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Background: Geophysical methods were used to support water resource investigations for many years. Early on, much of the established methods offered only qualitative information about hydrogeological parameters and processes. During the 1990’s, geophysical studies focused on providing more quantitative information about streamflow, vadose zone, and ground-water hydrology. Consequently, the field of hydrogeophysics emerged as a multi-disciplinary subject focusing on the use of geophysical methods for large scale aquifer characterization, otherwise unobtainable through conventional hydrogeological techniques. In addition, the time-lapse deployment of appropriate methods provided insight into complex subsurface processes, aid in development of conceptual models, and assessment of ground-water restoration strategies. Recently, the fusion and direct integration of both types of data into numerical models was demonstrated to enhance subsurface interpretation and provide for reduced uncertainty in prediction of mass and energy transport. 
Goal: Students will understand how geophysical methods can be used in hydrological investigations. The focus will be on geoelectrical and electromagnetic methods, although other also methods will be covered. Students will learn about the relations between hydrological and geophysical properties and how to design and carry out surveys using geophysical and hydrological techniques. Hands-on training in the use of inverse methods for analysis of hydrogeophysical data will be given. Case studies will be presented to demonstrate the potential value of geophysics in hydrological investigations from small plot-scale to large-scale studies. We will outline the limitations of current hydrogeophysical methods and identify future challenges facing investigators.
Prerequisites: Students should have practical experience or have taken a course on model fitting, calibration, and uncertainty analysis. An introductory course in geophysics and hydrogeology will be useful for understanding the contextual setting of problems presented in class. Likewise, an understanding of differential equations, linear algebra, and numerical analysis would be helpful to understand the supplemental reading material, but it is not necessary for completion of this course.
Modeling Software: Nonlinear parameter estimation (PEST, Doherty, 2004); 1D electromagnetic (EMD1, FWDTCI, MT1D); 2D groundwater transport with variable density (SEAWAT, Langenvan, 2006), 2D variably-saturated solute transport in equivalent porous media (VS2DT, Healy, 2000); variably-saturated heat transport in equivalent porous media (VS2DH, Healy, 2000); variably-saturated water-heat-solute transport in equivalent porous media (VST2D, Friedel, 2000); 2D variably-saturated water and solute transport in dual porous media (DUALP; Friedel, unpublished); coupled potential fields (SP, unpublished), 2D resistivity (Resis2D, Asch and Friedel, unpublished).
Display software: Mapping (SURFER; Golden Software, 2008).

Text editor: TXTPAD32, 2002.
Textbook: Some of the course material will be based on the textbook Hydrogeophysics by Rubin and Hubbard (Eds.). This book can be downloaded from the web for free, but it also will be available to students during the course together with supplementary notes and copies of reference papers. Software for for forward and inverse processing of geoelectrical, electromagnetic, radar, variably saturated flow and transport, and groundwater flow and transport also will be provided.
Grades: 25% in-class participation, 50% labs, 25% readings
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Agenda

Day 1 – discrete information 
Morning: 8:00 am to 12:00 noon
Lecture 1 – Hydrogeophysics (0.5 hour)
Lecture 2 – Hydrogeology (0.5 hour)
Lecture 3 – Geophysics (0.5 hour)
Lecture 4 – Geophysical and hydrological relations (1 hour)

Lecture 5 – Tomographic imaging (1 hour)
Afternoon: 1:00 pm to 5:00 pm

Lab 5a – Geophysical tomography (1.0 hour)

Goal: Understand principles of seismic tomography.


Objective: Estimate and interpret seismic velocity structure to locate fractured zone for 
monitoring fluid migration in a crystalline rock mass. Use results to answer questions.

Approach: Use MIGRATOM (SIRT algorithm, Hyguen’s principle, seismic refraction 
equation) to invert travel time measurements for locating a fracture zone. 

Lab review 

Lab 5b – Hydraulic tomography (3 hours)

Goal: Understand principles of hydraulic tomography.

Objective: Estimate variably-saturated hydraulic parameters for a sandstone layer and 
vertical (or horizontal) gravel feature. Use results to answer questions.

Approach: Use PEST to invert flow and transport simulator VS2DT constrained by 
saturation and velocity measurements. 
Lab review 

Reference – Overview of PEST (input and output files)

Day 2 – discrete information
Morning: 8:00 am to 12:00 noon
Lecture 1 – Resistivity methods (1 hour)
Lecture 2 – Resistivity modeling and applications (1 hour)
Lab 2 – Electrical resistivity tomography (2 hours)

Goal: To understand advantages and limitations of resistivity tomography.


