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Executive Summary 
This report summarizes results from surface NMR surveys performed by Vista Clara for EKI in November 

2020. Data were acquired over the course of five days at eight sites between Elk Grove and Galt, CA. The 

surface NMR method allows direct detection of groundwater and characterization of water mobility. By 

adapting the survey design to environmental conditions, Vista Clara was successful in acquiring high-quality 

NMR data at most sites. Data at two sites were overwhelmed by electromagnetic noise interference. The 

data indicate significant hydrogeologic differences between sites as well as significant influence from 

magnetic geology. Influences from magnetic geology were assessed and mitigated by analyzing the NMR 

frequency and implemented patented CPMG acquisition sequences. Electrical conductivity data from time-

domain EM surveys was used quantitatively to improve the accuracy of the depth inversion the surface NMR 

data and can be used qualitatively to aid in data interpretation. Sites where significant groundwater was 

detected generally showed a shallow zone of low NMR water detection and high resistivity consistent with 

unsaturated sands. Most sites show a transition at depth to increased detected NMR water and decreased 

resistivity which would be consistent with an increase in more permeable sands and possibly a high TDS 

contributing to the low resistivity. Zones showing particularly long T2* and/or long CPMG T2 values would be 

consistent with sands with anomalously high hydraulic conductivity. Quantified water contents across all sites 

are lower than expected, which may reflect the influence of magnetic geology or may indicate that mobile 

water is associated with spatially discrete features (e.g., paleochannels) that are smaller than the area of the 

detection loop. The surface NMR data indicate hydrogeologic structure that could influence managed aquifer 

recharge operations and resolve ambiguity that would confound interpretation of electrical resistivity data 

alone.  

 

Disclaimer 
This report provides an explanation of the acquired geophysical data. Data are described with limited 

interpretation and without guarantee of reliability. Interpretations of the data in terms of hydrogeological 

characteristics have inherent uncertainty. Vista Clara is not responsible for incorrect determinations 

associated with the data interpretation. The results in this report should be interpreted in close consultation 

with a profession hydrogeologist who is familiar with the local geologic environment.  
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Introduction 

Overview of the Surface NMR Method 
Surface nuclear magnetic resonance (SNMR) employs the physics of nuclear magnetic resonance (NMR) to 

directly measure groundwater and obtain information about the pore environment of the subsurface. The 

technique measures the response of hydrogen nuclei spins when they are perturbed by a change in magnetic 

field. Nuclear magnetic resonance is used in medical resonance imaging (MRI) to detect and characterize 

hydrogen in biological tissue using superconducting magnets. In geophysics, surface NMR uses the Earth’s 

magnetic field and surface coils to detect hydrogen in groundwater and characterize the properties of the 

water-bearing formation. 

Prior to an NMR measurement, hydrogen spins in groundwater are preferentially aligned with the 

geomagnetic field and are at equilibrium. The aligned spins combine to create a small net nuclear 

magnetization, which can be described as a very small magnetic moment. In a surface NMR measurement, a 

wire loop is deployed on the ground and is used to excite the hydrogen nuclei from equilibrium and to 

measure their NMR response.  

To excite the groundwater, an AC current pulse is circulated through the loop; the frequency of this pulse is 

tuned to the local NMR frequency of hydrogen. The excitation pulse causes the nuclear magnetization of the 

hydrogen to rotate away from the axis of the geomagnetic field. When the pulse is terminated, the 

magnetization will rotate (or precess) about the axis of the geomagnetic field as it returns to equilibrium. This 

precession of the nuclear magnetization generates a voltage that can be detected in the surface NMR loop. 

The precessing NMR signal decays over time as the hydrogen return (or relax) back to equilibrium. 

The amplitude of the detected NMR signal is directly proportional to the amount of hydrogen that has been 

excited, and the decay time is related to the physical environment seen by the hydrogen. In non-magnetic 

geology, the decay time is correlated with pore size: water that is mobile in larger pores has a longer decay 

time, and water that is bound in smaller pores exhibits a shorter decay time. Detection of NMR signals is an 

unambiguous indication that groundwater is present, and the detection of signals with long decay time is an 

unambiguous indication that water is present in large pores. 

In order to determine the distribution of water with depth, a surface NMR depth profile acquisition, or 

sounding, can performed. In a sounding, multiple measurements are acquired in which the energy of the 

excitation pulse, or pulse moment, is varied between measurements. The pulse moment is equal the product 

of the pulse current (which can vary from one to hundreds of amps) and the pulse duration (typically 

between 10 and 100 milliseconds). A large pulse excites water at greater depth and a small pulse excites 

water at shallower depth. By combining the full suite of NMR measurements made at a range of pulse 

moments into a geophysical inversion, the NMR signals are localized to specific depths and it is possible to 

obtain an estimated depth profile of subsurface NMR response. 

Data Products 
The NMR depth profiles included in this report have three primary elements: Relaxation Time Distribution, 

Water Content Profile, and Hydraulic Conductivity Indicator.  

The profiles are derived from a 1D depth inversion that assumes a layered earth model under the loop. If 

discrete 2D or 3D features are present at a scale smaller than the loop (e.g., a paleochannel), the features will 

be observed in the depth-resolved data, weighted approximately by their areal extent relative to the area of 

the loop.  
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The relaxation time distribution conveys the amplitude and relaxation times (T2*) of the NMR signal 

observed at each depth. The relaxation time distribution can be qualitatively interpreted as a saturated pore 

size distribution, with energy at short T2* representing water in small pores and energy at long T2* 

representing water in larger pores.  

The water content profile reflects the estimated volumetric water content at a given depth. The water 

content profile is subdivided into the fraction of water with relatively short T2* (classified as “bound”) and 

the fraction with relatively long T2* (classified as “mobile”). The descriptions “bound” and “mobile” should 

be considered qualitative in terms of distinguishing more-mobile and less-mobile components, not as 

absolute distinctions. 

The hydraulic conductivity indicator (Krel) is proportional to water content and relaxation time (relative pore 

size) at a given depth. For cases where pump testing data is available, the hydraulic conductivity indicator can 

be scaled as a quantitative indicator but should otherwise be considered as a qualitative indication of depths 

or locations with higher or lower hydraulic conductivity. 

Description of Exported Data 
Results are presented in one folder for each site or station and contain ASCII text files and three types of 

image files (PNG bitmap images, EPS vector images, and FIG Matlab figure files). 

The key graphic exported is named “GMRinversion.png.” An example for an FID inversion is shown in Figure 

1. The panels of this figure are as follows: 

1. “Decay Time Distribution” – Color indicates the amount of signal. The X axis indicates the length of 

the measured T2* decay time. 

2. “Water Content” – The envelope of this plot gives the volumetric water content as a percent. Color is 

shaded to correspond to the measured relaxation time. 

a. For FID data, the color shading corresponds to the T2* relaxation time. Only values between 

10ms and 80ms are shaded; water contents with T2* times less than 10ms are clipped to 

magenta and water contents with T2* greater than 80ms are clipped to cyan. The red line 

indicates the water content that is at the noise level at each depth for this collection. If the 

total water content at any depth falls to the right of the red noise line, it is not a reliable 

result. 

b. For CPMG data, the color shading corresponds to the T2 relaxation time. Only values 

between 139ms and 800ms are shaded; water contents with T2 times less than 139ms are 

clipped to yellow and water contents with T2 greater than 800ms are clipped to green. 

3. “Estimated K” – See description of ‘Krel’ earlier in this document. 

4. “Conductivity Model” – If a conductivity model was used during the NMR inversion, the model is 

plotted here. For this project, the conductivity model is derived from Walk TEM measurements (see 

Appendix). 
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Figure 1: Example data product for an FID inversion. 

 

Data Collection 
Between 9 and 13 November 2020, staff from Vista Clara and EKI made surface NMR soundings at 8 locations 

(Table 1). Ramboll and Vista Clara made Walk TEM measurements at 6 sites, and Ramboll made Towed TEM 

measurements at one site. 

Table 1: Dates of GMR measurements and sites visited. 

Date GMR Measurement 

9-Nov Site 8 

10-Nov Site 9 

11-Nov Site 5a 

11-Nov Site 7 

12-Nov Site 11 

12-Nov Site 2 

13-Nov Site 3 

13-Nov Site 10 
 

Naming of GMR measurement sites followed EKI naming conventions. 
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GPS waypoints were collected at each GMR measurement site (Figure 2), and these locations will be provided 

as a Google Earth .KMZ file. For circular surface loops, a single GPS location indicates the center of the 

measurement loop. For figure-eight surface loops, two GPS locations indicate the center of the two circles 

that comprise the figure-eight. 

 

Figure 2: GPS locations of GMR data collections. A Google Earth KMZ file of these locations is provided. 

Survey Design 
NMR surface loops geometries were chosen to maximize depth of investigation while keeping environmental 

interference to acceptable levels. (Larger, circular loops permit deeper investigation, but are more 

susceptible to interference from noise sources. Smaller loops and figure-eight loops are more resistant to 

environmental noise, at the cost of decreased depth of investigation.) 

