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USE OF SEISMIC REFRACTION IN THE CHARACTERIZATION OF ALLUVIAL AQUIFERS

1. Objectives

· Introduce the physical principles behind the method of seismic refraction

· Demonstrate basic field procedures followed in seismic refraction surveys

· Practice the techniques of seismic data interpretation with basic sample sets

2. Introduction

The seismic refraction method allows us to calculate the propagation velocity of elastic waves through a stack of two or three geologic units (and from this we can make an educated guess as to the nature of each geologic unit), and to determine the depth to the interface between the units (for example, the depth to the interface between the unsaturated zone above and the saturated zone below, which is called  . . . the water table!). There is a basic requirement, however: the unit on top must have a lower propagation velocity than the unit beneath it. Fortunately for us, unsaturated sediments have a lower propagation velocity than saturated ones, and unconsolidated alluvium has a lower propagation velocity than underlying bedrock (clay is a troublesome exception, because in many instances it has high moisture contents even if it is not saturated).

For example, here are some typical propagation velocities:

	
	Vp in ft/sec

	
	Range
	Average

	Water
	
	
	5,000

	Dry sand and gravel
	1,200
	1,600
	1,500

	Saturated sand and gravel
	4,000
	6,000
	5,000

	Clay (high moisture content)
	3,000
	7,000
	6,000

	Limestone
	7,000
	12,000
	10,000

	Sandstone
	7,000
	15,000
	12,000

	Shale
	9,000
	2,000
	13,000

	Crystalline bedrock
	15,000
	25,000
	15,000


Seismic refraction is a surface geophysical method that can be used to: (1) Locate the position of the water table in alluvial aquifers, (2) determine the thickness and geometry of alluvial or glacial deposits that fill rock valleys, (3) determine the thickness and geometry of limestone or sandstone units underlain by metamorphic or igneous rock, and (4) determine the location of faults in some alluvial sequences The method allows economical collection of subsurface data, which in turn helps toward more efficient collection of data by test drilling or aquifer tests.

The write-up for this lab relies heavily on the work by Haeni (1988). A copy of this reference is included in the accompanying CD.

3. The basics of the seismic refraction method

As described by Haeni (1988), seismic-refraction methods measure the time it takes for an elastic wave generated by an impact (so in the more general case we are dealing with a compressional or seismic P wave) to travel down through the layers of the Earth and back up to detectors (geophones) placed on the land surface (Figure 1). The field data, therefore, will consist of seismic wave travel times (measured in milliseconds, ms) and measured distances between the impact point and the geophones (measured in feet or meters). From this time-distance information, velocity variations and depths to individual layers can be calculated and modeled.

Given a sudden impact from a seismic source (S in Figure 1) on or near the ground surface (hammer striking a plate, falling weight, or in-hole shotgun, explosives), energy is radiated as into the ground as elastic waves. For ease of representation, we show wave propagation as “rays” that are perpendicular to the wave fronts. There are millions of these rays, and they are being reflected and refracted in all sorts of directions at subsurface interfaces across which there is a change in seismic velocity (V1 to V2), energy is refracted according to Snell's law:

(sin i1) / V1 = (sin i2) / V2
(see ray S-B-B’ in Figure 1)

where i1 is the angle (with the normal to the interface) of the incident wave traveling with a velocity V1 in layer 1, and i2 is the angle of the refracted wave traveling with a velocity V2 in layer 2. 

Even though there are millions or rays, there is one that approaches the interface at a critical angle of incidence ic where the angle of refraction i2 = 90o and sin i2 = 1:

sin ic = V1 / V2 (critical angle of incidence)
(see ray S-C-F in Figure 1)

This is the ray that we are interested in. Energy that is critically refracted travels along the interface at a velocity V2, and is continuously radiated back to the surface where it can be detected by geophones (rays E-E’ and F-F’ in Figure 1). For the sake of completion, note that for rays that approach the interface at angles of incidence greater than ic, the energy is totally reflected into the upper layer (see ray S-D in Figure 1).

