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AQUIFER CHARACTERIZATION BY PASSIVE MONITORING: 

A CASE STUDY 

KEARY HILDENBRAND1 AND T. N. NARASIMHAN2 

Department of Materials Science and Mineral Engineering 
Earth Sciences Division, Ernest Orlando Lawrence Berkeley National Laboratory 

University of California at Berkeley 
467 Evans Hall, Berkeley, CA 94720-1760 

Abstract 

With the availability of electronic data loggers, passive monitoring of water level changes 
in wells due to barometric variations and earth tides becomes an increasingly viable approach to 
hydraulically characterize aquifers. In a study to evaluate the utility of passive monitoring, water 
level data were collected over a one month period from wells penetrating confined aquifers at the 
Lawrence Livermore National Laboratory in California. Based on existing theoretical methods to 
analyze the response of aquifers to barometric changes and earth tides, compressibility and 
specific storage of the aquifers were estimated from these field data. The results show that the 
relatively shallow confined aquifers (at a depth of 40 to 50 meters below the land surface) are 
surprisingly stiff. Barometric responses indicated a compressibility of about 4E-11 Pa-1 for the 
aquifer materials which is an order of magnitude smaller than the compressibility of water. Earth 
tide responses indicated a range of 2E-10 to 2E-9 Pa-1

, depending on the method used. This 
range is of the same order of magnitude as water compressibility. One would have expected a 
shallow, Quaternary material to be at least one to two orders of magnitude more compressible 
than water. It is not clear whether the material itself is stiff or whether the estimates reflect 
limitations of the analysis techniques. A pumping test conducted earlier on one of the aquifers 
yielded compressibility and specific storage estimates comparable with those estimated from earth 
tide response. Also, different techniques used to analyze the aquifer response to earth tides led to 
different estimates of compressibility and specific storage. Using the estimated values of 
compressibility and specific storage, the observed field data were dynamically simulated using a 
numerical model and credible matches were obtained between the ,-simulations and the . . 
observations. In order to obtain the match, it was necessary to use different values of 
compressibility to generate pore pressure response due to barometric changes on the one hand 
and due to areal strains caused by earth tides on the other. The compressibility value associated 
with earth tide response was also used for specific storage. The dynamic simulations yielded well 

1 Presently at the Department of Earth and Environmental Science, New Mexico Institute of Mining and 
Technology, Socorro, New Mexico, 87801 
2 To whom correspOndence must be addressed 
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constrained estimates for compressibility but yielded only a lower bound for hydraulic 
conductivity. The present study has shown that: (1) Passive monitoring can provide better 
estimates of the elastic properties of the aquifer than hydraulic conductivity whereas conventional 
pumping tests· provide better estimates of hydraulic conductivity than elastic properties, (2) An 
aquifer may respond with different compressibilities to barometric changes on the one hand and 
depletion in storage due to pumping on the other, and, (3) Study of the passive response of more 
field systems may provide us with new insights about the elastic behavior of aquifers. 

Introduction 

Water levels in wells screened in confined aquifers at the Lawrence Livermore National 

Laboratory (LLNL) consistently show effects of barometric changes and earth tides. Because 

these responses provide clues about the elastic properties of the aquifer material, measurements of 

barometric changes and water level fluctuations in five wells were recorded over a period of one 

month. The data were gathered between February and March, 1994. This study is an attempt to 

estimate the hydraulic characteristics of the aquifers penetrated by the wells by analyzing the 

passive monitoring data. The goal is partly to understand the efficacy of the different methods of 

analysis, partly to understand the properties of the specific aquifers and partly to understand the 

utility of passive monitoring data as a means to evaluate hydraulic characteristics of aquifers. 

The approach we took in analyzing passive monitoring data is as follows. One-

dimensional, vertical-strain assumption was used for the analysis of barometric effects. These , 

effects were subtracted from the water level data, based on an estimate of the barometric 

efficiency. From the residuals, unexplained background trends were removed using two separate 

filtering processes. The remaining signals were treated as responses to earth tides. The 

interpretation of these earth tide effects required knowledge of areal strains (as suggested by 

Bredehoeft (1967)). In the absence of areal strain measurements at the site, a computer program 

by Harrison (1971) was used to estimate the theoretical areal strains occurring at the LLNL site 
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based on a whole earth deformation model Four different methods (suggested by previous 

researchers) were used to analyze the earth tide effects. Finally, as a synthesis, a numerical model 

was used to dynamically simulate the observed water level changes by combining barometric 

effects, earth tide effects, an unexplained trend, and transient groundwater flow. Additional 

details relating to this paper can be found in Hildenbrand (1995). 

Site Description 

LLNL is located about 65 kms east of San Francisco, in the southeastern part of the 

Livermore Valley as shown in Figure 1. The valley is filled with 1200 m of Tertiary/Quarternary 

sediments of Pliocene to Holocene age, derived from the erosion of neighboring geologic 

formations. The deposits comprise a heterogeneous mixture of sand, gravel, silt, and clay. In a 

generally fine-grained host, irregular sand and gravel lenses deposited by meandering streams 

occur as interconnected permeable zones. The direction of flow of the streams is towards the 

west-northwest. Data from drilling logs (Qualheim, 1988) suggest that these sand lenses are 

elongated in the direction of stream flow and are generally a few hundred to a thousand meters 

long, tens to a few hundred meters wide, and a few meters thick (Schroth and Narasimhan, 1997). 