NMR acquisition pulse sequences were chosen to maximize depth of investigation, detection of water signals, 

and characterization of site hydrogeologic conditions. 

Most pulse sequences used in the project were Free Induction Decay (FID), which measures the apparent 

relaxation time of the T2 NMR response (T2*). T2* is controlled by the pore size environment of the 

measured fluids, but also by the presence of magnetic geology, which has the effect of decreasing the NMR 

relaxation time, potentially causing fluids in large pores to present an NMR decay time similar to fluids in 

small pores. 

A second pulse sequence (CPMG) was used at sites with sufficiently high SNR (Sites 10 and 5a). The CPMG 

sequence uses refocusing pulses to counter the effects of magnetic geology, potentially giving an indication 

of the presence of mobile water in large pores that would not be indicated in an FID measurement. 

At some sites, multiple FID measurements were made with different excitation pulse lengths: a longer pulse 

length (e.g., 40 milliseconds) and a shorter pulse length (e.g., 15 milliseconds). Longer pulse moments allow 

for excitation of water at greater depths, increasing the maximum depth of investigation, but surface NMR 

measurements are unable to completely capture signals from fluids having a decay time shorter than or on 
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the order of the excitation pulse length, leading to a possible underrepresentation of total water content. 

This underestimation is exacerbated by long excitation pulse lengths. Shorter excitation pulse lengths reduce 

this effect but come with the tradeoff of decreasing the maximum depth of investigation. 

The maximum sensitive depth of a surface NMR measurement is largely controlled by the size of the loop and 

excitation pulse length but is also influenced by earth conductivity. If the subsurface has a relatively high 

electrical resistivity, the depth of sensitivity can be the same as the loop diameter. If the electrical resistivity 

is low, the depth of sensitivity will be reduced. 

The areal sensitivity of a surface NMR measurement is roughly the area enclosed by the loop. That is, the 

final 1-D depth profile represents an average over roughly the areal extent of the loop. Therefore, the depth 

of investigation trades off with lateral resolution: investigation of deeper depths necessarily involves 

averaging over larger lateral extents. 

Equipment 
The equipment used was a Vista Clara GMR system manufactured, owned, and operated by Vista Clara. The 

GMR is recognized as the most capable and sensitive surface NMR instrument on the market. It has a very 

efficient power architecture, ultra-short dead-time to detect short signals, and very low noise floor to detect 

small water volumes. The system also uses a multi-channel architecture that allows efficient noise 

cancellation required to remove interference from cultural noise, such as powerlines, that can otherwise be 

detrimental to NMR data. 

The GMR equipment is deployed using two 12V deep cycle batteries and can be transported in off-highway 

vehicles. A team of two operated the system, with typical operation consisting of deploying and retrieving 

cable and monitoring data acquisition. Preliminary processing, inversion, and visualization of data is possible 

in the field. 

Data Processing 
Processing of raw NMR data and generation of depth profiles is done using Vista Clara's proprietary software. 

Stacked data files are inverted for depth using an inversion algorithm that accounts for the loop geometry, 

ambient magnetic field strength and orientation, and the pulse moments generated by the instrument. 

Noise levels 
Power lines are typically the largest noise source for surface NMR surveys. Due to the spatial variability of 

measurement sites in this project, every site presented a unique noise mitigation challenge. Some sites were 

close to low voltage power lines, high-tension transmission lines, or radio transmitter towers.  

There are several methods for mitigating the effects of environmental noise in surface NMR surveys, 

including the use of smaller loops, figure-eight measurement coils, and reference loops. The multi-channel 

design of the GMR makes it particularly effective at noise cancellation, which allowed for usable results at 

sites that would otherwise not yield interpretable data. 

Depth Sensitivity 
Depth sensitivity is modeled analytically during inversion. Depth sensitivity is a function of loop size, 

excitation pulse length, and ground resistivity. For this survey, due to the variations in loop sizes and local 

resistivities, depth sensitivity must be considered on a per-site basis. A depth resolution model is presented 

for each inversion. 
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Conductivity model 
Depth sensitivity in surface NMR measurements is influenced by ground conductivity. The depth inversion 

can take this effect into account by incorporating a layered conductivity model. This allows NMR energy to be 

assigned in depth more accurately. 

Inversions presented in this document were calculated incorporating layered conductivity models provided 

by Walk TEM measurements. Some sites (9 and 11) did not have colocated TEM profiles and were inverted 

using the conductivity profile from the nearest TEM site. 

Inversion parameters 
All inversions shown have a dimensionless regularization parameter of suited to the SNR level of the data. A 

correction is applied to all data to estimate and compensate for the NMR relaxation that occurs during the 

transmit pulse. 

Data Interpretation 
Interpretation of surface NMR data is dependent on-site conditions and signal characteristics. The following 

factors should be considered in the interpretation of all data from the Cosumnes River project. 

Magnetic geology 
Magnetic field inhomogeneity associated with magnetic geology can significantly influence the surface NMR 

response. Vista Clara was able to confirm the influence of magnetic geology through data analysis and 

specialized acquisition sequences. One indication of magnetic field inhomogeneity was the analyzed variation 

in the NMR frequency between sites. The observed NMR frequency is directly proportional to the average 

magnetic field at the site. Between Cosumnes River sites, the NMR frequency varied by more than 15Hz or 

almost 1%. The influence of magnetic geology was also confirmed through the acquisition of patented CPMG 

sequences and observation of an echo decay time T2 which is much longer than the FID decay time T2*.  

Magnetic field inhomogeneity will influence the data in two ways. First, magnetic geology may result in some 

underestimation of water content because a component of water in anomalous magnetic fields will not be 

detected. Secondly, magnetic field inhomogeneity will shorten the FID decay time such that mobile water 

with long T2 will exhibit a T2* closer to that of bound water. Zones of highly mobile water will not be as 

readily distinguished in the FID or T2* distributions but will be highlighted in the CPMG echo signals and T2 

results. Vista Clara conducted CPMG measurements at two sites with strong water signals, Site 5a and Site 

10. The CPMG data are extremely valuable in that they confirm the T2 decay time is much longer than the 

T2* decay time and highlight zones with particularly mobile water. 

Influence of 2D/3D features  
In reviewing the data products, it is important to consider the lateral extent of the loops and the potential for 

subsurface heterogeneity occurring at a smaller scale than the loop size. The data are inverted assuming a 1D 

layered subsurface. Spatially constrained features such as a narrow channel or lens may have very high water 

content within the feature (e.g. 30%), however, if the feature is small relative to the size of the loop (e.g. a 

10m wide paleochannel in a 40m loop), the estimated water content will be scaled by the relative area of the 

loop (e.g. <8%).  
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Layer Equivalence 
The vertical resolution of the surface NMR method is on the order of one meter near the surface and several 

meters at the maximum depth of investigation. This resolution limit and the regularization of the inversion 

results in a layer equivalence. A thin layer with high water content (e.g., a thickness of 1 m and water content 

of 30%) will have an equivalent response to a thicker layer with a lower water content (e.g., a thickness of 3 

m and water content of 10%). As such, low average water content values may be observed in a smoothed 

inversion due to detected water being present as discrete layers below the resolution limit. 

Bound Water Detection 
For the loop geometries and acquisition parameters (pulse lengths) used in this survey, it is not possible to 

detect the fastest-decaying NMR signals associated with very bound water (i.e., water in clays). Detected 

signals should therefore be assumed to reflect water associated with pores in silt or fine-fine sand. Zones 

dominated by clay are most likely to be reflected as an absence of detected water.  

Interpretation of Resistivity Profiles 
Electrical resistivity does not uniquely identify hydrogeologic characteristics and can be ambiguous to 

interpret in the absence of other data. For example, low resistivity may be associated with impermeable clays 

or with high permeability sands that are saturated with high TDS groundwater. In combination with surface 

NMR data, the electrical resistivity can offer improved interpretation. Zones with low surface NMR water 

detection and high resistivity would be consistent with unsaturated sands. Zones with low surface NMR 

water detection and low resistivity would be consistent with clays. Zones with high surface NMR water 

detection and high resistivity would be consistent with sands and low TDS pore fluid. Zones with high surface 

NMR water detection and low resistivity would be consistent with sands and high TDS pore fluid. 

Results 
Results are presented in order from highest signal-to-noise ratio (SNR) to lowest. Higher SNR means less 

regularization is required in the inversion, allowing for finer depth resolution and greater confidence in the 

results. 