The ray that is traveling along the interface of the two layers, which we will call the refracted ray, generates new elastic waves in the upper medium according to Huygens' principle, which states that every point on an advancing wave front is the source of new elastic waves; these new elastic waves propagate back to the surface through layer 1, and one of the many new rays propagates at an angle equal to the critical angle (like ray E-E’ in Figure 1). When this refracted ray arrives at the land surface, it activates a geophone and the arrival time is recorded by the seismograph. If a series of geophones is spread out on the ground in a geometric array, arrival times can be plotted against source-to-geophone distances (Figure 2), which results in a time-distance plot. It can be seen from Figure 2 that at any distance less than the crossover distance (xc), the elastic wave travels directly from the source to the detectors. This direct ray (e.g., S-E’ in Figure 1) travels a known distance in a known time, and the velocity of layer 1 can be directly calculated by V1 =x/t, where V1 is the velocity of elastic in layer 1 and x is the distance a wave travels in layer 1 in time t. Figure 2 is a plot of time as a function of distance; consequently, V1 is also equal to the inverse of the slope of the first line segment.
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Figure 1. Cross-section illustrating the basic premises behind the seismic refraction method.
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Figure 2. The time-distance plot

Beyond the crossover distance, the compressional wave that has traveled through layer 1, along the interface of layer 2 (the high-velocity layer), and then back up to the surface through layer 1 (for example ray S-C-F-F’ in Figure 1) arrives before the direct ray. All first rays arriving at geophones more distant than the crossover distance will be refracted rays. When these points are plotted on the time-distance plot, the inverse slope of this segment will be equal to the apparent velocity of layer 2. The slope of this line does not intersect the time axis at zero, but at some time called the intercept time (t2). The intercept time and the crossover distance are directly dependent on the velocities of elastic wave propagation in the two materials and the thickness of the first layer, and therefore can be used to determine the thickness of the first layer (z1).

Activity 1. After being thoroughly confused by the previous explanation it is time for you to look at the Power Point slide show. Slide 1 shows the typical string of geophones used for seismic refraction (note the big guy with the hammer getting ready to create a train of elastic waves). Slide 2 is an animation that shows the arrival times of the direct and refracted waves at different geophones.

Activity 2. Imagine that you are monitoring the arrival times of electric cars to different stations in a rally. Every team has a Car A that goes only through busy city streets (in which case they travel at 0.1 miles per minute), and a Car B that goes through streets to the freeway (0.1 miles per minute), runs down the freeway (in which case it can travel at 1 mile per minute), and goes through streets to its goal station (0.1 miles per minute). Make a graph of distance to the stations vs. arrival time for both cars of each team. For the sake of simplicity, let us assume that all stations and freeway off-ramps are I mile apart, and that the diagonal streets are all 3 miles long.
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	Goal station
	Distance of goal station from starting point
	Travel time in minutes

	Car 2-A (streets)
	2
	2 miles
	

	Car 2-B (freeway)
	NA
	NA
	NA

	Car 4-A (streets)
	4
	4 miles
	

	Car 4-B (freeway)
	NA
	NA
	NA

	Car 6-A (streets)
	6
	6 miles
	

	Car 6-B (freeway)
	6
	6 miles
	

	Car 7-A (streets)
	7
	7 miles
	

	Car 7-B (freeway)
	7
	7 miles
	

	Car 8-A (streets)
	8
	8 miles
	

	Car 8-B (freeway)
	8
	8 miles
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Now that you have plotted your data: (1) extend the trend of the Car B arrivals to the right so you can see it better. (2) Calculate the slope of the line defined by the Car A arrivals between stations 2 and 4 (arrival time at 4 minus arrival time at 2 / 4 miles – 2 miles). Remembering that velocity is equal to distance/time, the inverse of the slope should give you the velocity of scooters through city streets. (3) Calculate the slope of the line defined by the Car B arrivals between 10 and 15 miles (using the extended trend) (arrival time at 15 miles minus arrival time at 10 miles / 15 miles – 10 miles). Remembering that velocity is equal to distance/time, the inverse of the slope should give you the velocity of Car B. But is it an average velocity, or just the velocity in the freeway?

