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1. INTRODUCTION

This geophysical project was conducted for Sonoma Water at four locations in Petaluma and

Sonoma valleys, California. The purpose of the geophysical investigations was to test the

feasibility of geophysical technology to map and monitor the distribution of brackish or saline

groundwater within the specific hydrogeologic and water quality regime of the southern portions

of the basins and to further characterize the basins for refining the hydrogeologic conceptual

models used in the Groundwater Sustainability Plans (GSP) implementation. Existing airborne

electromagnetic (AEM) and borehole data from the DWR Statewide AEM Project and recent

borehole information provided by the client, were used to correlate with new surface geophysics

(Figure 1). The AEM data provide extra information within the specific geographical areas of

interest.

Ramboll used ground-based transient electromagnetic (WalkTEM) and Electrical Resistivity

Tomography (ERT) geophysical techniques for this project (Figure 2 and Figure 3). The WalkTEM

data were acquired at three preplanned locations: Sonoma Land Trust's Sears Point Ranch in

southern Petaluma Valley and two privately owned ranches in southern Sonoma Valley. Some of

the proposed WalkTEM locations were adjusted or removed due to hilly topography or proximity

to powerlines or transmission lines. An All-Terrain Vehicle (ATV) was used to transport the

WalkTEM equipment between each site (Figure 4). The ERT data were collected along two profiles

on a private property adjacent to the Petaluma River just north of downtown Petaluma.

Figure 1 Location of the geophysical survey areas. 
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Through geophysical 

inversion,  

the electromagnetic (AEM, 

WalkTEM) and ERT data 

were interpreted to smooth 

(multi-layer) electrical 

resistivity models. The 

WalkTEM method provided a 

representation of the 

variations in electrical 

resistivity at the measuring 

locations. The AEM and ERT 

data provided electrical 

resistivity variations along 

vertical sections. 

The main sections of this 

report describe the field Figure 2 The WalkTEM system in operation on September 15th, 2021. 

operation and the results of 

the WalkTEM, ERT and AEM  

surveys in the study area. Appendix 1 

contains a general introduction to the TEM 

method. Appendix 2 contains detailed 

documentation of the WalkTEM systems, 

including calibration of the system, complete 

configuration of the system and information 

about processing and inversion parameters. 

Appendix 3 presents a subset of vertical 

resistivity model sections from the DWR 

Statewide AEM Project that covers the area 

around the WalkTEM sites.  

Figure 3 The ERT system in operation on September 

1st, 2022. 
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Figure 4 The ATV used to transport the WalkTEM equipment on site. 

2. FIELD WORK

The WalkTEM fieldwork consisted of six (6) days of surveying. The surveys were carried out by

Kaylee Glenney and Andrew Li of Ramboll. The WalkTEM survey was conducted between

September 15-20, 2021. The ERT survey was conducted by Ahmad-Ali Behroozmand (Ramboll)

and Gordon Osterman (USDA) on September 1, 2022.

Existing AEM data from the survey area were also used in the interpretation. The AEM data were

collected by the Ramboll team as part of the California Department of Water Resources (DWR)

Statewide AEM Program for regional-scale mapping of all the medium- and high-priority

groundwater basins in California.

2.1 WalkTEM Data Collection

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 5 and Figure 6).

These measurements are called ‘soundings’ and provide information below the transmitter loop to

a depth of about 200-250 m (~ 600-800 ft), noting that the depth of investigation varies based

on the site-specific conditions of the subsurface. The TEM sounding characterizes the electrical

resistivity of the earth below the transmitter loop by injecting a direct current (DC) into the

transmitter loop that results in emitting a magnetic field into the ground. When the current

stabilizes the transmitter is abruptly turned off. The process of abruptly turning off the

transmitter current induces short-duration eddy currents in the ground. The receiver coil that

resides in the center of the transmitter loop then measures the decaying magnetic field derived

from the eddy currents.



Ramboll - Geophysical investigations in Sonoma County 

Prior to data collection, 

each pre-planned 

location was assessed 

carefully to ensure 

minimal EM noise 

interference from 

overhead powerlines, 

powered cables, metal 

fences etc. Whenever 

the sounding locations 

were not optimal, it was 

moved to the nearest 

optimal location. Data 

could not be collected at 

some of the pre-planned 

locations due to hilly 

topography or proximity 

to powerlines or 

transmission lines.  