Site 5a 
• Date of measurement: 11-Nov 

• Loop geometry: 80m circle 

• Acquisition sequence(s): 40ms FID & 15ms CPMG 

• Noise levels: Low 

Data Quality: QC results (Figure 3) show high data quality. Raw data, before electromagnetic interference 

(EMI) cancelation, are impact by significant powerline noise, but noise is effectively mitigated using reference 

coils. A strong water signal is observed in the FID dataset (upper left), shown as a clear decay in the time 

domain and as coherence in the phase plot. The NMR signal is also clearly visible in the stacked spectrum 

plots (lower left, red arrows). Plots on the right show the effects of noise cancellation. In the upper right, blue 

data are prior to noise cancellation and red are after noise cancellation. In the lower right, the upper plot is 

before noise cancellation (vertical bands are 60Hz power line harmonics) and the lower plot is after noise 

cancellation. 

Data Interpretation: The upper 5m show high resistivity and low NMR water content which would be 

consistent with an unsaturated sand. Below 5m, resistivity decreases with substantial detection of NMR 
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water, which would be consistent with the presence of permeable sands and possibly high TDS. Zones with 

especially mobile water are highlighted by relatively long T2* values and long T2 values from the CPMG data.  

 

Figure 3: Quality Control (QC) results for Site 5a (40ms FID). 

 

Figure 4: CPMG (15ms) result shows detection of water with long decay times. 
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Figure 5: Site 5a NMR depth profile (40ms FID). Grey line indicates maximum resolved depth. 

 

Figure 6: Site 5a NMR depth profile (15ms CPMG). Grey line indicates maximum resolved depth. 
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Site 10 
• Date of measurement: 13-Nov 

• Loop geometry: 80m circle 

• Acquisition sequence(s): 40ms FID, 15ms FID, 15ms CPMG 

• Noise levels: Low 

Data Quality: QC results show high data quality. Raw data before electromagnetic interference (EMI) 

cancelation shows only minor powerline interference, and noise is effectively mitigated using reference coils.  

Data Interpretation: The upper 5m show high resistivity and low NMR water content which would be 

consistent with an unsaturated sand. Below 5m, resistivity decreases with substantial detection of NMR 

water, which would be consistent with the presence of permeable sands and possibly high TDS. Zones of 

especially mobile water are highlighted by relatively long T2* values and long T2 values from the CPMG data, 

especially around 10m.  

 

Figure 7: Quality Control (QC) results for Site 10 (40ms FID).  
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Figure 8: Quality Control (QC) results for Site 10 (15ms FID). 

 

Figure 9: CPMG (15ms) result shows unambiguous detection of significant quantities of water with long decay 
times deep in the measurement zone. 



 

13 
 

 

Figure 10: Site 10 NMR depth profile (15ms FID). 

 

Figure 11: Site 10 NMR depth profile (40ms FID). 
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Figure 12: Site 10 NMR depth profile (15ms CPMG).  
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Site 9 
• Date of measurement: 10-Nov 

• Loop geometry: 40m Figure-eight 

• Acquisition sequence(s): 15ms FID & 40ms FID 

• No TEM data acquired at this site (inversion uses conductivity model from the nearest TEM site, 

which is Site 8). 

• Noise levels: Low 

Data Quality: QC results show moderate data quality. Raw data before electromagnetic interference (EMI) 

cancelation shows only minor powerline interference, and noise is effectively mitigated using reference coils. 

A relatively weak NMR signal is detected. 

Data Interpretation: The upper 5m show high resistivity and modest NMR water content which would be 

consistent with an unsaturated sand or possibly a thin perching of water in sand on top of clay. Below 5m, 

resistivity decreases with modest detection of NMR water, which would be consistent with the presence of 

some permeable sands and possibly high TDS. Compared to the prior two sites, less water is detected by 

surface NMR, which would be consistent with a lower prevalence of permeable sands. CPMG data are not 

available from this site.  

 

Figure 13: Quality Control (QC) results for Site 9 (40ms FID). 
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Figure 14: Site 9 NMR depth profile (15ms FID). Grey line indicates maximum resolved depth. Conductivity 
model used for inversion (and shown at right) is the conductivity model obtained at Site 8. 

 

Figure 15: Site 9 NMR depth profile (40ms FID). 
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Site 7 
• Date of measurement: 11-Nov 

• Loop geometry: 80m circle 

• Acquisition sequence(s): 40ms FID 

• Noise levels: Low 

Data Quality: QC results show moderate data quality. Raw data before electromagnetic interference (EMI) 

cancelation shows only intermediate powerline interference, and noise is effectively mitigated using 

reference coils. A relatively small water content signal is detected. 

Data Interpretation: The upper 10-15m show high resistivity and low NMR water content which would be 

consistent with an unsaturated sand. Below 5m, resistivity decreases with modest detection of NMR water, 

which would be consistent with the presence of some permeable sands and possibly high TDS. Zones with 

increased mobile water are highlighted by relatively long T2* values. Compared to the first two sites, less 

water is detected by surface NMR, which would be consistent with a lower prevalence of permeable sands.  

 

Figure 16: Quality Control (QC) results for Site 7. 
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Figure 17: Site 7 NMR depth profile. 
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Site 3 
• Date of measurement: 11-Nov 

• Loop geometry: 80m circle 

• Acquisition sequence(s): 40ms FID & 15ms FID 

• Noise levels: Low 

Data Quality: QC results show high data quality, with low electromagnetic interference, but very little or no 

detection of groundwater.  

Data Interpretation: Little or no water is detected at this site. Small estimated water signals show extremely 

short relaxation times, which would be consistent with a formation having very little mobile water or a very 

magnetic environment which dramatically limits detection of water.  

 

Figure 18: Quality Control (QC) results for Site 3 (15ms FID). 
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Figure 19: Site 3 NMR depth profile (15ms FID). 

 

Figure 20: Site 3 NMR depth profile (40ms FID).  
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Site11 
• Date of measurement: 12-Nov 

• Loop geometry: 40m Figure-eight 

• Acquisition sequence(s): 40ms FID & 15ms FID 

• No TEM data acquired at this site (inversion uses conductivity model from the nearest TEM site, 

which is Site7). 

• Noise levels: Low 

Data Quality: QC results show high data quality, with low electromagnetic interference, but very little or no 

detection of groundwater.  

Data Interpretation: Little or no water is detected at this site. Small estimated water signals show extremely 

short relaxation times, which would be consistent with a formation having very little mobile water or a very 

magnetic environment which dramatically limits detection of water.  

 

Figure 21: Quality Control (QC) results for Site 11 (15ms FID). 
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Figure 22: Site 11 NMR depth profile (15ms FID). 

 

Figure 23: Site 11 NMR depth profile (40ms FID).  
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Site 8 
• Date of measurement: 9-Nov 

• Loop geometry: 20m Figure-eight 

• Acquisition sequence(s): 20ms FID 

• Noise levels: High 

• Due to excessive noise at this site, a reliable inversion is not possible, so no inversion is presented 

here. 

Data Quality: QC results show poor data quality, with strong electromagnetic interference, which is mitigated 

by EMI cancellation but still overwhelms the ability to determine if groundwater signals are present.  

Data Interpretation: Given the high noise levels, no inversion is presented for this site. 

 

Figure 24: Quality Control (QC) results for Site 8.  
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Site 2 
• Date of measurement: 12-Nov 

• Loop geometry: 80m circle 

• Acquisition sequence(s): 40ms FID 

• Noise levels: High 

• Site notes: Proximity to radio transmitter towers may have caused the increased noise levels 

observed at this site. 

• Due to excessive noise at this site, a reliable inversion is not possible, so no inversion is presented 

here. 

Data Quality: QC results show poor data quality, with very strong electromagnetic interference, which is not 

substantially mitigated by EMI cancelation. Noise levels overwhelm the ability to determine if groundwater 

signals are present.  

Data Interpretation: Given the high noise levels, no inversion is presented for this site. 

 

Figure 25: Quality Control (QC) results for Site 2.  
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Appendix 

Exported Data Format for Surface NMR Data 
The ASCII text files associated with the exported inversion have the suffix “_1d_inversion.txt.” The format of 

first 11 columns of these files is as follows: 

Column 1: Upper boundary of layer (m) 

Column 2: Lower boundary of layer (m) 

Column 3: Relative permeability (Krel), estimated as squared integral of demodulated FID signal 

Column 4: Water content (fraction of 1.0) 

Column 5: T2* (s) [for FID data] or T2 (s) [for spin echo or CPMG data] 

Column 6: Frequency (Hz) 

Column 7: Phase (radians) 

Column 8: T1 (s) [for T1 dataset] or NaN [for all other datasets] 

Column 9: Bound water content 

Column 10: Mobile water content 

Column 11: Total water content  

The remaining columns contain inverted amplitude values for the multi-exponential distributions for the 

same depth levels corresponding to column 1 and column 2. The last row of the file contains the decay time 

values (in seconds) for each of the amplitudes values in the correspond column. 

Walk TEM Results 
Results of Walk TEM data collections are presented in Table 2. Inversions computed by Ramboll. 

Table 2: Walk TEM layered resistivity models (resistivity in Ohm-m and thickness in meters). 

