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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



The Application of High Frequency Seismic Monitoring 
Methods for the Mapping of Fluid Injections. 

E.L. Maler 

Center for Corn ptLtational Seismology, Lawrence Berkeley Laboratory, 
Earth Sciences Division, 

University of California, Berkeley, California 94720 

INTRODUCTION 

This paper describes the experimental work we have been carrying out using 
seismic methods for monitoring the path of fluid injections. The most obvious applica-
tion is the high pressure fluid injections for the purpose of hydrofracturing. Other appli-
cations are the injection of grout into shallow subsurface structures and the disposal of 
fluids in the geothermal and toxic waste industries. In this paper hydrofracture monitor-
ing and grout injections will be discussed. 

To date, in terms of field monitoring, the seismic techniques are the most advanced. 
Also, there is already a significant number of case histories using seismic monitoring to 
determine fracture properties (Power et. al., 1976). There has been some monitoring 
using electrical techniques, primarily magnetic, but it is not as extensively used as the 
seismic techniques. 

For years earthquake seismologists have been concerned with characterizing the 
seismic signals generated from a fracture embedded in a medium. The goal of these stu-
dies has been to specify the dynamic source properties: fracture orientation, dimensions, 
time history and stress distribution from the seismic waveforms. No assumptions are 
made beforehand on the orientation or type of source. In the case of an earthquake, the 
propagating "fracture" is a fault. In the ca.se of a hydrofracture each "jump" of the total 
fracture length could be considered as a small earthquake. The frequency content and 
amplitude of the seismic signals given off by a fracture depend upon its dimensions, 
nature and rate of stress release, amount of displacement, and the rock properties. 
Stated in another way, given the variation of ground displacement (radiation pattern) 
produced by a seismic source, and a reasonable estimate of the propagation effects, then 
the source of the seismic disturbance can be located and separated into components such 
as shear, tension, etc. We know from lab and small scale field experiments that seismic 
signals are generated during and after the hydrofracture process (Majer et. al., 1083). It 
appears sensible to use these first order effects to track the fluid path, and to apply the 
techniques for source property determination developed for earthquake seismology. 

Using seismic methods for hydrofracture characterization or grout monitoring is not 
a new idea. Because the seismic signals that radiate from fracturing are a first order 
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effect, it seemed reasonable to others to monitor these signals (Pearson, 1981). Also, 
because of the relative high frequency nature of the signals as compared to tilt or mag-
netic measurements, the seismic methods potentially offer a real-time method with 
greater resolution for monitoring. Most efforts in the past have been to place single sen-
sors either on the surface or in a nearby well to detect the P- and/or S-waves created 
from the fracturing. In some instances sensors were placed at the top of the well or on 
the casing. The results of these experiments were mixed at best. Such factors as 
improper sensors (inadequate bandwidth or wrong natural frequency), large amounts of 
noise from pumping operations and/or severely attenuated signals, caused most to aban-
don this technique. There have, however, been more sophisticated seismic techniques 
attempted (Smith et al., 1978; Nyland and Dusseault, 1983). Power et al. (1976) 
described an experiment where a large array of instruments was placed around a well 
that was being fractured. The results were quite encouraging, considering the depth of 
fracture, 9000 feet. Such features as fracture azimuth, length, and degree of symmetry 
were inferred. 

The purpose of the subject seismic field experiments is to map the 
hydrofracture/grout geometry in detail using a 3-D array of seismic sensors surrounding 
the injection zone. Seismic methods potentially offer the most direct approach to map-
ping fluid geometry. During the past several years we have carried out various labora-
tory and field experiments to determine the applicability of seismic techniques to trace 
the path of a hydrofractureand grout injections. Laboratory and small scale field experi-
ments have shown that the "fracture" is really a sum of smaller discrete fractures, occur-
ring over the total length of the hydrofracture path (Solberg et al., 1977; Majer et al., 
1983; Majer et al., 1984). The dominant failure mechanism observed in these laboratory 
experiments has been tensile failure, however, if in-situ stress conditions are favorable, 
shear failure has also been observed. 

Ideally, from a monitoring point of view, what is sought is a seismic discriminant 
that would determine the mechanisms which are generating the seismic waves. Depend-
ing on the partitioning of energy from the fluid injection process, and how much of this 
energy is spent in breaking the rock and how much energy is being absorbed in the fluid, 
the rate and manner of the energy release will be reflected in the type of seismic waves 
generated. Such factors as rock strength, permeability, porosity, pressure gradients, 
fluid compressibility, and volume will all affect the rate and manner of energy release in 
the form of seismic activity. How these factors all interact during the fluid injection, 
and to what extent they are reflected in the, seismic activity as well as the pressure tran-
sients is the subject of the seismic study. 