By now you have probably figured out that distance between stations (or geophones in the case of seismic refraction) is something you have some control over. But what about paths of seismic rays? In Figure 1, how does the elastic wave know what path to follow? The answer is it doesn’t. There are millions of rays, but most of them are moving along longer (and/or slower) paths than the ones represented in Figure 1, so they arrive later at the geophone and we simply don’t care about them (just like Car 8-A, which arrived so late that everyone had already gone home).

4. Formulas

The time-distance graph (Figure 3b) is the work horse of the seismic refraction method. From it we can calculate propagation velocities, and depth to the interface between two materials (for example, the depth to the interface between the unsaturated zone above and the saturated zone below, which is called  . . . the water table!). A word about units: I suggest you do all the calcs with time measured in milliseconds, so velocities will end being calculated as ft/ms or m/ms. For the final report you can convert to ft/s or m/s. 
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Let’s list the formulas that are most widely used for a stack of three layers (Figure 3a) using intercept times. Notice in Figure 3b that intercept times are calculated by back-extrapolation of the distance-time line segments (see Figure 8 in Haeni (1988) for some tricky cases).
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where

z1 =depth to layer 2, or thickness of layer 1,

z2 =depth from bottom of layer 1 to top of layer 3, or thickness of layer 2,

z3 =depth from surface to top of layer 3; z3 = z1 + z2
t2 =intercept time for layer 2 in ms, t3 =intercept time for layer 3 in ms,

V1 = propagation velocity in layer 1, V2 = propagation velocity in layer 2, and V3 = propagation velocity in layer 3. Do all calcs in ft/ms or m/ms!

And now the same problem but solved using crossover distances (see Figure 8 in Haeni (1988) for some tricky cases):
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where

z1, z2, z3, V1, V2, and V3 are as defined earlier,

xc1 = crossover distance between layers 1 and 2, and

xc2 = crossover distance between layers 2 and 3.

Activity 3. Using Excel, program the formulas for interpretation of seismic data. Once you are done, use the following distance-time data to confirm that you have programmed them correctly.

Data:

	Distance

(feet)
	Time 

(milliseconds)

	10
	5
	

	20
	10
	

	30
	15
	

	40
	20
	

	50
	23
	

	60
	26
	

	70
	29
	

	80
	32
	

	90
	35
	

	100
	36
	

	110
	37
	

	120
	38
	


Answers:

	t2 =
	8
	ms
	
	
	

	t3 =
	26.2
	ms
	
	
	

	
	
	
	
	
	

	Xc1 =
	40
	ft
	tc1 =
	20
	ms

	Xc2 =
	90
	ft
	tc2 =
	35
	ms

	Xc3 =
	120
	ft
	tc3 =
	38
	ms

	
	
	
	
	
	

	V1 =
	2
	 ft/ms
	
	
	

	V2 =
	3.333
	 ft/ms
	
	
	

	V3 =
	10
	 ft/ms
	
	
	

	
	
	
	
	
	

	Using intercepts
	Using crossover distance

	z1 =
	10
	ft
	z1 =
	10
	ft

	z2 =
	28.99
	ft
	z2 =
	29
	ft

	z3 =
	38.99
	ft
	z3 =
	39
	ft


5. Field work

You will probably need to modify this section depending on the equipment that you may have to do a seismic refraction survey. My students really enjoy doing the surveys, because it involves laying the geophone array, some basic surveying, wielding the big hammer, and using the computer to collect the data. If you don’t have the equipment you may want to call your local geophysical consultant, and ask if they would do a demonstration for your class.

As you design your survey, keep in mind that refraction methods are very useful at determining interfaces (geologic or hydrologic) where (a) the interface is within 100 ft of the surface, and (b) the interface is characterized by a large velocity increase. As the depth to the interface increases, and/or the velocity contrast at this interface decreases, longer spread lengths (series of source-receiver separations) and larger sources (e.g. explosives) are required to measure refracted energy. As a rule of thumb, spread lengths of approximately 3-5 times the depth to a target horizon characterized by a strong velocity increase are required to observe refractions from that horizon as first arrivals. So, if the water table is at 20 ft, you will need a spread that is about 100 ft long, and if it is at 40 ft your spread should be at least 200 ft long.