EKI Cosumnes River Project - WalkTEM 

                

Site Date UYMX UTMY Res1 Thk1 Res2 Thk2 Res3 Thk3 Res4 Thk4 Res5 Thk5 Res6 Thk6 

8 11/11/2020 644323 4245883 52.3 5.52 19.2 85.1 12.6 74.7 8.64 Inf      

8a 11/11/2020 644524 4245193 565 11.3 19.4 87.5 10.1 Inf        

7 11/11/2020 646665 4248224 64.9 15.8 20.7 26.6 28.6 28.7 11.5 67.5 6.49 Inf    

5a 11/11/2020 639047 4233865 625 5.2 8.51 10.1 14.2 85.2 7.84 Inf      

3 11/11/2020 654533 4241642 53.3 5.42 9.53 6.41 18.2 15.9 11.3 32.6 17.1 68.1 10.9 Inf 

10 11/13/2020 641636 4236878 26.3 6.55 8.66 24.4 15.9 53.2 8.6 Inf         

 



 
 
 
 
 
 
 
 
 
 

TEM Geophysical Investigations                                          
Cosumnes tTEM & WalkTEM Surveys 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

 

  

 

 

 

 

 

Intended for 

EKI Environment & Water, Inc. 

2827 Spafford Street 

Davis, CA 95618 

 

CC: Vista Clara, Inc. 

12201 Cyrus Way, Suite 104 

Mukilteo, WA 98275 

  

Document type 

Report 

 

Date 

February 2020 

 

 
 

TEM GEOPHYSICAL 

INVESTIGATIONS COSUMNES 
tTEM & WalkTEM SURVEYS 

 

 

 



 

 

 

 

 

 

 

  

 

TEM GEOPHYSICAL INVESTIGATIONS COSUMNES 

TTEM & WALKTEM SURVEYS 
 

 

 
  

 
Project name VC: EKI Cosumnes TEM Investigations 

Project no. 1690019809 

Date 2/10/2021 

Prepared by Ahmad-Ali Behroozmand 

Approved by Max Halkjær 

Description EKI Cosumnes TEM Investigations  

 

 

 

 

This copyrighted material represents the proprietary work product of Ramboll. This material 

was prepared for the specific purpose of securing a contract with the above client. No other 

use, reproduction, or distribution of this material or of the approaches it contains, is authorized 

without the prior express written consent of Ramboll. However, the recipient may make as 

many copies of this document as deemed necessary for the sole purpose of evaluating this 

document for final selection and award. 

© 2021 

All Rights Reserved 



 

 

 

 

 

 

 

  

 

February 10, 2021 

 

Ramboll 

2200 Powell Street 

Suite 700 

Emeryville, CA 94608 

USA 

 

T +1 510 655 7400 

F +1 510 655 9517 

 

https://ramboll.com 

 

 

 

 

Mr. John Fio 
EKI Environment & Water, Inc. 
2827 Spafford Street 
Davis, CA 95618 
 
CC: Dr. Dave Walsh 

Vista Clara, Inc. 
12201 Cyrus Way, Suite 104 
Mukilteo, WA 98275 
 
 
 

 

 

 

 

 

TEM geophysical investigations Cosumnes 

 

Dear Mr. Walsh and Mr. Fio, 

 

Ramboll is pleased to submit this report of the results of the geophysical 

investigations conducted within the Cosumnes Groundwater Sub-basin 

area, east of Sacramento, California. 

 

Ramboll has completed geophysical investigation of the study area where 

the main purpose was to improve understanding of both the shallow and 

deep aquifer units, using the tTEM and WalkTEM geophysical techniques. 

 

It has been a pleasure to conduct the study and we will remain available 

at your convenience to discuss this report or to answer any questions. 

 

 

Yours sincerely, 

Ahmad-Ali Behroozmand, PhD Max Halkjær, M.Sc. 

Senior Geophysicist      Senior Geophysicist/Hydrogeologist  

abehroozmand@ramboll.com  MAXH@ramboll.com 
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ABBREVIATIONS 
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1. INTRODUCTION 

EKI Environment & Water, Inc. (EKI) has a contract with the County of Sacramento Public Works 

and Infrastructure for Developing a Groundwater Sustainability Plan – Cosumnes Groundwater 

Sub-basin, Contract No 81507. This project was conducted as part of managed aquifer recharge 

(MAR) studies and in response to a request by Vista Clara for towed-TEM (tTEM) and ground-

based TEM (WalkTEM) geophysical services at various sites within the Cosumnes Groundwater 

Sub-basin area. 

 

Two days of geophysical investigations using the time-domain electromagnetic (TEM) methods 

was conducted in the study area. The tTEM survey was performed at the Wohle’s property. The 

WalkTEM data were acquired at pre-planned locations at six sites across the study area. 

 

Through geophysical inversion, the TEM data were interpreted to smooth (multi-layer) and few-

layer electrical resistivity models. The tTEM method provided a high-resolution representation of 

the variations in electrical resistivity along the paths where an all-terrain vehicle (ATV) pulled the 

sensor. The tTEM depth of investigation (DOI) extended to approximately 90 m (295 ft) below 

the ground surface (bgs). Similarly, the WalkTEM method provided a detailed representation of 

the variations in electrical resistivity at the measuring locations. The WalkTEM depth of 

investigation extended to depths of larger than 200 m (>650 ft) bgs.     

 

The main sections of this report describe the field operation and the results of the tTEM and 

WalkTEM surveys in the study area. Appendix 1 contains a general introduction to the TEM 

method. Appendix 2 contains a detailed documentation of the tTEM and WalkTEM systems, 

including calibration of the system, repeated data acquires along a test lines, complete 

configuration of the system and information about processing and inversion parameters. 

Appendix 3 provides mean resistivity plan-view maps at different elevation intervals across the 

study area. Appendix 4 contains cross sectional illustrations of the results. Appendix 5 contains 

the WalkTEM results. 
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Figure 1 The tTEM system in operation at Wohle’s field. 

 

 

 

Figure 2 The WalkTEM system in operation at Santo’s Field I.  
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2. FIELD WORK 

The fieldwork consisted of one (1) day of tTEM and one (1) day of WalkTEM. The surveys were 

carried out by Ahmad-Ali Behroozmand and Andrew Li of Ramboll during November 10-11, 2020. 

The tTEM data collection was performed by towing the tTEM system behind an ATV using a 

specially designed sled frame with non-metallic parts to avoid potential interferences (Figure 3). 

The equipment was transported to and from the site with a box truck.  

 

The tTEM system went through a detailed test and documentation at the National Danish Test 

site. The results are shown in Appendix 2. The test results demonstrate that the tTEM system 

reproduces the Danish Test and Reference site accurately. 

 

 

Figure 3 The tTEM transmitter sled setup at Wohle’s Field. 

 

 

The WalkTEM data collection was performed by laying out a 40 m x 40 m (130 ft x130 ft) square-

shaped transmitter loop, along with a receiver loop placed in the center of the transmitter loop 

for each measurement at pre-planned locations across the study area (Figure 4). These 

measurements are called ‘soundings’. 

 

Detailed information about the TEM methods and the tTEM & WalkTEM specifications can be 

found in Appendix 1 and Appendix 2, respectively. 
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Figure 4 The WalkTEM instrument. A Ramboll staff is taking the GPS coordinates of the loop center. 

 

2.1 tTEM Data Collection 

Prior to data acquisition, GIS layers containing geographic locations of the study area and tTEM 

lines were loaded into the tTEM navigation software, which enabled real-time tracking of the 

paths. This also allowed the operator to view the density of the data being collected and facilitate 

proper coverage of the site with the tTEM. During the tTEM survey, data quality and the entire 

system functionality were checked frequently by the operator. 

 

A location map of the tTEM survey site is shown in Figure 5. Figure 6 shows location of the tTEM 

survey lines. 

2.2 WalkTEM Data Collection 

Prior to data collection, each pre-planned location was assessed carefully to ensure minimal EM 

noise interference from overhead powerlines, powered cables etc. Whenever the sounding 

locations were not optimal, it was moved to the nearest optimal location. 

 

A location map of the WalkTEM soundings is shown in Figure 5.  

2.3 Instrumentation issues 

No instrument issues were encountered during the surveys. 

2.4 Weather 

The weather was sunny on November 10th (tTEM survey) and mostly cloudy on November 11th 

(WalkTEM survey). The weather was cool in the morning and warmer during the day, with 

temperature rising up to ~ 60 F. 
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2.5 Quality control during surveying 

During start-up in the morning, Ramboll personnel assembled the tTEM system and carefully 

inspected the system to ensure that all parts including wires and bolts & knots were intact and 

secure. When the system was fully up and running, the GPS and TEM transmitter and receiver 

were checked.  

 

While surveying, personnel uploaded the data to a cloud-based file server for quality control, 

preliminary processing, and archiving. At the end of the survey day, the data were quality 

controlled and a simple data processing and inversion was performed. The results demonstrated 

consistency and good signal to noise ratio. No problems were found during the quality control of 

the data. 