As with any geophysical method, the farther away from the source of the anomaly, 
the more difficult it is to collect sufficient data for accurate interpretation. Such factors 
as noise and attenuation degrade the data and make detailed estimates of the desired 
properties more difficult. In the use of seismic methods, the desired signals are the elas-
tic waves generated during the hydrofracturing process. There will be many different 
sources of these seismic waves during the operation. However, each different source of 
seismic waves has its own unique mechanism of generating these signals. Because of this, 
the signals associated with each source have coded in them the mechanisms that created 
it. At any particular point in space and time during the hydrofracture process one can 
monitor the ground motion, i.e., the seismic waves as they disturb the media that they 
are propagating in. Depending on the shape, orientation, magnitude and proximity of 
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the source, the signals will have varying frequency content and amplitude. 

Assuming passive monitoring of the fluid injection, there are two basic approaches 
detecting the seismic signals. The first and most straightforward is monitoring the 
discrete events associated with the process. This is essentially monitoring and processing 
the acoustic emission events as if they were earthquake events. The second approach is 
to treat the fluid sheet or välume as a continuous generator of seismic energy (such as 
the reflected seismic energy from a vibrator source used in seismic reflection surveys) and 
utilize imaging techniques to trace the growth of the fluid volume as the signals change 
due to variations in the injected fluid volume. It has also been proposed that the 
"crack" flexes with pressure variations in the pumping sequence. If it "flexes" enough it 
may produce a signal that could be detected by "stacking" the signals. As the length of 
the fracture changes, the characteristic frequency of the signal emitted will also change 
thus giving an indication of fracture length. With a properly designed array, azimuth 
may also be inferred. 

HYDROFRACTURE MONITORING 

Hydraulic fracturing was first used in 1949 for stimulating unproductive oil wells 
(Krueger, 1973). The first theoretical study was by Hubbert and Willis (1957) which 
pointed out the tensile nature of the fractures at the borehole wall. Additional theoreti-
cal studies were carried out by Scheidegger (1962), Kehle (1964) and Fairhurst (1964). 
Haimson and others (1968, 1969, 1970,. 1972) in a series of papers pointed out the role of 
fluid penetration, pore pressure and the applicability of the technique for monitoring 
stress in deep environments. Laboratory experiments by Lockner and Byerlee (1977) 
have also characterized the fracture process in terms of tensile and shear failure depend-
ing on the differential stress, rock permeability, viscosity and injection rate of the frac-
turing fluid. In triaxially stressed specimens, Solberg et al. (1977) found that shear 
failure could play just as an important role in the fracturing process as tensile failure. In 
addition to laboratory studies, numerous computer programs have been written to model 
the hydraulic fracturing process (Cleary, 1979, 1983; Daneshy, 1973; Palen and 
Narasimhan, 1981). The aim of most of these model studies has been to understand the 
pressure-transient records that are derived during hydraulic fracturing. The models are 
complex enough to include weilbore storage, fractur storage, fracture damage in the 
form of a fracture skin or restricted fracture flow capacity, asymmetric fracture 
geometry, and deformable proppant-fracture systems. 

One of the first field experiments we carried out to characterize a hydrofracture in 
detail using seismic techniques was performed in granite at Stripa, Sweden (Majer and 
McEvilly, 1982). Prior to this it was not known if shear or tensile failure could be 
observed and characterized using conventional seismic instrumentation and analysis 
techniques. This experiment clearly demonstrated that discrete events were occurring, 
and these events could be treated as individual "nanoquakes" to trace the growth of the 
fracturing. The principal mechanism of failure observed at Stripa was shearing. Pear-
son (1981), from monitoring hydrofractures in granite, also concluded that the events 
most likely to be detected at distances up to thousands of feet during hydrofracture 
operations were shear failures induced by pore pressure increases. Batchelor (1982), in a 
similar experiment in granite, also reported seeing shear failure during the pumping 



phases of a water hydrofracture operation in a "hot dry rock" environment. However, 
no signals were detected at large distances away from the fractured zone (several 
thousand feet) when the fracturing fluid was a gel. The shear events detected in all of 
these cases were probably in response to fluid filling the fractures in the immediate vicin-
ity of the fluid path, causing failure when the fluid pressure (pore pressure) reduced the 
confining pressure to allow failure or slip consistent with the maximum principal stress 
directions. 