A location map of the WalkTEM soundings is shown in Figure 7. Detailed information about the 

TEM methods and the WalkTEM specifications can be found in Appendix 1 and Appendix 2, 

respectively. 

Figure 5 The WalkTEM system being set up on September 16th. 

Figure 6 A representative illustration of the WalkTEM system setup in the field. 
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2.1.1 Instrumentation Issues 

No issues with the instruments were encountered in the field. 

2.1.2 Weather 

The weather during the WalkTEM survey was generally cooler in the morning and sunny and 

windy during the day, with temperatures rising to ~ 88 F. 

2.1.3 Quality Control During Surveying 

During start-up in the morning, Ramboll personnel carefully inspected the WalkTEM system to 

ensure that all parts were intact and function properly. When the system was fully up and 

running, the TEM signal was frequently checked. At the end of each measurement, the raw data 

were quality control checked before moving to the next location. In general, good signal-to-noise 

ratios were observed. 

Figure 7 Location map of the WalkTEM surveyed area. 
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2.2 ERT Data Acquisition 

The ERT data collection was 

performed by laying out cables 

on the ground and connecting 

them to an array of steel 

electrodes spaced every 5 m 

(16.5 ft) and inserted into the 

ground (Figure 8). The data 

were acquired using Syscal 

Terra Switch of Iris 

Instruments (Figure 9). During 

an ERT survey, a DC current is 

injected into the ground 

between each pair of 

electrodes and the voltage is 

measured between each 

subsequent pair of electrodes. 

The array of electrodes is 

connected to the instrument, 

which acts as a switch box and 

measuring device and sends 

out the DC current to different sets of electrodes using a pre-set measuring sequence (Figure 9). 

Like the WalkTEM, the ERT data characterize the electrical resistivity of the subsurface. 

A location map of the ERT surveyed lines is shown in Figure 10. 

Figure 8 The ERT field setup. A close-up view showing how the steel 

electrodes are connected to the ERT cable. During the measurement, 

electrodes are used both as current and electrodes. 

Figure 9 The ERT field setup. A close-up view of the ERT instrument, Syscal Terra 

Switch, connected to the cables and power sources. 
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Figure 10 Location map of the ERT surveyed area. Yellow circles show positions of electrode numbers 3, 16, 32 

and 48 along each ERT line. White triangles are markers at 50, 100, 150 and 200 m distances along the ERT 

cross sections shown in Chapter 4.3. 

2.2.1 Instrumentation Issues 

During the first attempt to acquire the ERT data, technical instrumentation issues were 

encountered in the field. Assessments of the instrument in the field (and later in the office) 

concluded that the instrument needed to be sent to the manufacturing company to be repaired. 

In the second attempt, data were collected using a replacement instrument. 

2.2.2 Weather 

The weather during the ERT survey was cloudy and cooler in the morning and sunny and warm 

during the day. 

2.2.3 Quality Control During Surveying 

During start-up in the morning, the instrument parts were inspected carefully to ensure that all 

parts were intact and function properly. Prior to the data acquisition, contact resistance of the 

electrodes to the ground was checked. Electrodes with weak contact to the ground were 

removed, the hole was filed with saline water, and the electrodes were placed back in the holes. 
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In some cases, electrode positions were adjusted slightly for better connection to the ground. A 

customized multi-gradient measuring sequence was used for data acquisition. When the system 

was fully up and running, the signal and noise level were frequently checked. 

2.3 AEM data acquisition 

The AEM data were collected as part of the California Department of Water Resources (DWR) 

Statewide AEM Program to conduct regionally scale mapping of all the medium- and high-priority 

groundwater basins in California. The employed AEM system, SkyTEM304 is specifically designed 

for groundwater investigations to obtain high-resolution characterization of the shallow geology 

and at the same time obtain deep information (Figure 11). The physical principles of the AEM are 

similar to WalkTEM. The difference is that the entire system is towed beneath a helicopter, which 

enables fast data acquisition. During the statewide AEM project, the helicopter flew at a speed of 

80-100 kph (50-60 mph) with the carrier frame at a height of 30-50 m (100-160 ft) above the

terrain. The AEM measurements provide subsurface resistivity information along the flight lines.

A location map of the AEM flight lines within the survey area are shown in Figure 1. Detailed 

information about the DWR Statewide AEM Program in the survey area can be found on the 

project website (https://water.ca.gov/Programs/Groundwater-Management/Data-and-

Tools/AEM).  