Step 1. Mark the location of the geophones with tape and surveying flags. For shallow water tables use a spacing of less than a fourth of the expected depth. So, if the water table were at 20 ft in your area, you would probably use a 5-foot spacing between geophones. I suggest you choose a relatively flat line of section for the first experiments (the corrections for a sloping ground surface are beyond the scope of this exercise).

Step 2. Push the geophones into the ground. Try to keep the geophones vertical. If the ground is hard you can use a nail and hammer to open the hole, but the geophone has to fit snuggly at the end. There is no big problem if you need to move the geophone a few inches from the center line of the array. We will refer to the geophones by their number in the array, and will assign geophone 1 an arbitrary x of 100 ft. Assuming we are using a 5-foot spacing, geophone 2 would be at 105 ft, geophone 10 would be at 145 ft, and geophone 18 would be at ______

Step 3. Connect the geophones to the cable, and the computer to the cable. I have a Geometrics GEODE seismograph, and the computer gets connected to the cable nearest to the 24th geophone. Connect the power source to the GEODE. Connect the hammer to the GEODE. Start the computer (the GEODE computer program is very powerful and efficient, but if you get the red screen of death you will have to exit, check all the connections, and start the program again). Enter the parameters of the survey and choose the “Noise Monitor” to test the geophones: Have someone walk along the line to make sure all geophones are connected and working. Do a small contest to see who has the heaviest steps.

Step 4. Ready to start? Assuming a spacing of 5 ft, I like to choose “shot points” at x = 70 ft (that would be 30 ft from geophone 1), 102.5 ft (that would be half way between geophones 1 and 2), 157.5 ft (that would be half way between geophones 12 and 13), 212.5 ft (that would be half way between geophones 23 and 24), and 245 ft (that would be 30 ft from geophone 24). Survey your shot points in advance, and mark them with a survey flag. In general, the typical array looks something like this:
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Step 5. If the sledge hammer is heavy enough (10 to 12 lbs), almost anybody can “shoot”. If the hammer is light (6 to 8 lbs) it is better to let one of the big boys do the shooting. Stop by a nearby railroad track to find a half-inch steel plate to use as the striking point. You want to have the plate nice and flat on the ground, to transmit the energy of the hammer solidly into the ground (unfortunately it will be a bit jarring for the “shooter”). Yell “Don’t move” to all lookey-loos, and give to your shooter the signal to start. You want to “stack” 3 to 5 good whacks at each shot point, with maybe 5 seconds in between each whack to let the computer think. Stacking means that the response of each whack is added to those of the previous ones, to make a “composite” wave arrival record. The advantage of stacking is that it amplifies weak signals, while at the same time canceling random vibrations.

Step 6. Take a look at the composite record, to see if the first arrivals define straight segments with well-defined breaks in slope. If yes have your shooter move to the next shot point. If not you may want to repeat the sequence at that shot point, making sure that no one is moving and that the hammer is striking the plate as solidly as possible.

Step 7. Most computers will let you do some quick processing of the data, so it is always a good idea to look at the time-distance plots to make sure that things “make sense”. Truth is, they never do. That is probably because nature is never as simple as a stack of three flat and perfectly homogeneous units. But as long as the array is in the ground, it is always better to repeat any shots that look plain weird.

Step 8. Pick up the array. I always count the geophones, because with everybody rushing to help there is always the chance that one of them will be left behind. 

6. One more example

Haeni (1988) included several examples in his manual, and they are certainly worth looking at, but just to torture you here is one more example. 

