration and superconducting shields. Compared to SRM-old, 568 

SRM-new has significantly broader main-axis responses (~2.1-3.4 cm larger in FWHM), 569 

generally less negative regions in main-axis responses, and significantly smaller cross-axis 570 

responses. For both SRMs, sensor response estimates for continuous samples with different 571 

rectangular shape or center position on cross-section show differences with std. up to ~2%. 572 

 573 
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Magnetic moment measurements of a test u-channel sample repeatedly collected on the same 574 

SRM for ten times are highly consistent with one another, but repeated measurements of the 575 

same sample on the two SRMs show significant differences in both magnetization amplitudes 576 

and directions. We demonstrate that conventional volume normalization based on a single 577 

effective length (EL) value for each measurement axis is inadequate, and normalization using 578 

a nine-term EL matrix is necessary to minimize the differences in measurements on different 579 

SRMs. The nine-term EL matrix is reported by the URESPONSE software, and should be 580 

used to normalize paleomagnetic data acquired on pass-through SRMs.  581 

 582 

Deconvolution of the test u-channel measurements on both SRMs using sensor responses 583 

estimated based on default URESPONSE parameters successfully restores detailed 584 

magnetizations and directional features that are remarkably consistent with one another. 585 

Deconvolution of the same data using sensor responses of the two SRMs estimated for 586 

samples with different rectangular shape or center position on cross-section, or sensor 587 

response without any cross-axis response show significant differences especially for results 588 

from SRM-old, suggesting that accurate sensor response estimate is important for reliable 589 

deconvolution of pass-through SRM data. 590 

 591 
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4 683 

 684 

Figure Captions 685 

 686 

Figure 1. Coordinates of SRM systems at University of Southampton and magnetic point 687 

source (MPS) cube and measurement blocks used for SRM sensor response estimate. (a) 688 

Photo of the old liquid-helium cooled SRM (SRM-old) and the new liquid-helium free SRM 689 

(SRM-new) inside a magnetically shielded room with orientation of the three orthogonal 690 

measurement axes indicated by arrows, (b) sketch of the SRM system from a side view, and 691 

(c) MPS sample cube and the two types of MPS measurement blocks used in this study. The 692 

MPS measurement block on the left has 5×5 grids with 5 mm spacing, and the measurement 693 

block on the right has 4×4 grids with 6 mm spacing.  694 

 695 

Figure 2. (a) Magnetic moment of MPS-11 over time, and (b) deviation in sensitivities of the 696 

two SRMs at University of Southampton relative to ASPIN-2 spinner magnetometer at AIST. 697 

Black circles in (a) are magnetic moments measured on spinner magnetometer after 698 

sensitivity correction (see Table S1). Red dotted line in (a) is a sigmoidal curve fitted to the 699 

spinner magnetometer data using non-linear least squares regression. Magnetic moment of 700 

MPS-11 after sensitivity correction was 5.300×10
-4

 emu in Jan. 2016 and 5.244×10
-4

 emu in 701 

Oct. 2017 and Mar. 2018 (vertical dashed lines). Red and blue circles are magnetic moments 702 

measured on SRM-old and SRM-new, respectively. These values are averages of peak 703 

magnetic moments in X-, Y-, and Z-axis after integrating over a volume of 1×1×1 cm
3
 with 704 

cross-section centered in that of a u-channel (11.5 mm above the surface of the 705 

tray).  Measurements on SRM-old in Dec. 2013 were conducted using MPS-2, which has an 706 
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estimated magnetic moment of 5.937×10
-3

 emu based on ASPIN-2 spinner magnetometer 707 

measurement after sensitivity correction (see Table S2). Orange and green horizontal lines 708 

are averages for SRM-old and SRM-new data, respectively. 709 

 710 

Figure 3. Illustration of new approach for SRM sensor response estimate using MPS 711 

measurement data. The new approach allows sensor response to be estimated for 712 

measurements with varying sample cross-section shape (i.e. different integration volume 713 

width and height) and resolution along the Z-axis (i.e. integration volume length). Known 714 

difference between the center positions of the sample (black dot) and the MPS measurement 715 

grids (red dot) on cross-section is taken into account for more accurate sensor response 716 

estimate. The example shows the 3D interpolated (at 1mm intervals along all three axes) 717 

magnetic moment of the ZZ term measured using MPS-2 on SRM-old with a 5×5 grids MPS 718 

measurement block (see Figure 1c). Note that only results between 205-295 mm 719 

measurement positions along the Z-axis are shown. The MPS sample was placed at 250 mm 720 

position.  721 

 722 

Figure 4. Screen captures of the URESPONSE software user interface. (a) An example of the 723 

software showing MPS measurements along three axes at multiple grid positions on cross-724 

section. Selection of single or multiple runs of MPS measurement data can be done in the 725 