In a more recent laboratory experiment (Majer et al., 1983), five acoustic emission 
(AE) sensors were placed on the side of a 12" by 12" by 18" salt cube under a triaxial 
load (2000 X 2000 x 3000 psi). The cube was then hydrofractured using oil as the 
fluid. To our knowledge this was one of the few laboratory experiments where a 
hydrofracture of this scale was monitored with sufficient detail to watch the fracture 
mechanisms as the fracture grew. Although the duration of pumping was only thirty 
seconds in length, several thousand discrete events were recorded and analyzed. Each 
event was located, the F- and S-waves windowed, and FFT's performed on these win-
dowed data. With these spectral data, source parameters were inferred and related to 
the stress information. The significant results were: 

The hydrofracture process is a series of discrete events, whose sum makes up a 
network of fractures into one large fracture. The path of the fracture mapped 
with seismic methods corresponded almost exactly to the actual path that was 
shown by using a dyed oil. 

There was no evidence of shear failure in salt. It must be kept in mind that 
there was no pore pressure in these experiments, all samples were dry, and the 
confining pressures were applied with a flatjack loading system. 

There was a definite correlation between pumping rate and AE activity. 

The larger events, both in stress drop and in energy release, were near the 
borehole, where higher stress concentrations occurred. 

The source size seemed to be governed by inhomogeneities, i.e., there were no 
events larger than the average grain size. 

The overall direction of the fracture was determined by direction of the least 
principle stress (perpendicular), although the detailed path was determined by 
inhomogeneities (grain boundaries) in the rock. 

The time history of event occurrences is shown in Figure 1. These findings implied that 
if one could get close enough to the process (we were 20 to 30 times the source dimension 
of each seismic event away) then details of the fracture growth could be unraveled. 
What was lacking, however, in this experiment was pore pressure, and a realistic rock 
type. 

At a slightly larger scale, a series of hydrofractures were monitored at a depth of 
200 ft in granite. The layout of the experiment is shown in Figure 2. The experiment 
was carried out at the bottom of a Canadian mine that is being excavated for research in 
nuclear waste storage. Four holes were drilled, three observation and one hydrofracture. 
Emplaced in each of the observation holes were four piezoelectric accelerometers, forming 
a 12-element 3-D array of seismic sensors. The data were amplified with broad band 
amplifiers (500 to 200,000 Hz) and recorded on a Honeywell 5600 C tape recorder (300 to 
300,000 Hz). Shown in Figure 3 are examples of the events recorded. Events 1 and 2 



were the most typical, impulsive, with clearly defined P waves. These are due to tensile 
failure of the rock. We also observed events with P and S waves, indicating a certain 
amount of shear failure. However, also observed was seismic activity of the type shown 
in events 3 and 4 of Figure 3. These were emergent type events with durations often 5 
to 10 times as long as the impulsive events. These are possibly in response to the reso-
nance of the fluid rock system, thus creating "harmonic tremor" type events. If one 
plots the location of the events then the path of the hydrofracture is mapped in detail, 
as shown in Figure 4. Overcoring and seismic results almost exactly agree as to the loca-
tion of the hydrofracture. However, impression packer work indicates, at least at the 
borehole wall, that the fracture was oriented 20% from the path defined by the seismic 
results. Again we had confirmation that the hydrofracture process can be mapped by 
locating the discrete seismic activity. 

GROUT MONITORING RESULTS 

Figure 5 is the layout of the field experiment. The grout monitoring experiments 
were carried out at an U.S. Army Corps of Engineers site in Oregon on the Columbia 
River. The rock type was the Columbia River basalts. The permeability of the fractured 
rock mass varied from .000001 to .0000001 M/sec. The work was funded by the Army 
corps of engineers as part of a larger progect to determine and refine proper grouting 
practices in fractured rock. As can bee seen, the objective of the experimental setup was 
to use a 3-D array of sensors to monitor the seismic signals generated during the grout-
ing operations. The approach was to use a wide band monitoring array, both in space 
and time, to characterize the nature of the seismic signals from the fluid movement 
and/or rock movement. Varied was the viscosity, flow rate and pressure. The actual 
field values used are shown in Figures 6, 7, 8, and 9. In the SS holes in Figure 5 were 
Wilcoxin 417T transducers grouted in place at approximately 30 feet below the surface. 
The frequency response of these transducers is from 2.0 hz to 9,000 hz (3db point), with 
a mounted resonance of 16,000 hz. the sensitivity of the 417T is 4.5 volts/g at 100 hz. In 
the HF holes were Columbia 5005 transducers with a frequency response of 2.0 hz to 
10,000 hz with a resonance of 50,000 hz. The sensitivity of the Columbia instruments is 
.015 volts/g. As one might guess the Columbia transducers are much better above 20,000 
hz where the Wilcoxin are better below 20,000 hz. The A/O holes were for the emplace-
ment of linear arrays of the Wilcoxin transducers. In each array there were five transduc-
ers mounted 18 inches apart. There were two field experiments in this project. In the 
first experiment one array was suspended in a water filled hole. This did not provide 
adequate coupling to the rock. For the second experiment we built a second array and 
have put a packer system on the both arrays to provide better coupling to the forma-
tion. 