 

A segment of tTEM lines (test line) was repeated during the survey. The results of the repeated 

survey line are shown in Appendix 2, which demonstrate high repeatability of the system and 

consistency of the inversion schemes. 

 

 

Figure 5 Location map of the WalkTEM sites and tTEM survey. 
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Figure 6 Location map of the tTEM survey lines at Wohle’s Site. 
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3. PROCESSING AND INVERSION 

The processing and inversion of the tTEM data were completed with the software package, 

Aarhus Workbench (https://hgg.au.dk/software/aarhus-workbench/). The workbench is a well-

documented and technically sound software package used for processing and inversion of 

electromagnetic and geoelectrical data. We utilized an application that is specifically designed for 

processing and inversion of the tTEM data. 

 

The tTEM data were collected with 282 Hz repetition frequency equivalent to 282 decay curves 

per second. The high number of data points allows for an advanced data processing scheme to 

achieve the best possible signal to noise ratio. 

 

The processing and inversion of the WalkTEM data were completed with the software package, 

Aarhus SPIA (https://hgg.au.dk/software/spia/). The SPIA is a well-documented and technically 

sound software package used for processing and inversion of ground-based electromagnetic and 

geoelectrical data. We utilized an application that is specifically designed for processing and 

inversion of the WalkTEM data. 

3.1 tTEM data processing steps 

The collected tTEM data underwent the following processing steps: 

1. Check if useful data have been mistakenly masked during the data acquisition process.  

2. Import data to a Geophysical Relationship database (GERDA). 

3. Check if data are masked at turning points to avoid data where the system is not aligned 

properly. 

4. Check all secondary data to ensure they are within specifications and do not vary 

significantly along the lines. 

5. Process GPS data. 

6. Assign a standard uniform 3% noise to all data. 

7. Define a standard processing scheme to automatically reject data and assign noise to the 

data. 

8. Manually inspect each survey line. Data determined noisy that has not already been 

rejected in the previous step are removed. The noise can be due to overhead powerlines, 

buried power cables, metal fences, and other man-made sources. This is done for the 

individual soundings, as well as for a sequence of soundings along the survey line.  

9. Assign elevation from a digital elevation model grid to each data point.  

10. Average data along the lines using a trapezoidal filter, where more data from the late 

time gates are averaged compared to fewer data at the early time gates. This is to 

improve the signal to noise ratio for the data representing the deeper parts and to 

maintain the high resolution near-surface features along the line.  

11. Develop a final processed dataset with a sounding distance of approximately 5 m (~ 16 

ft)  

 

More information about the tTEM data processing can be found in Appendix 2.  

3.2 tTEM inversion steps 

The entire processed tTEM data were then used together during the inversion and underwent the 

following steps:   

https://hgg.au.dk/software/aarhus-workbench/
https://hgg.au.dk/software/spia/
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1. Define horizontal and vertical constrains on the resistivities as well as the number of 

model layers and layer thicknesses. 

2. Invert the processed data using the Spatially-constraint (SCI) approach (Viezzoli et al., 

2008). 

3. Present the data as depth slices. In case the depth slices reveal some distinct anomalies, 

the processing of the corresponding data is revisited (Step 3.1.1-8) and the data are re-

inverted. 

4. Calculate the depth of investigation (DOI) for each resistivity model, based on a 

sensitivity analysis of the model. 

 

More information about the inversion process can be found in Appendix 2.  

3.3 WalkTEM data processing steps 

The collected WalkTEM data underwent the following processing steps: 

1. Manually inspect each dataset for both low-moment (LM) and high-moment (HM) 

sounding curves. 

2. Remove noisy data. The noise can be due to overhead powerlines, buried power cables, 

metal fences, and other man-made sources. 

3. Assign a standard uniform 3% noise to all data. 

4. Assign the transmitter loop center coordinate (acquired in the field) to the soundings. 

3.4 WalkTEM inversion steps 

The processed WalkTEM data were then used in the following inversion scheme: 

1. Define vertical constrains on the resistivities as well as the number of model layers and 

layer thicknesses. 

2. Invert the processed data for smooth (multi-layer) and layered resistivity models. 

3. Present the data as line models. In case the results are not satisfactory, the inversion 

setup is revisited, and the data are re-inverted. 

4. Calculate the depth of investigation (DOI), based on a sensitivity analysis of the model. 

http://www.hgg.geo.au.dk/Papers_EndNote/0691047853/Viezzoli2008.pdf
http://www.hgg.geo.au.dk/Papers_EndNote/0691047853/Viezzoli2008.pdf
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4. RESULTS 

This section describes the results of the geophysical surveys. The measured data are modelled to 

represent the electrical resistivities at different depths, which can then be interpreted as lithology 

to get an understanding of the site geology. As discussed in the above sections, inversion of the 

tTEM data results in a 3D resistivity model of the study area, and inversion of the WalkTEM data 

results in 1D resistivity models at each sounding location. 

 

The tTEM results are presented as cross sections, plan-view maps and 3D fence diagrams. Figure 

7 shows a location map of the tTEM accepted and rejected data for inversion. Figure 8 shows a 

location map of the tTEM depth of investigation across the study area. 

 

The WalkTEM results are presented as smooth (multi-layer) and blocky (few-layer) line models. 

 

 

Figure 7 Location map of the tTEM accepted and rejected data for inversion.  
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Figure 8 Location map of the tTEM depth of investigation across the study area.  
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4.1 Correlation between resistivity and lithology 

The tTEM and the WalkTEM methods measures the electrical resistivity of the earth. To obtain the 

subsurface lithologic information, the measured electrical resistivities must be transformed into 

lithologies. Transforming resistivity to lithology is based on a general correlation between 

resistivity and sediment type. Figure 9 shows a general correlation, where low permeability clay 

has a low resistivity value, sandy clay typically has a medium-range resistivity value, and sand to 

coarse sand has a relatively large resistivity value. This correlation is a general assumption and 

the range of resistivity for each lithologic unit can vary between locations. The water quality 

within the vadose zone or in the aquifer can also impact the resistivity, i.e. the more saline the 

water, the lower the formation resistivity. Therefore, correlation with additional data sources 

(such as information from boreholes and water quality) and general geologic knowledge of the 

study area are crucial to obtain the most accurate description of the subsurface. 

 

 

Figure 9 General correlation between resistivity, type of sediments and rocks, and water of varying quality. 

 

In this project, the resistivity colormap was adjusted to represent the geologic variations across 

the study area. The adjusted color scale, used for all presentations in this report, is shown in 

Figure 10. 

 

 

Figure 10 Resistivity color scale used for all presentations in the report. 
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4.2 Mean resistivity plan-view maps 

Appendix 3 presents mean resistivity plan-view maps at different elevation intervals. In the 

elevation interval 25 m to 45 m a.m.s.l, i.e. at shallow depths where the resolution is higher, the 

resistivities are averaged over 2-m intervals. Afterwards, the resistivities are averaged over 5-m 

intervals. The mean resistivity maps illustrate detailed structures and provide insight about 

variations across the surveyed area at each interval. 

4.3 Vertical sections  

Appendix 4 presents vertical model sections slicing through the 3D resistivity model at different 

locations and directions across the study area. Detailed structural variations are observed along 

each section. 

4.4 Fence diagrams 

In the following figures the vertical sections are stitched together and visualized from different 

oblique angles. This serves to provide a three-dimensional visualization of the results. 

 

In Figure 11, the model sections are seen from the east. To the east, the more resistive models 

indicate coarser materials. To the north, a significant decrease in electrical resistivities is 

observed. In Figures 12-15, the model sections are seen from the south east, north east, north, 

and north west, respectively.  

 

 

 

Figure 11 The model results presented as a 3D fence diagram. Seen from the East. 

 

North 
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Figure 12 The model results presented as a 3D fence diagram. Seen from the South East.  

 

 

 

Figure 13 The model results presented as a 3D fence diagram. Seen from the North East. 

North 

North 
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Figure 14 The model results presented as a 3D fence diagram. Seen from the North. 

 

 

 

Figure 15 The model results presented as a 3D fence diagram. Seen from the North West. 

 

 

 

 

 

North 

North 
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5. DATA DELIVERABLES 

The following data have been provided as part of the report. 

1. Raw data as extracted from the instrument, including:  

A. Ascii files with information about the geographical coordinates, transmitted current and 

many other supporting data. All files are named YYYYMMDD_HHMMSS_MMM followed by 

three letters as an extension. The more crucial files have an extension SPS. Other files 

are primarily LOG files. One file with the extension LIN describes the start and end of 

each profile. 

B. Binary data files with the electromagnetic decay measurements. The top section of the 

binary file is an ascii section with all information about measurement cycles and settings 

in the instrument.  

2. A GERDA Firebird database (https://eng.geus.dk/products-services-facilities/data-and-

maps/national-geophysical-database-gerda/) with all the imported data, processed data, as 

well as the model results.  