‘Measurement’ panel, and users can choose to show any combinations of the X, Y, or Z-axis 726 

data using checkboxes in the ‘Terms’ panel. (b) An example of the software interface 727 

showing one of the estimated SRM sensor responses. The estimated sensor response is based 728 

on interpolation at 0.1 cm intervals followed by integration at 1-cm intervals along the Z-axis 729 

and over a 1.9×1.8 cm
2
 cross-section area (red rectangle) using default response estimate 730 
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parameters. Users can choose to show any combinations of the nine response terms using 731 

checkboxes in the ‘Terms’ panel.  732 

 733 

Figure 5. Sensor response estimates for SRM-old (a-d) and SRM-new (e-g) calculated by the 734 

URESPONSE software based on multiple sets of measurements using two MPS samples and 735 

following different measurement procedures (see Table 1). All calculations used the default 736 

response estimate parameters in the URESPONSE software. Normalization was made with 737 

the average of peak values in X and Y axes. Estimates in (a) and (b) used 1-mm resolution 738 

measurements of MPS-2 on SRM-old at 5×5 cross-section grid positions with MPS sample 739 

oriented parallel and antiparallel to measurement axes, respectively. Estimates in (c) and (d) 740 

used measurements of MPS-11 on SRM-old made at different time following the same 741 

procedures (i.e. both were collected at 2-mm interval resolution and using 4×4 cross-section 742 

grids). Estimates in (f) and (g) used MPS-11 measurements made on SRM-new at different 743 

time following the same procedures used for (c) and (d). Estimate in (e) used measurements 744 

on MPS-11 collected following the procedure similar to (f) and (g) but at every 10-mm 745 

resolution. Note that MPS-11 measurements used for (e) experienced drifting issues on X-746 

axis at the time (right after SRM-new installation in Sept 2017), and hence any measurements 747 

along the X-axis were not used for sensor response estimate in (e). The full widths at half 748 

maximum (FWHM) and effective lengths (EL) for the three measurement axes are shown for 749 

each sensor response estimate.  750 

 751 

Figure 6. Sensor response estimates for SRM-old (a-c) and SRM-new (d-f) calculated by the 752 

URESPONSE software using different sample geometry on cross-section and normalized 753 

with the calibrated magnetic moment value of MPS-11 (see Figure 2a): (a, d) a default 754 

1.9×1.8 cm
2
 area with 0 horizontal offset and 1 mm vertical offset from the grid center, (b, e) 755 
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a  1×1.8 cm
2
 area with 0 horizontal offset and 5.5 mm vertical offset from the grid center, and 756 

(c, f) a 1.9×1.8 cm
2
 area with -2 mm horizontal offset and 1 mm vertical offset from the grid 757 

center. All estimates used measurement data collected during the same time period (i.e. Oct. 758 

2017) following the same procedures (see Table 1). SRM-old (a-c) and SRM-new (d-f) 759 

response estimates are based on the same MPS measurement data used for SRM-old_Est4 760 

(see Figure 5d) and SRM-new_Est2 (see Figure 5f), respectively.  761 

 762 

Figure 7. Differences between sensor response estimates shown in Figures 5 and 6 for (a) 763 

SRM-old and (b) SRM-new, and histograms of the differences in response estimates for (c) 764 

SRM-old and (d) SRM-new. All nine response terms are compared. SRM-old_Est4 (Figure 765 

5d) and SRM-new_Est2 (Figure 5f) were subtracted from other response estimates in Figures 766 

5 for SRM-old and SRM-new, respectively. To show difference caused by normalization 767 

method, SRM-old_Est4 and SRM-new_Est2 were subtracted from SRM-old_Est4_v2 (Figure 768 