The sequence of the experiment was to essentially create a fracture system by over-
pressurizing the rock. The next step was to inject water, thin, medium, and thick grout 
into this fracture system and monitor the seismic signals with the instruments men-
tioned above. The data were recorded on a 14 channel analog direct-record tape 
recorder. Its band width is from 100 hz to 75,000 hz. Also recorded was a signal used for 
timing purposes, a 10,000 hz sawtooth, and the well head pressure. The pressure was 
recorded by using a Sensotek 0-5,000 psi foil gauge pressure transducer. The resolution 
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of the pressure transducer was about 1 PSIA. The frequency response of the pressure 
transducer was from dc to 5,000 hz. Because we passed the pressure signal through a 
VCO in order to record the pressure signal on a direct record tape recorder, this limited 
the frequency response of the pressure signal to no more than 100 hz. However, through 
the combination of all the different sensors we were able to monitor the signals from dc 
to 75,000 hz. 

As mentioned above there exists a possibility for two different types of events, and 
combinations in between, discrete acoustic emission (AE) events with clearly defined F-
and/or S-waves and continuous noise at some characteristic frequency that depends 
upon the source characteristics. What was recorded was both types of signals and combi-
nations of these signals. There were occurrences of discrete AE signals in all injections, 
but the occurrence rate of these discrete events varied significantly, as can be seen in 
Figures 6, 7, 8, and 9. Shown in these figures is the rate of AE, pumping rate, and flow 
rate as a function of time. The AE activity is an integrated energy shown for individual 
channels. The channels shown is activity detected in three of the the SS holes. Only 
three of the SS holes detected significant activity, with the fourth hole showing little or 
no activity. As discussed later this was due to the pattern of grout flow. The general 
trend, except for water, was that there was a decrease in AE activity as the viscosity of 
the fluid increased. Although in each case AE activity increased as the flow rate and 
pressure increased. It also appears that the seismic energy is released in larger but fewer 
events as the viscosity increases. However, as the viscosity increases the background 
noise or continuous signal also increases as a function of flow rate. In a typical grout 
operation these continuous signals will be the most abundant signals. There was also a 
lack of any increase in background or continuous signal level in the water injection. 
However, there was a considerable signal level increase at higher pressures with the thick 
grout at higher flow rates. 

At the higher viscosities we could not get the higher flow rates due to the tightness 
of the rock. It does appear from the tests to date that the lower threshold of detection at 
the scales of a few 10's of meters is on the order of 0.5 to 1 gal/minute. Another 
significant finding is the frequency content of the signals. The pump noise and noise to 
to surface activities is in the range 10 to 100 hz. The discrete signals are from 5,000 hz 
to 20,000 hz, with the majority in the range of 5,000 to 10,000 hz. The continuous sig-
nals are mainly from 1,000 hz to 5,000 hz. Therefore, as we suspected, the pump noise 
and surface activities are not a problem. In all the data processed to date no filtering, 
has been done, it is as it was recorded. Some data have been filtered with a high pass 
butterworth filter at 3,000 hz to determine the signal to noise improvement. There is 
approximately a 6 to 12 db improvement in signal to noise ratio after filtering the data. 
In the future field experiments the amplifiers will have been modified to put a high pass 
filter at 1,000 hz and their gain raised by a factor of 4 to 400. Including the gain in the 
transducer preamp we now have a gain of 4,000 on our array of transducers. That is, our 
sensitivity is 1800 volt/g from 1,000 hz to 16,000 hz. Our noise floor on our tape recorder 
in this bandwidth is about 10 millivolts. Therefore, our detection threshold will be about 
5 to 10 micro-g's between 1,000 hz and 16,000 hz. 

Shown in Figures 10 and 11 are the approximate boundaries of the grout. The con-
tours are the edges of the extent of the AE events. The four different contours are 25, 
50, 75 and 100 percent of the events. Notice that the grout sheet grew differently than 
the water. This suggests that as the viscosity changes the fluid will take different paths, 
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even though all else is the same. It is hoped that in the case of normal grouting opera-
tions the extent of the grout will be determined by a combination of locating the AE 
events and by properly processing the the continuous signals as a function of amplitude 
and frequency content. Two approaches will be tried with the data collected from the 
linear arrays, frequency-wavenumber and beamforming. One might also consider 
wavefield migration, but it may not be necessary. 