3. The report is delivered as a PDF file.  

https://eng.geus.dk/products-services-facilities/data-and-maps/national-geophysical-database-gerda/
https://eng.geus.dk/products-services-facilities/data-and-maps/national-geophysical-database-gerda/
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The collected tTEM and WalkTEM data provide detailed subsurface information of the study area. 

The data are in good agreement with each other. The geophysical models map out the geologic 

layering and provide detailed information about homogeneity, continuity, and extent of each 

layer. 

 

No hydrogeological interpretations are made as part of this report.  

6.1.1 tTEM survey 

High-quality tTEM data were acquired during this survey. Except for the southwestern part of the 

surveyed area, the tTEM models present a high resistivity layer in the top few meters. Below this 

layer, a thin conductive layer is identified. The conductive layer has a thickness of up to 10 m 

though in certain areas the layer becomes thin or disappear. These occasional discontinuities may 

indicate hydraulic pathways. In the deeper parts, e.g. 5-15m a.m.s.l., a conductive structure is 

observed towards north. The most resistive sediments are found in the eastern part of the 

triangle, in the interval 0-5m a.m.s.l.  

6.1.2 WalkTEM 

High-quality WalkTEM data were acquired at all study sites. The results of the WalkTEM survey 

suggests different geologic models across the study area. On the top, all WalkTEM models 

present a high resistivity layer with a thickness of approximately 5 m except for the models at 

sites 7 and 8a where the top layer is thicker. Below this layer, a conductive layer with resistivity 

values of below 10 ohm-m is observed at sites 3, 4 and 10. All models present a deep conductive 

layer with resistivities of 10 ohm-m or lower. The depth to this bottom layer varies between the 

sites. 

6.2 Recommendations 

The combination of tTEM and WalkTEM surveys is ideally suited for subsurface mapping of the 

survey area to gain detailed information of both shallow-to-intermediate and deep structures. For 

further investigations of the study area, the following activities are recommended: 

 

• The tTEM results at Wohle’s site provide detailed 3D information of the subsurface. Such 

detailed information enables assessing the suitability of a site for managed aquifer 

recharge site. Additional tTEM surveys at potential recharge sites within the study area is 

recommended. 

 

• To achieve a better understanding of the structural variations across the study area, an 

additional WalkTEM survey with a denser coverage of the entire study area, i.e. by filling 

the gaps between the surveyed WalkTEM data points, is recommended. 
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TEM introduction and theory  
 

Upon acquisition of the first ground-based TEM instrument in the early 1990’s, Ramboll has been 

among the global pioneers when it comes to applying TEM methods for subsurface mapping. 

Over the last 20 years, the accuracy of the instruments and their ability to obtain information 

about aquifers and hydrogeological properties has improved significantly. The TEM method is now 

one of the most efficient geophysical technologies for groundwater investigations. 

 

Within the last 15 years, airborne TEM systems have been developed and introduced. Using the 

airborne systems, the ability to survey large areas has been significantly improved. The towed 

TEM (tTEM) and WalkTEM systems are basically a downscaled version of the TEM system on an 

airborne platform named SkyTEM. 

 

TEM Theory 

A direct current is injected in a transmitter loop. When the current stabilizes, the transmitter is 

abruptly turned off. By abruptly turning off the transmitter current, short-duration eddy currents 

are induced in the ground. The receiver coil located in the center of the transmitter loop (central 

loop configuration like WalkTEM) or outside the transmitter loop (off-set configuration like tTEM), 

measures the decaying magnetic field derived from the eddy currents. 

 

 

 

Figure A1-1 The primary EM field generated by the 

current in the transmitter loop. 

Figure A1-2 When the current is turned off in the 

transmitter loop eddy currents are generated in the 

subsurface. The eddy currents create secondary 

magnetic fields that are measured with the receiver. 

 

Noise in TEM data 

TEM data are comprised of different type of noise components. Noise can cause bias signals and 

affect the depth of investigation and if not properly identified and removed, can result in incorrect 

geological and hydrological interpretations. The different sources of noise are described below: 

 

1. Galvanic coupling is caused by the electromagnetic signal induced in a metal object, such as 

a metal pipe, metal fence or the loop, following the ground-wire through the power-masts to 

the ground as sketched below. The challenge is that the signal component caused by a 
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galvanic coupling can be hard to detect as the nature of the decay is similar to the response 

from the ground as illustrated in Figure A1-3. Galvanically-coupled data are identified by 

looking at the data along the survey lines while paying attention to the signal level and its 

correlation with potential coupling sources on the GIS map.   

 

 

 

Figure A1-3 Illustration showing the effects of galvanic coupling. 

 

2. Capacitive coupling is caused by the induced electromagnetic signal in an insulated 

installation such as a power cable. The noise creates an oscillating signal as illustrated in 

Figure A1-4. It is normally easy to distinguish capacitive coupling noise from the ground 

response.   

 

 
 

Figure A1-4 Illustration showing the effects of capacitive coupling. 

 

3. Coherent noise from electrical powerlines has the same pattern as sketched for the capacitive 

coupling. It is often easy to identify these features during processing of the data.   

4. Atmospheric noise is more random in nature and is typically handled by none-spike filtering 

and by simple averaging of the data. In case of a strong lightning or an electromagnetic 

storm the background noise can prevent the collection of data with satisfactory signal-to-

noise ratio.  

V 
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5. Motion induced noise due to vibrations in the receiver coil. Vibration of the receiver coil in the 

earth magnetic field will create a noise component. It is only a problem for moving systems, 

such as SkyTEM (airborne) or the tTEM system. This noise is minimized by suspending the 

receiver coil and keeping the survey speed within recommended limits (Figure A1-5). 

6. Internal noise in the instrumentation. 

 

 

Figure A1-5 The TEM Receiver coil is suspended to reduce motion induced noise. 

 

Depth of investigation 

The depth of investigation (DOI) depends on the geological and hydrogeological settings within 

the survey area and the signal-to-noise ratio determined by the power of the transmitted 

electromagnetic field, internal noise in the instrumentation and the actual ambient noise during 

the survey.  

 

The length of the TEM decay curves, i.e. how late in time the signal can be measured before 

reaching the noise level, determines the DOI. In Figure A1-6, the earth response (the green 

curves) reaches the noise floor for the system at ~ 500 𝜇𝑠. The depth of investigation can be 

increased by increasing the induced signal. This is typically done by injecting higher current, 

increasing the size of the transmitter loop and/or increasing the number of decay curves being 

averaged (stack size).  
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The DOI for the tTEM system is typically 60-80 

m bgs. The DOI for the WalkTEM system is 

typically 200-300 m bgs. The DOI will be 

larger when the ground is more resistive and 

smaller when the ground is more conductive. 

During the inversion, the DOI is estimated for 

each resistivity model. 

 

Inversion 

The inversion process is the step where the 

measured voltage values are fitted with the 

TEM response of the geophysical model. The 

model is described by its layer thicknesses and 

corresponding electrical resistivities. The 

results are typically presented as smooth 

(multi-layer) resistivity models.  

 

The processed data were inverted by applying 

a laterally constrained inversion (LCI) 

approach, where neighboring soundings are 

constrained in a multi-layered inversion 

scheme. 

 

An in-depth description of the modelling 

scheme can be found in the references listed 

below.  
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The towed-TEM (tTEM) and WalkTEM instruments are time-domain electromagnetic systems 

designed for hydrogeophysical and environmental investigations. The instruments were 

developed based on many years of research at Aarhus University in Denmark. The experience 

dates back to the development of the pulled-array TEM (PATEM) system and later the SkyTEM 

airborne system.  

 

tTEM instrument 
This section describes the tTEM instrument, documentation for calibration, results of repeated 

lines within the survey area and the settings being applied for this specific survey. The 

information is provided to give an in-depth understanding of the data collection, processing and 

inversion. 

 

instrument setup 

The tTEM system measures continuously while towed on the ground. It is designed to provide a 

very high near-surface resolution with very early time gates and a fast repetition frequency. The 

tTEM is based on an off-set loop configuration, with the receiver coil (Rx-coil) pulled ~ 8.0 m 

behind the transmitter coil (Tx-coil). The Rx-coil is horizontal, i.e. measuring the z-component of 

the magnetic fields.  

 

An ATV or similar vehicle tows the tTEM-system. The distance between the ATV and the Tx coil is 

3.0 m. The Tx-coil is a 2 m x 4 m loop suspended by the red beams, as shown on the photo in 

Figure A2-1. A GPS is located at the front of the Tx-frame for accurate positioning of the system. 

The Rx-coil is placed on a small sled. The transmitter electronics, receiver instrument, power 

supply etc. are carried on the back of the ATV. 

 

 

Figure A2-1  The tTEM system configuration. 

 

tTEM instrument IDs 

For this survey, the instruments with ID’s shown in Table A2-1 were used. 

 

Unit ID1 ID2 

TIB Receiver instrument 13 20180843 

RC20 Receiver coil   20200217 

tTEM Transmitter TX11  20200209 

Novatel Agstar GPS  20200640 
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A2-2 

Table A2-1 ID’s for the instrumentation used in this survey. 