Figure 11 The SkyTEM system in operation west of Santa Rosa during the Statewide AEM project. 

https://water.ca.gov/Programs/Groundwater-Management/Data-and-Tools/AEM
https://water.ca.gov/Programs/Groundwater-Management/Data-and-Tools/AEM
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3. PROCESSING AND INVERSION

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

packages, Aarhus SPIA (https://hgg.au.dk/software/spia/) and Aarhus Workbench

(https://hgg.au.dk/software/aarhus-workbench). The SPIA and Workbench are well-documented

and technically sound software packages used for processing and inversion of ground-based and

airborne electromagnetic and geoelectrical data. We utilized applications that were specifically

designed for processing and inversion of the WalkTEM, ERT and AEM data.

3.1 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 sounding.

3.2 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.

3.3 ERT Data Processing Steps 

The collected ERT data underwent the following processing steps: 

1. Manually inspect each dataset for signal and noise levels and identify noisy data points.

2. Remove noisy data. The noise can be due to imperfect electrode contact to the ground,

local geologic inhomogeneities near the electrode etc.

3. Assign coordinates and Digital Elevation Model (DEM) elevation to the electrode positions.

3.4 ERT Inversions Steps 

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

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

layers and layer thicknesses.

2. Invert the processed data for smooth (multi-layer) models using a laterally constrained

inversion (LCI) approach.

3. Present the data as vertical resistivity sections. In case the results are not satisfactory,

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

https://hgg.au.dk/software/spia/
https://hgg.au.dk/software/aarhus-workbench
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4. RESULTS

This section describes the results of the geophysical surveys conducted. 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 (given onsite borehole information).

The results are presented as vertical resistivity sections (cross sections). Geophysical and

lithologic logs near the models are projected on the sections.

4.1 Correlation between resistivity and lithology

The electromagnetic (WalkTEM, AEM) and ERT methods measure the electrical resistivity of the

subsurface. Translating resistivity to lithology is based on a general correlation between

resistivity and sediment type. Figure 12 shows a general correlation, where low permeability clay

has a low resistivity, 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 and phreatic zones can also impact the resistivity.

Specifically, groundwater salinity, depending on the degree of salinity, corresponds to a lower

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 12 General correlation between resistivity, type of sediments and rocks, and water of 

varying quality. 

In the surveyed area, measured electrical resistivities were compared to borehole information for 

improved lithologic understanding of the subsurface. In this project, the resistivity colormap was 

adjusted to represent the geologic variations across the study sites. The adjusted scales, used for 

all presentations in this report, is shown in Figure 13. 
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Figure 13 Resistivity color scales used for presentation of the AEM and WalkTEM results (left) and for 

presentation of the ERT results (right). 

4.2 Comparison of the WalkTEM and AEM results with borehole data 

High-quality WalkTEM data were acquired during this survey. In the following figures, the 

WalkTEM and AEM resistivity models are shown as vertical resistivity model sections. The AEM 

resistivity models are shown in the background continuous images. The WalkTEM resistivity 

models are shown as column bars with black borders. To support the interpretation of 

geophysical data, geophysical (electrical) logs from the recently drilled wells are projected on the 

sections as column bars with grey borders. The same color scale is used for presentation of the 

AEM models, WalkTEM models and geophysical (electrical) logs. In addition to the above, 

lithologic logs from the boreholes near the AEM lines (extracted from the Statewide AEM project) 

and from the recently installed wells are also projected on the sections as color-coded column 

bars. The lithologic units are classified following the Unified Soils Classification System (USCS) 

and color coded following the color scale used in the Statewide AEM project. 

A location map of the sections is shown in Figure 14. Figure 15 shows an example of the 

presentation of the borehole data on the sections and a legend defining the lithologic units 

following the USCS classification.  

The section results are shown in Figure 16 to Figure 26. In each figure, a cross section at the 

bottom presents AEM and WalkTEM resistivity models together with the geophysical and lithologic 

logs. The location of the presented section is shown on a map at the top right corner. Downward 

pointing red, orange, light blue and dark blue arrows on top of the sections identify locations 

where the section line changes directions on the map, location of mapped faults, groundwater 

basin boundary and rivers and creeks, respectively. Also shown on top of the section are the 

resistivity color scale and a description of different illustrations on the cross section. Dashed lines 

on the cross sections represent distinct vertical changes in the resistivity, which may correspond 

to potential hydrogeologic boundaries based on variations in the resistivity. 