Activity 4. Mark first arrivals in the following seismograph record. There is a clear break in slope, so it means you are dealing with a 2-layer case. Use a metric ruler to measure times, because precision is going to make a big difference. The first arrival for the 800 m geophone happens to be at 800 ms. Once you have measured your times use Excel to plot your data, and the spreadsheet you did in Activity 3 to calculate seismic velocities and depth to the interface.
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Use this space to summarize your results:

7. Faults

One little known use of seismic refraction is the investigation of traces of active faults. In California you have to suspect a fault wherever you have a hill rising abruptly from flat or gentle-dipping alluvium. Unfortunately that is precisely where people like to build their houses (to take advantage of the view), so it is valuable real estate. So, you are asked to find out if there is fault in there or not. You will end cutting a trench to inspect the sediments, but since trenches are expensive, it is a good idea to use seismic refraction to locate the place where the trench should go. The following diagram (from Mussett and Khan, 2000) illustrates the fact that, given a “step”, the time-distance graph will show a corresponding “step” between two segments with the same slope:
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You can even estimate the depth to the interface on both sides of the fault, by calculating intercept times for the two different “steps” in the time-distance curve.

8. Case studies

Activity 5. The following time-distance data were collected in a 10 square mile property along  the foothills of the Central Valley of California. The lines were all shot from west to east, and the shot point was offset 5 feet from the first geophone. Geophone spacing was kept constant at 10 ft. The owner of the property would like a recommendation as to where to drill a well to produce water for a cattle pond.

	Line 1 (west)
	Line 2 (center)
	Line 3 (east)

	x in m
	t in ms
	x in m
	t in ms
	x in m
	t in ms

	5
	4.00
	5
	3.85
	5
	4.20

	15
	12.00
	15
	11.54
	15
	12.50

	25
	20.00
	25
	14.80
	25
	20.80

	35
	28.00
	35
	15.84
	35
	26.20

	45
	33.79
	45
	16.88
	45
	28.10

	55
	35.79
	55
	17.92
	55
	30.00

	65
	37.79
	65
	18.97
	65
	32.00

	75
	39.43
	75
	20.01
	75
	33.90

	85
	40.42
	85
	21.05
	85
	35.80

	95
	41.41
	95
	22.09
	95
	37.70

	105
	42.40
	105
	23.13
	105
	39.00

	115
	43.39
	115
	24.17
	115
	40.10

	125
	44.38
	125
	25.22
	125
	41.10

	135
	45.37
	135
	26.26
	135
	42.10

	145
	46.36
	145
	27.30
	145
	43.10

	155
	47.35
	155
	28.34
	155
	44.10

	165
	48.34
	165
	29.38
	165
	45.20

	175
	49.33
	175
	30.42
	175
	46.20

	185
	50.32
	185
	31.47
	185
	47.20

	195
	51.31
	195
	32.51
	195
	48.20

	205
	52.30
	205
	33.55
	205
	49.20

	215
	53.29
	215
	34.59
	215
	50.30

	225
	54.28
	225
	35.63
	225
	51.30

	235
	55.27
	235
	36.67
	235
	52.30


Use the following geophysical cross section to summarize your observations:
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And now your recommendations please:

Activity 6. The following time-distance data were collected in a 10 square mile property in an intermontane valley of the Coast Ranges of California. The lines were all shot from west to east, and the shot point was offset 5 feet from the first geophone. Geophone spacing was kept constant at 10 ft. The owner of the property would like a recommendation as to where to drill an irrigation well.
	Line 1 (west)
	Line 2 (center)
	Line 3 (east)