  

Device Positions, nominal 

The positions and the geometry of the main components are listed in Table A2-2 and used in the 

processing and inversion scheme. As an example, the GPS coordinate is measured in the front of 

the transmitter frame, and then during the processing of the GPS data, the coordinates are 

shifted to reflect the actual focus point of the system. The geometry of the transmitter frame and 

the exact off-set of the receiver coil are used during the inversion of the data.  

 

Unit X (m) Y (m) Z(m) 

GP_Tx (GPS) 2.00 0.00 -1.20 

RxZ (Z-receiver coil) -10.28 0.00 -0.30 

Tx-Coil, center 0.00 0.00 -0.50 

Tx-Coil corner 1 -2.00 -1.00 -0.50 

Tx-Coil corner 2 2.00 -1.00 -0.50 

Tx-Coil corner 3 2.00 1.00 -0.50 

Tx-Coil corner 4 -2.00 1.00 -0.50 

Table A2-2 Nominal equipment, receiver and transmitter coils positioning. The 

origin is defined as the center of the transmitter coil. Z is positive downwards. 

 

 

Transmitter waveform 

The current in the transmitter loop is turned on 

and off in pulses. The direction of the current 

shifts from positive to negative in between each 

pulse. The two graphs below show the waveform 

for the low moment (LM) and the high moment 

(HM) as the current is turned off very rapidly. 

During the off times, i.e. when the current is 

turned off, the secondary magnetic fields from 

the eddy currents are measured in the receiver 

coil.  

 

 

 

Figure A2-2 Close-up photo showing the 

transmitter frame mounted on the sled 
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Figure A2-3 Waveforms for the LM (left) and the HM (right). The red line segments indicate the piecewise linear 

modelling of the waveforms. 

 

The speed of the turn-off ramp of the low moment is critical for the resolution of the shallow 

subsurface. Figure A2-4 shows a closeup view of the ramp down on the low moment; the current 

is turned off within approximately 2 microsecond (µS).  

 

 

Figure A2-4 Close-up on ramp down for LM. The red line segments indicate 

the piecewise linear modelling of the waveform. 

 

The transmitter waveforms for LM and HM, are listed as time and nominal amplitude. On-times 

are negative, and off-times are positive. The shape of the waveform is used in the inversion 

scheme. The actual waveforms are scaled by the current measurement just before the current is 

turned off. 
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LM time LM amplitude HM time HM amplitude 

-6.7400e-04 s -0.000 -1.9650e-03 s -0.000 

-6.7250e-04 s -0.496 -1.9483e-03 s -0.316 

-6.7071e-04 s -0.658 -1.9279e-03 s -0.532 

-6.6859e-04 s -0.784 -1.9030e-03 s -0.710 

-6.6605e-04 s -0.865 -1.8725e-03 s -0.845 

-6.6303e-04 s -0.925 -1.8351e-03 s -0.933 

-6.5944e-04 s -0.963 -1.7894e-03 s -0.981 

-6.5516e-04 s -0.978 -1.7334e-03 s -1.001 

-6.5007e-04 s -0.989 -1.6650e-03 s -1.000 

-6.4400e-04 s -1.000 -1.5150e-03 s -1.000 

-4.7400e-04 s -1.000 -1.5148e-03 s -0.967 

-4.7387e-04 s -0.953 -1.5146e-03 s -0.859 

-4.7373e-04 s -0.812 -1.5143e-03 s -0.662 

-4.7355e-04 s -0.559 -1.5139e-03 s -0.381 

-4.7334e-04 s -0.332 -1.5135e-03 s -0.155 

-4.7309e-04 s -0.175 -1.5131e-03 s -0.053 

-4.7279e-04 s -0.086 -1.5125e-03 s -0.017 

-4.7243e-04 s -0.041 -1.5118e-03 s -0.007 

-4.7200e-04 s -0.016 -1.5110e-03 s -0.000 

-4.7150e-04 s -0.000 -4.5000e-04 s 0.000 

-2.0000e-04 s 0.000 -4.3333e-04 s 0.316 

-1.9850e-04 s 0.496 -4.1294e-04 s 0.532 

-1.9671e-04 s 0.658 -3.8799e-04 s 0.710 

-1.9459e-04 s 0.784 -3.5745e-04 s 0.845 

-1.9205e-04 s 0.865 -3.2009e-04 s 0.933 

-1.8903e-04 s 0.925 -2.7438e-04 s 0.981 

-1.8544e-04 s  0.963 -2.1844e-04 s 1.001 

-1.8116e-04 s 0.978 -1.5000e-04 s 1.000 

-1.7607e-04 s 0.989 0.0000e+00 s 1.000 

-1.7000e-04 s 1.000 2.0384e-07 s 0.967 

 0.0000e+00 s 1.000 4.3584e-07 s 0.859 

 1.2589e-07 s 0.953 7.2384e-07 s 0.662 

 2.6989e-07 s 0.812 1.0598e-06 s 0.381 

4.5389e-07 s 0.559 1.4598e-06 s 0.155 

6.6189e-07 s 0.332 1.9398e-06 s 0.053 

9.0989e-07 s 0.175 2.5078e-06 s 0.017 

1.2139e-06 s 0.086 3.1878e-06 s 0.007 

1.5659e-06 s 0.041 4.0000e-06 s 0.000 

1.9979e-06 s 0.016   

2.8000e-06 s 0.000   

Table A2-3 Transmitter waveforms LM and HM. 
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Measurement cycle 

The basic settings of the instrumentation are shown in Table A2-4.  

 

Parameter LM HM 

Moment ID 2 1 

No. of turns 1 1 

Transmitter area (m2)  8 m2  8 m2  

Tx Current ~ 3 A ~ 30 A 

Tx Peak moment ~ 24 Am2 ~ 240 Am2 

Repetition frequency 1008 Hz 282 Hz 

Raw Data Stack size 366 282 

Raw Moment cyclus time 0.22 s 0.40 s 

Tx on-time 200 μs 450 μs 

Duty cycle 42% 30% 

Turn-off time 2.6 μs at 3 Amp 4.5 μs at 30 Amp 

Number of gates 5 25 

Gate time interval (gate center 

time) 
4 μs – 30 μs 10 μs – 900 μs 

Front-gate time (nominal) 2 μs 4 μs 

Front-gate delay 2 μs 2 μs 

Table A2-4 Basic settings of the instrumentation. 

 

Receiver coil  

The receiver coil can be described by the following parameters. The parameters are used in the 

inversion scheme. 

 

Parameter Value 

Low pass filter frequency 300 kHz 

Low pass filter order 1 

Effective area 20m2 

Table A2-5 Receiver coil parameters. 

 

Instrument Firmware versions 

The firmware in the instruments have the version numbers described in the table below.  

 

Software Version 

PaPC 4.1.1.8 

Navsys 2.1.0.4  

TxProc 2.10.0.30 

tTEM Log 5.0.4.8 

NAV 5.2.0.2 

Table A2-6 Instrument firmware versions. 

 
 

Documentation of test and calibration  

At the Danish national geophysical test-site near Aarhus, Denmark, the tTEM instrumentation 

described above was tested and calibrated. The purpose for the test and calibration is to 

document the performance of the instrument and to defined absolute calibration parameters.  
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The calibration is performed to establish the absolute time shift and data level to facilitate precise 

modeling of the data. No additional levelling or drift corrections are applied. To perform the 

calibration, all system parameters (transmitter waveform, low pass filters, etc.) must be known 

to allow accurate modeling of the tTEM setup. The calibration constants are determined by 

comparing a recorded tTEM response on the test site with the reference response. The reference 

response is calculated from the test site reference model for the used tTEM configuration.  

 

Acceptable calibration was achieved with the calibration constants stated in Table A2-7. The 

calibration was performed on June 9, 2019. Calibration plots for both moments are shown in 

Figures A2-5 and A2-6. The scale factors of 1.01 and 1.03 (1% and 3%) are very acceptable. The 

time shift is deemed due to the delays in the electronics and inaccurately modelled waveforms. 

The obtained time shifts are very acceptable.  

 

Moment Time Shift Scale Factor 

LM -0.80 μs 1.01 

HM -0.70 μs 1.03 

Table A2-7. Calibration constants.  

  

 

Figure A2-5 Calibration plot for the LM. The red curve is the recorded data with calibration factors applied, and 

the blue curve is the forward response from the national geophysical test-site in Denmark. 
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Figure A2-6 Calibration plot for the HM. The red curve is the recorded data with calibration factors applied, and 

the blue curve is the forward response from the national geophysical test-site in Denmark. 

 

Processing and Inversion Software settings 

The processing and inversion are based on the Aarhus Workbench software, version 6.4.0.0.  