At this point in the project we have clearly demonstrated the viability of using 
seismic signals in the range of 1,000 to 20,000 hz for the real time mapping of grout 
injections. Up to this time we have been using Poly-sal as a grout simulator. Some may 
object that this may not be representative of a true grout. If anything, I would expect 
normal grout to act more favorably relative to the generation of seismic signals. Poly-sal 
has no abrasives as does a grout. This will make the fluid more resistant to flow at the 
same pressure in the same fracture. Therefore, the fluid flow will not be as continuous 
and it will impart more seismic energy to the rock in a grout job versus a Poly-sal job. 

As far as designing a field system to implement in a real situation it must have the 
following features: (1) variable gain amplifiers on the input channels, (2) variable 
bandwidth filter settings, (3) digital sampling at 12-bit resolution at up to 100,000 
samples/sec,(4) 16 input channels, (5) one MIPS processing capability. One candidate is: 
a Transient Waveform Analyzer/PC/Array Processor system. The cost of this system 
would be about 30,000 USD. At the present time we are building such a system to be 
used for routine grout monitoring. With proper signal conditioning it is quite possible to 
detect and record the signals necessary for mapping grout sheets in real time. The ques-
tion now is how far can we push the method to apply to as many different rock environ-
ments as possible. 

SUMMARY 

In large scale monitoring projects we have encountered phenomena that can not be 
observed in laboratory experiments due to lack of realistic conditions, nor are predicted 
or explained from models or theoretical studies. To understand and refine the 
hydrofracture method, as well as develop monitoring techniques for grout and other fluid 
injections, controlled experiments in a reduced but realistic situation must be carried 
out. Combined with these field measurements the modeling will aid in determining the 
proper monitoring techniques for mapping the fluid path geometry and unravel the mys-
teries of this complicated fluid-rock system. 

We know from experiments to date that by using discrete seismic events we are 
definitely capable of tracking the fracture in detail and discriminating between the vari-
ous failure mechanisms. The problem, however, has been that no one has monitored 

p hydraulic fracturing in sufficient detail, or simultaneously related the detailed near field 
information to the far field geophysical and pressure data. If we are to understand the 
phenomena observed, and relate them to the fluid injection process, we must carry out a 
controlled seismic experiments at reasonable scales. The technique if properly applied 
can be a great aid in understanding not only the geometry of the hydrofracture and/or 
grout path, but more importantly how it developed. 
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Figure Captions 

Figure 1. 	Plan view of discrete event locations during a laboratory hydrofracture of 
a salt block. Panel 1 is 25% of the event, Panel 2 is 50%, Panel 3, 75% 
and Panel 4, 100% of the events located. Total time = 30 sec. 

Figure 2. 	Experimental set-up to monitor the discrete seismic activity at the Cana- 
dian site. 
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Figure 3. 	Example of waveforms recorded at the Canadian site, 95% were of type 1 
and2. 

Figure 4. 	Plan view of location of discrete events in the Canadian experiment. 

Figure 5. 	Experimental set-up for the grout monitoring experiments. The SS holes 
were the locations of grouted in single sensors with a band width up to 
8,000 hz. The HF holes contained higher frequency sensors. The A/O 
holes were used to visually monitor the grout path and to locate moveable 
arrays of AE sensors. 

Figure 6. 	The AE activity in three of the SS holes, the pressure, and flow rate as a 
function of time for a water injection. The viscosity (27 sec) is a marsh 
funnel viscosity. 

Figure 7. 	The AE activity in three of the SS holes, the pressure, and flow rate as a 
function of time for a thin grout injection. The viscosity (32 sec) is a 
marsh funnel viscosity. 

Figure 8. 	The AE activity in three of the SS holes, the pressure, and flow rate as a 
function of time for a medium grout injection. The viscosity (47 see) is a 
marsh funnel viscosity. 

Figure 9. 	The AE activity in three of the SS holes, the pressure, and flow rate as a 
function of time for a thick injection. The viscosity (59.4 see) is a marsh 
funnel viscosity. 

Figure 10. 	The approximate location of the water front as a function of AE activity. 
The contours show the integrated energy release in increments of 25 per-
cent. 

Figure 11 	Same as Figure 10 but for the medium grout injection. Notice that the 
grout did not travel in the same location as the water. 
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