The depth of investigation (DOI) refers to the depth at which the resulting model can be 

considered reliable. The DOI depends on the geological and hydrogeological settings within the 

survey area, variations in the electromagnetic noise level and the system specifications. The DOI 

was calculated for each resistivity model. On the vertical sections, depths greater than the DOI 

are illustrated by faded colors. 

Detailed structural variations are observed along the sections. The WalkTEM results are in good 

agreement with the AEM results. In addition, the WalkTEM data provide valuable information in 

between the AEM lines. The WalkTEM model DOIs are generally in the same range as the AEM 
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model DOIs. Greater WalkTEM DOI in some locations relate to the longer off times applied during 

data acquisition and that the data were measured over a relatively longer time. 

 

Fault locations can be mapped with the EM data especially if the survey line is perpendicular to 

the fault strike. Some of the mapped faults in the survey area can be seen on the resistivity 

sections (for example on sections P2, P6 and P7).  

 

A distinguished thick low-resistivity layer (blue, with varying thickness) is seen across the valley 

floor (sections P1-P9). This near surface layer is interpreted as fine sediments, likely with an 

elevated content of salt. Below this layer, a higher resistivity layer may indicate a freshwater 

aquifer, i.e. coarser sediments with more fresh water (see sections P2-P5, P8 and P9). Another 

observation on the sections is a thin high resistivity layer (pink) at the surface. This layer could 

represent a top unsaturated layer and/or coarser sediments. A vertical low resistivity structure in 

the middle of Section P4 may represent a potential fault or indicate a stratigraphic change. 

 

 

Figure 14 Location map of the sections presented in the following figures. 
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A distinguishing feature on the sections is a 

very low resistivity shallow structure, shown 

with dark blue colors. Based on the resistivity 

values of this structure (~ 1 ohm-m or 

lower), it is assumed that the pore water in 

the sediments is saline/brackish water. The 

thickness and extent of this layer varies 

across the survey area, for example between 

sections P5 and P6. There is generally a sharp 

transition to higher resistivity values below 

this layer, which indicates less brackish water 

in the pores and/or coarser sediments 

(depending on the resistivity values of the 

underlying layer). A clear example is shown 

on cross section P1, between distances of 

5,500 m and 9,500 m. 

Figure 15 An example of presentation of the borehole 

data as color-coded column bars (left) and a legend 

defining the lithologic units following the USCS 

classification (right). The number below the borehole 

represents the distance of the borehole from the 

section, in meters, and the number above the 

borehole indicates the borehole ID. 
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Figure 16 Cross Section P1. The location of the section is shown in red on the map. 

SW NE 

S
o
n
o
m

a
 C

re
e
k
 



Ramboll - Geophysical investigations in Sonoma County 

Figure 17 Cross Section P2. The location of the section is shown in red on the map. 
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Figure 18 Cross Section P3. The location of the section is shown in red on the map.  
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Figure 19 Cross Section P4. The location of the section is shown in red on the map.  
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Figure 20 Cross Section P5. The location of the section is shown in red on the map. 

NW SE 

P
e
ta

lu
m

a
 R

iv
e
r 

P
e
ta

lu
m

a
 R

iv
e
r 



Ramboll - Geophysical investigations in Sonoma County 

 

  

 

 

 
  

 

Figure 21 Cross Section P6. The location of the section is shown in red on the map.  
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Figure 22 Cross Section P7. The location of the section is shown in red on the map.  
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Figure 23 Cross Section P8. The location of the section is shown in red on the map.  
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Figure 24 Cross Section P9. The location of the section is shown in red on the map. 
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Figure 25 Cross Section P10. The location of the section is shown in red on the map. 
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Figure 26 Cross Section P11. The location of the section is shown in red on the map.  
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4.3 ERT Results 

High-quality ERT data were acquired during this survey. The ERT resistivity results are shown as 

vertical resistivity cross sections along the two survey lines. A location map of the ERT lines is 

shown in Figure 10. The section results are shown in Figure 27. 

On cross section 1, a top high resistivity layer is observed across the section. Below this top 

layer, a thin low resistivity layer (blue) is seen on the eastern side of the section. The resistivity 

of this layer is higher in the middle and western part of the section. A high resistivity layer 

separates this layer from a deeper and thicker low resistivity layer. Finally, a relatively high 

resistivity layer extends from an elevation of ~ -40 m to the bottom of the section. In both of the 

low resistivity layers, the lower resistivities (blue) are thicker closest to the river and dissipate 

moving away from the river. One interpretation could be that the blue colors indicate areas of 

higher groundwater salinity that decreases moving away from the river. 