Objective: Estimate and interpret the distribution of resistivity in relation to hydraulic 
features of a geothermal system.

Approach: Generate apparent conductivity values by forward modeling using RESIS2D 
and different acquisition geometries. Estimate true resistivity structure at geothermal 
deposit by applying PEST to RESIS2D while subject to apparent resistivity 
measurements.

Lab review 

Afternoon: 1:00 pm to 5:00 pm

Lecture 3 – Electromagnetic methods (1 hour)
Lecture 4 – Electromagnetic modeling and applications (1 hour)
Lab 4 – Electromagnetic tomography (2 hours)

Goal: To understand advantages and limitations of electromagnetic tomography.


Objective: Estimate and interpret the distribution of resistivity in relation to hydraulic 
features of a geothermal system.

Approach: Generate apparent resistivity values by forward modeling using 1DEM
and 
different acquisition geometries. Estimate true resistivity structure by applying PEST 
to 1DEM while subject to apparent resistivity measurements.

Lab review 

Day 3 – coupled information 
Morning: 8:00 am to 12:00 noon
Lecture 1 – Data fusion using cooperative and joint inversion strategies 
(1 hour)
Lecture 2 – Joint Inversion of Hydrological and Geophysical Data:

Too Much Information?  (1 hour)
Lab 2 – Joint hydrogeologic inversion (2 hours)

Goal: Understand advantages and limitations of joint hydrologic inversion.

Objectives: Estimate flow and transport properties and uncertainty associated with key 
recharge predictions using various measurement-constraint combinations. 

Approach: Solve inverse problem to estimate parameter structure by applying PEST to 
VST2D. Use PEST and calibrated model in subsequent estimation of minimum and 
maximum uncertainty limits.
Lab review
Afternoon: 1:00 pm to 5:00 pm

Lecture 3 – Joint inverse applications – case studies (1 hour)

Lab 3 – Joint geophysical-hydrogeologic forward and inverse modeling 
(3 hours)


Goal: Understand relation of spontaneous potential response to water infiltration and 
thermal sources.

Objectives: (1) Compute the spontaneous potential profile due to infiltration of water, 
and then subsurface heat to various geologic scenarios; and (2) estimate the magnitude  

of coupling coefficients, thermal sources, and values of thermal conductivity and 
resistivity.

Approach: Generate a spontaneous potential values by forward modeling using SP 
given coupling coefficients, temperatures, infiltration rates, and resistivity structure. 
Estimate the resistivity structure by applying PEST to SP while constraining the 
inversion using spontaneous potential measurements and temperature measurements.

Lab review 

Day 4 – related information
Morning: 8:00 am to 12:00 noon
Lecture 1 - Mutually constrained inversion of electrical and 
electromagnetic data (1 hour)

Lecture 2 - Mutually constrained plus laterally constrained inversion of
electrical and electromagnetic data (1 hour)

Lab 2 – Joint inversion electromagnetic data (2 hours)

Goal: Understand how to apply and interpret a mutually constrained joint inversion of 
frequency-domain electromagnetic data.


Objective: Estimate the 1.5D distribution of resistivity in relation to hydraulic 
features of a geothermal system.

Approach: Generate apparent 1D electromagnetic response at various locations over 
geothermal system by forward modeling using 1DEM. Estimate true resistivity structure 
by applying PEST to multiple 1DEM models while subject to apparent resistivity 
measurements.
Lab review 

Afternoon: 1:00 pm to 5:00 pm

Lecture 3 – Limitations, challenges, and emerging techniques (1 hour)

Lab 3 – Joint inversion spontaneous potential, thermal, and resistivity data 
(1 hours)

Goal: Extend the joint potential field inversion to include spontaneous potential-
temperature-apparent resistivity data

Objectives: Quantify improvement in estimates of coupling coefficients, thermal sources, 
thermal conductivity, and true resistivity.

Approach: Apply PEST to simultaneously solve SP and RESIS2D for resistivity while 
constraining the inversion using spontaneous potential, temperature, and apparent 
resistivity measurements.

Lecture 4 – Preferential flow (1 hour)
Lecture 5 – Uncertainty analysis (1 hour)
Lab review 

Day 5 – Presentations
Morning: 8:00 am to 12:00 noon