6a) and SRM-new_Est2_v2 (Figure 6b), respectively. SRM-old_Est4_v2 and SRM-769 

new_Est2_v2 were subtracted from other response estimates for SRM-old and SRM-new 770 

shown in Figure 6, respectively. Standard deviations of response estimate difference curves 771 

in (a) and (b) are shown together with the keys for curves. Curves in (a) and (c) share the 772 

same key, and curves in (b) and (d) share the same key. 773 

 774 

Figure 8. Comparison of repeated measurements (ten times on each SRM) of a test u-channel 775 

sample along three measurement axes on both SRM-old and SRM-new (a) before, and after 776 

(b) single and (c) full effective length (EL) normalizations. (d) Deconvolved data from 777 

repeated SRM-old and SRM-new measurements.  Black, dark gray and gray lines represent 778 

X-, Y- and Z-axis data from SRM-old, respectively. Blue, green and red dash dotted lines 779 

represent X-, Y- and Z-axis data from SRM-new, respectively. Note that each unique color or 780 
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line style on the figure represents a group of ten curves plotted together. Vertical gray bars 781 

are 10-cm ‘leader’ and ‘trailer’ intervals measured immediately before and after the sample. 782 

It is clear that data after full EL normalization from both SRMs are more comparable than 783 

those calculated using single EL normalization, especially for X- and Y-axis data. 784 

Furthermore, deconvolution results of data from the two SRMs all show clearly enhanced 785 

variabilities and are highly consistent with one another. 786 

 787 

Figure 9. Comparison of a test u-channel sample (a) declination, (b) inclination, and (c) total 788 

magnetization data from both SRM-old and SRM-new. Note that each unique color and line 789 

style on the figure represent a group of ten curves plotted together. Data shown are based on 790 

single and full EL normalized magnetization data as well as deconvolved data from both 791 

SRMs (i.e. Figures 8b-d). The two normalization methods yield small differences for data 792 

acquired on SRM-new, but declination data acquired on SRM-old using single and full EL 793 

normalization show differences up to ~10°. Deconvolution of SRM-old and SRM-new 794 

measurements are done in the UDECON software (Xuan & Oda, 2015) using SRM-795 

old_Est4_v2 and SRM-new_Est2_v2, respectively. Deconvolution data from the two SRMs 796 

are remarkably similar and show clearly reproducible high-resolution features that are absent 797 

in the measurement data.  798 

 799 

Figure 10. Comparison of deconvolution data of SRM-old (a-c) and SRM-new (d-f) 800 

measurements calculated using different sensor response estimates. Top, middle, and bottom 801 

plots are deconvolution data of X-, Y-, and Z-axis measurements, respectively. For data from 802 

each SRM, four sets of response estimates (all normalized by MPS magnetic moment) were 803 

used for deconvolution including the three sets of response estimates shown in Figure 6 and a 804 

set of response estimate that ignores all six cross-terms. Using inaccurate response estimates 805 
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for deconvolution appears to cause significant differences in the deconvolution results, 806 

especially for data from SRM-old.  807 

 808 

 809 

Table 1.  Summary of magnetic point source (MPS) measurements conducted on the old 810 

liquid-helium cooled SRM (SRM-old) and the new liquid-helium free SRM (SRM-new) at 811 

the University of Southampton.  812 

 813 

 814 

MPS 

Sample  

SRM  Measurement Grids 

on Cross-Section  

 

Measurement 

Resolution 

(along track) 

MPS 

Orientation 

Measurement 

Date 

Calculated 

Response 

Estimates  

MPS-2 SRM-old 55 (5mm spacing) 1 mm +X, +Y, or +Z  Dec. 2013 SRM-old_Est1 

MPS-2 SRM-old 55 (5mm spacing) 1 mm -X, -Y, or -Z  Dec. 2013 SRM-old_Est2 

MPS-11 SRM-old 44 (6mm spacing) 2 mm +X, +Y, or +Z  Jan. 2016 SRM-old_Est3 

MPS-11 SRM-old 44 (6mm spacing) 2 mm +X, +Y, or +Z  Oct. 2017 SRM-old_Est4 

MPS-11 SRM-new 44 (6mm spacing) 10 mm +X, +Y, or +Z  Sept. 2017 SRM-new_Est1 

MPS-11 SRM-new 44 (6mm spacing) 2 mm +X, +Y, or +Z  Oct. 2017 SRM-new_Est2 

MPS-11 SRM-new 44 (6mm spacing) 2 mm +X, +Y, or +Z  Mar. 2018 SRM-new_Est3 
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