A 30-layer model has been applied. Table A2-8 lists the fixed layer thicknesses, depth to bottom 

of layer and the initial resistivity assigned to the model layers (a homogenous half space). For 

this survey, the initial resistivity values were obtained by first inverting each tTEM sounding data 

with homogeneous half-space earth model and the resulting values were used during the 

inversion. 

 

Layer 
Thickness 

[Meter] 

Depth 

[Meter] 

Start value 

[Ohm-m] 

1 1.00 1.00 10 

2 1.10 2.10 10 

3 1.20 3.20 10 

4 1.30 4.50 10 

5 1.30 5.80 10 

6 1.50 7.30 10 

7 1.60 8.90 10 

8 1.70 10.6 10 

9 1.80 12.4 10 

10 2.00 14.3 10 

11 2.10 16.5 10 

12 2.30 18.7 10 

13 2.50 21.2 10 

14 2.60 23.8 10 
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Layer 
Thickness 

[Meter] 

Depth 

[Meter] 

Start value 

[Ohm-m] 

15 2.90 26.7 10 

16 3.10 29.8 10 

17 3.30 33.1 10 

18 3.60 36.7 10 

19 3.90 40.5 10 

20 4.20 44.7 10 

21 4.50 49.1 10 

22 4.80 53.9 10 

23 5.20 59.1 10 

24 5.60 64.7 10 

25 6.00 70.8 10 

26 6.50 77.3 10 

27 7.00 84.3 10 

28 7.60 91.9 10 

29 8.10 100 10 

30 --   

Table A2-8 Outline of the 30-layer model. 

 

GPS settings 

The settings and the position of the GPS is shown in Table A2-9. 

 

Parameter Value 

Beat Time 0.5 sec 

Filter length 7.0 sec 

Polynomial order 2 

Shift in x-direction -4.965 m 

Table A2-9 GPS processing. 

 

Repeat line within the survey area 

Within the survey area, a test line was surveyed repeatedly. This is to document that the system 

is not affected by drift or other problems with the instrumentation, as well as to show that the 

processing and inversion schemes are robust and consistent.  

 

The modelling results along the test line are shown in the following figures. The results from the 

test line show high repeatability of the tTEM system and the inversion approach. 
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Figure A2-7 Location map of the test line (red) conducted on the 10th of November 2020. 

 

 

 

Figure A2-8 Modeled soundings along the test line (165 m). Models with no outline are measured from 

20:48:26 to 20:49:28 and models with black outlines are measured from 00:18:33 to 00:19:18. Both data sets 

are from November 10, 2020. 
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Figure A2-9 Two co-located sounding curves (left; red – 2x LM, green – 2 x HM) and the corresponding 

resistivity models (right) along the test line, measured at 20:49:00 and 00:18:55, respectively. The sounding 

curves show excellent repeatability, which is also reflected in the model curves. Both data sets are from 

November 10, 2020. 
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WalkTEM instrument  
This section describes the WalkTEM instrument setup and system specifications. The information 

is provided to give an in-depth understanding of the data collection, processing and inversion. 

 

WalkTEM instrument setup 

The WalkTEM field configuration used in this survey is named “central loop” configuration. It 

comprises a 40 m x 40 m (130 ft x 130 ft) square-shaped transmitter (Tx) loop, along with a 10 

m x 10 m (33 ft x 33 ft) 2-turn receiver (Rx) loop placed in the center of the transmitter loop. 

The Tx and Rx loops are connected to the WalkTEM instrument, which is placed at the corner of 

the Tx loop. The instrument is supplied with a 12V external battery (Figure A2-10). 

 

The instrument runs on a built-in windows computer. It also has a built-in keypad to ease 

operation of the system. The acquisition software is linked to a simplified inversion program that 

enables quick analysis of the data at the site.  

 

 

Figure A2-10 The WalkTEM system configuration. 
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Measurement cycle 

The basic settings of the instrumentation are shown in Table A2-10. In this study, a measuring 

script consisting of 45 time gates was used to achieve maximum depth of investigation. 

 

 

Parameter LM HM 

Moment ID 2 1 

No. of turns 1 1 

Transmitter area (m2)  1600 m2  1600 m2  

Tx Current ~ 1 A ~ 8 A 

Tx Peak moment ~ 1600 Am2 ~ 12800 Am2 

Number of gates 25 32 

Gate time interval (gate center 

time) 
9.19 μs – 706 μs 35 μs – 22.16 μs 

Table A2-10 Basic settings of the instrumentation. 

 

System calibration  

The WalktTEM instrumentation described above was tested and calibrated at the Danish national 

geophysical test-site near Aarhus, Denmark. The purpose for the test and calibration is to 

document the performance of the instrument and to defined absolute calibration parameters.  

 

The calibration is performed to establish the absolute time shift and data level to facilitate precise 

modeling of the data. No additional levelling or drift corrections are applied. To perform the 

calibration, all system parameters (transmitter waveform, low pass filters, etc.) must be known 

to allow accurate modeling of the WalkTEM setup. The calibration constants are determined by 

comparing a recorded WalkTEM response on the test site with the reference response. The 

reference response is calculated from the test site reference model for the used WalkTEM 

configuration.  

 

Acceptable calibration was achieved with the calibration constants stated in Table A211. The 

scale factors of 1.04 and 1.02 (4% and 2%) are very acceptable. The time shift is deemed due to 

the delays in the electronics and inaccurately modelled waveforms. The obtained time shifts are 

very acceptable.  

 

Moment Time Shift Scale Factor 

LM -1.70 μs 1.04 

HM -1.60 μs 1.02 

Table A2-11. Calibration constants.  

  

Processing and Inversion Software settings 

The processing and inversion are based on the Aarhus SPIA software, version 3.5.1.0. A 20-layer 

model has been applied. Table A2-12 lists the fixed layer thicknesses, depth to bottom of layer 

and the initial resistivity assigned to the model layers (a homogenous half space). 
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Layer 
Thickness 

[Meter] 

Depth 

[Meter] 

Start value 

[Ohm-m] 

1 4.30 4.30 50 

2 4.86 9.16 50 

3 5.48 14.64 50 

4 6.19 20.84 50 

5 6.99 27.83 50 

6 7.89 35.72 50 

7 8.91 44.63 50 

8 10.06 54.69 50 

9 11.36 66.05 50 

10 12.82 78.87 50 

11 14.48 93.35 50 

12 16.34 109.69 50 

13 18.45 128.14 50 

14 20.83 148.97 50 

15 23.52 172.49 50 

16 26.55 199.04 50 

17 29.98 229.02 50 

18 33.84 262.86 50 

19 38.21 301.07 50 

20 -- -- 50 

Table A2-12 Outline of the 25-layer model. 
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MEAN RESISTIVITY PLAN-VIEW MAPS  
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VERTICAL SECTIONS  
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WALKTEM RESULTS  

 

 



A5-1 

 

WalkTEM Station: W01 (Project site 8) – smooth model 
 

UTMX: 644323 Data Residual: 0.2 Database Name: Project46.gdb  

UTMY: 4245883 DOI: 209 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 
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WalkTEM Station: W01 (Project site 8) – layered model 
 

UTMX: 644323 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4245883 DOI: 210 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 
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WalkTEM Station: W02 (Project site 8a) – smooth model 
 

UTMX: 644524 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4245193 DOI: 230 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 
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WalkTEM Station: W02 (Project site 8a) – layered model 
 

UTMX: 644524 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4245193 DOI: 224 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 
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WalkTEM Station: W03 (Project site 7) – smooth model 
 

UTMX: 646665 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4248224 DOI: 241 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 

 

  

 
  



A5-6 

 

WalkTEM Station: W03 (Project site 7) – layered model 
 

UTMX: 646665 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4248224 DOI: 245 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 

 

  

 
 

 



A5-7 

 

WalkTEM Station: W04 (Project site 5a) – smooth model 
 

UTMX: 639047 Data Residual: 0.4 Database Name: Project46.gdb  

UTMY: 4233865 DOI: 216 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 

 

  

 

 

 



A5-8 

 

WalkTEM Station: W04 (Project site 5a) – layered model 
 

UTMX: 639047 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4233865 DOI: 195 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 

 

  

 

 



A5-9 

 

WalkTEM Station: W05 (Project site 3) – smooth model 
 

UTMX: 654533 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4241642 DOI: 207 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 

 

  

 

 

 



A5-10 

 

WalkTEM Station: W05 (Project site 3) – layered model 
 

UTMX: 654533 Data Residual: 0.2 Database Name: Project46.gdb  

UTMY: 4241642 DOI: 206 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 

 

  

 
 

 



A5-11 

 

WalkTEM Station: W06 (Project site 10) – smooth model 
 

UTMX: 641636 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4236878 DOI: 208 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 

 

  

 

 

 



A5-12 

 

WalkTEM Station: W06 (Project site 10) – layered model 
 

UTMX: 641636 Data Residual: 0.3 Database Name: Project46.gdb  

UTMY: 4236878 DOI: 207 m EPSG: WGS 84 UTM zone 10N (epsg: 32610) 
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