Figure 27 ERT Cross Sections 1 (top) and 2 (bottom). For location map see Figure 10. 

Similar layering sequence is observed on cross section 2. However, the thickness, depth and 

extent of the layers are different. Similar to cross section 1, a top high resistivity layer is 

observed across the section. The next, low resistivity layer is thicker on cross section 2 and the 

resistivity values are lower in the northern part of the section. Again, a higher resistivity layer 

W E 

N S 
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separating layer 2 from a second low resistivity layer. The resistivity of this layer (layer 3) is 

higher towards south. Compared to cross section 1, the second low resistivity layer is much 

thicker. Finally, the bottom higher resistivity layer appears deeper at an elevation of ~ -70 m. 

5. DATA DELIVERABLES

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

1. Raw data as extracted from the WalkTEM and ERT instruments.

2. A GERDA Firebird database containing all acquired data, processed data, as well as the

inverted model results.

3. ArcGIS layers including:

3.1. Layout. Several ArcGIS shape files (“*.shp”) containing general information about the

surveyed area (project area outline, powerlines etc.) and location of the WalkTEM, ERT 

and AEM survey lines. 

3.2. Model Sections. ArcGIS shape files (“*.shp”) containing locational information for the 

vertical sections presented in this report. 

4. The report, delivered as a PDF file.

6. CONCLUSIONS AND RECOMMENDATIONS

6.1 WalkTEM and AEM

The data from the WalkTEM survey were processed and inverted independently from each

sounding location. The WalkTEM models are in very good agreement with each other as

variations in the resistivity models develop continuously from site to site. The comparison of the

WalkTEM models with the AEM models from the DWR project is in very good agreement.

Similarly, a good correlation is seen when comparing the AEM and WalkTEM models with the

geophysical logs and lithology from well completion reports.

The WalkTEM and AEM vertical sections in the areas where the terrain is close to sea level (valley

floor; see sections P1-P9) show a layer with relatively low resistivity and thickness in the range

20-30 m. This layer is interpreted as fine sediments and likely with an elevated content of salts.

Above the layer there is a thin more resistive layer that might represented an unsaturated layer

and/or coarser sediments. Due to the very low resistivity of the second layer, the model depth of

investigation (DOI) in those areas is reduced to about 50 m, which is much smaller than typical

surveys over areas with higher resistivity structures. The layer beneath the low resistive layer

shows higher resistivities. There is no borehole information to support the interpretation of this

more resistive layer. The obvious interpretation is that it contains coarser sediments containing

more fresh water.

In the higher elevation terrain, the WalkTEM and AEM vertical sections show more resistive 

layers, with very sharp lateral changes at some locations. The sharp discontinuities do correlate 

well with some of the known faults. Other discontinuities seen in the resistivity models can reflect 

potential faults discovered by the WalkTEM and AEM surveys.  

North 
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To gain a better understanding of the geologic complexity of the survey area, a dense AEM 

survey with line spacing of ~ 250 m is recommended. A dense AEM survey enables mapping of 

detailed structures like faults. In addition, integration of the dense AEM data with water quality 

data provides insight to better understand the extent of brackish water in the southern part of 

the survey area. 

6.2 ERT 

For the ERT profiles, the scope of work was to investigate surface water-groundwater interaction 

and to assess to what extent ERT technology can be used to interpret groundwater salinity near 

the Petaluma River. No faults can be seen on the two vertical sections. Ideally the profile running 

perpendicular to the direction of the river should have crossed the river. It was not possible to 

cross the river due to the activities on the eastern side of the river. If we would have crossed the 

river it would have been more likely that discontinuities representing potential faults could be 

recognized. On the section perpendicular to the river, lower resistivities (blue) are thicker closest 

to the river, which could be interpreted as areas of higher groundwater salinity that decreases 

moving away from the river. The vertical section running in parallel with the river clearly shows 

that there are finer materials beneath the riverbed which are likely to separate the river from the 

underlying aquifers. 

Depending on the width of Petaluma River and depth of water, it is possible to conduct a floaTEM 

survey in the river to better understand the surface water-groundwater interaction along the 

river. FloaTEM is an EM system that is suitable for data acquisition on water. The system is towed 

behind a boat on water and provides continuous data similar to AEM and tTEM. 