	x in m
	t in ms
	x in m
	t in ms
	x in m
	t in ms

	5
	2.17
	5
	2.38
	5
	2.17

	15
	6.52
	15
	7.14
	15
	6.52

	25
	10.87
	25
	11.90
	25
	10.87

	35
	13.07
	35
	14.89
	35
	14.72

	45
	15.03
	45
	16.93
	45
	16.72

	55
	16.99
	55
	18.97
	55
	18.72

	65
	18.95
	65
	21.01
	65
	20.72

	75
	19.91
	75
	21.87
	75
	22.72

	85
	20.57
	85
	22.52
	85
	24.72

	95
	21.22
	95
	23.17
	95
	26.72

	105
	21.87
	105
	23.82
	105
	28.42

	115
	22.53
	115
	24.47
	115
	29.08

	125
	23.18
	125
	25.12
	125
	29.75

	135
	23.84
	135
	25.77
	135
	30.42

	145
	24.49
	145
	26.42
	145
	31.08

	155
	25.14
	155
	27.07
	155
	31.75

	165
	25.80
	165
	32.75
	165
	32.42

	175
	26.45
	175
	33.40
	175
	33.08

	185
	27.10
	185
	34.05
	185
	33.75

	195
	27.76
	195
	34.70
	195
	34.42

	205
	28.41
	205
	35.35
	205
	35.08

	215
	29.06
	215
	36.00
	215
	35.75

	225
	29.72
	225
	36.65
	225
	36.42

	235
	30.37
	235
	37.29
	235
	37.08


Use the following geophysical cross section to summarize your observations:
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And now your recommendations please:

9. Complications (if only life were always so simple . . .  sigh!)

1. Dipping layers. In this exercise we have assumed that all layers are perfectly flat, but in real life we are very likely to find dipping layers. This is the reason we “shoot” our lines symmetrically from both sides of the array. If the equivalent forward and reverse shots are symmetrical, then the assumption of flat layers is a good one. If they are not symmetrical, then you are probably dealing with a dipping interface and it is time to get help from a professional geophysicist (
2. Thin layers. A nagging question with seismic refraction is whether an intermediate layer might be present, but be too thin to be detected as a clear segment in the time-distance graph. This question is relevant in water-resources investigations because the intermediate layer may be the zone of interest. For example, saturated unconsolidated aquifer material between unsaturated unconsolidated material and bedrock. If the time-distance plot does not “show” a layer with the characteristic 5,000 ft/sec velocity of saturated materials, then you may suspect a thin saturated zone. Use your geologic knowledge and any available wells to decide whether a thin saturated zone might be present.

3. Underlying low seismic-velocity layer. In some hydrogeologic settings, the velocity of seismic waves in each of the layers does not increase with depth, and low-seismic-velocity units underlie high-seismic-velocity units. Examples of this are (1) an unconsolidated sand and gravel aquifer underlying compact glacial tills, (2) semiconsolidated rubble zones beneath dense basalt flows, and (3) dense limestone overlying a poorly cemented sandstone. In all of these cases, the low-velocity unit will not be detected by seismic-refraction techniques and the calculated depth to the deep refractor will be in error.

4. Insufficient seismic-velocity contrasts. Some significant hydrologic boundaries may have no field-measurable velocity contrast across them and, consequently, cannot be differentiated with these techniques. For example, saturated unconsolidated gravel deposits may have approximately the same seismic velocity as saturated unconsolidated silt and clay deposits

REFERENCES
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SELECTED ANSWERS

Activity 2. Imagine that you are monitoring the arrival times of Scooters to different stations in a rally. Every team has a Scooter A that goes only through busy city streets (in which case they travel at 0.1 miles per minute), and a Scooter B that goes through streets to the freeway (0.1 miles per minute), runs down the freeway (in which case they can travel at 1 mile per minute), and goes through streets to its goal station (0.1 miles per minute). Make a graph of distance to the stations vs. arrival time for both Scooters of each team. For the sake of simplicity, let us assume that all stations and freeway offramps are I mile apart, and that the diagonal streets are all 3 miles long.
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	Goal station
	Distance of goal station from starting point
	Travel time in minutes

	Scooter 2-A (streets)
	2
	2 miles
	20 min

	Scooter 2-B (freewy)
	NA
	NA
	NA

	Scooter 4-A (streets)
	4
	4 miles
	40 min

	Scooter 4-B (freewy)
	NA
	NA
	NA

	Scooter 6-A (streets)
	6
	6 miles
	60 min

	Scooter 6-B (freewy)
	6
	6 miles
	30 min + 1 min+ 30 min

	Scooter 7-A (streets)
	7
	7 miles
	70 min

	Scooter 7-B (freewy)
	7
	7 miles
	30 min + 2 min + 30 min

	Scooter 8-A (streets)
	8
	8 miles
	80 minutes

	Scooter 8-B (freewy)
	8
	8 miles
	30 min + 3 min + 30 min
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Activity 5.
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Activity 6.
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