The aquifers discussed in the present study comprise part of these interconnected sand bodies. 

The five wells monitored as part of the present study are located in the southwest comer 

of LLNL, off the right bank of Arroyo Seco (Table 1, Figure 2). The completion data for these 

wells and their average depth to water level (DTW) are given in Table 2. An idealized profile of 

the aquifers and the wells is shown in Figure·3. Wells MW-267, EW-712, and MW-616 pierce a 

3-m thick lower aquifer while wells MW-214 and MW-264 pierce an upper aquifer of about the 

same thickness. The two aquifers are separated by another aquifer and aquitards. Although not 
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shown in Figure 3, similarly thick clays and sands are known from the lithological logs to overlie 

the upper aquifer. In all the wells, the water level occurred 20 to 30 meters above the top of the 

aquifers. Based on this observation, we treat the aquifers as fully confined. -By definition, a 

confined aquifer is such that, "In a well penetrating such an aquifer, the water level will rise above 

the bottom of the confining bed ... " (Todd, 1980). 

The 0.228 meter diameter boreholes were reportedly rotary drilled (air or mud). All wells 

were constructed with PVC pipe with a 0.114 meter inner diameter and slotted screens at the 

bottom The outside of the casing was sealed with 5% bentonite and 95% cement above a sand 

pack directly outside the screen. The wells were screened in the most permeable aquifer in the 

formation and hence are treated as fully penetrating for purposes of this study. 

Because the wells were constructed for purposes of environmental remediation, several 

different types of instruments have been installed within the wells. For instance, the wells are 

fitted with multistage submersible pumps, with the discharge pipe conveying the effluent to a 

nearby treatment facility. The diameter of the discharge pipe in the monitoring wells (e.g. MW 

616) is 0.032 meters and 0.044 meters in the extraction well (EW-712). All wells were outfitted 

with stand pipes for collecting water level data. The outer and inner diameters of the stand pipes 

are 0.029 meters and 0.025 meters, respectively. Pressure transducers were set below the water 

level in the stand pipes to monitor water column fluctuations above the transducer. The wells are 

closed with the exception of the stand pipe which is open to the atmosphere. A sketch of the well 

instrumentation is given in Figure 4. 

Natural water level fluctuations in five wells and barometric pressure changes were 

measured with pressure transducers from February 14, 1994, to March 18, 1994, and recorded 

with a data logger every 30 minutes. Between March 2, 1994, and March 4, 1994, equipment 

11/14/97--.7:22 AM._ .E:\TNN\P APERS\ke<IIjltnnlbi97 .doc 4 



failure resulted in a gap in data. Hand measurements with an electric water level sounder were 

made periodically to check if the transducers were properly functioning. Nearby wells were not 

pumped during the monitoring period. 

For comparison with natural water level fluctuation data, the barometric pressure data 

were converted to units of head, in meters of water. Note that a goal of the present study is to 

correlate changes in barometric pressure to changes in water level. Therefore, an average head 

value was first estimated and this average was removed from the data to obtain a measure of time­

dependent changes. The data for each of these wells and barometer are given in Figures 5A 

through 5F. Figure 6 illustrates the inverse relationship between the barometric pressure changes 

and the changes in water levels in wells using EW-712 as an example. An increase in barometric 

pressure causes a drop in water level and vice versa. 

Interpretation Methodology 

Response to Barometric Pressure 

We first analyze the relationship between barometric changes and water level fluctuations. 

Recall that barometric pressure and water levels in wells are inversely related as shown in Figure 

6. Therefore for ease of comparing barometric pressure data with water level data, the barometric 

pressure data are first inverted; that is, the sign is reversed. Figure 7 shows the usefulness of 

inverting the barometric pressure data for correlation. 

To evaluate the extent of correlation between existing water level changes and barometric 

pressure changes, the inverted barometric pressure data were multiplied by a number between 0 

and 1 until the fluctuations reasonably match those of the water level data as demonstrated in 

Figure 8. This number is the barometric efficiency BE. By definition, tidal efficiency T E = 1 - BE , 
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where BE is barometric efficiency. The tidal efficiency is related to vertical aquifer compressibility 

[coefficient of volume change (Lambe and Whitman, 1969)] rilv by, 

(1) 

where n is porosity and ~ is compressibility of water. Once rilv is estimated the specific storage Ss 

can be found using, 

(2) 

in which, p is density of water and g is acceleration due to gravity. 

To facilitate earth tide analysis, barometric effects are removed by subtracting from the 

water level data the inverted barometric pressure data multiplied by the barometric efficiency. 

What is left are the earth tide effects and other signals. 

Response to Earth Tides 

In order to interpret water level response of the well to earth tides, it is first necessary to 

know the magnitude of earth strains caused by earth tides. In the absence of actual strain 

measurements in situ at LLNL, we may, as an expediency, use theoretically estimated strains in 

the manner suggested by Bredehoeft (1967). For this purpose, a computer program developed by 

Harrison (1971) is used in the present study. This tide program is based on average elastic 

properties of the whole earth. To relate the computed strains to pressure or water level changes, 

a constitutive equation needs to be derived. To this end, stress-strain relationships are described 

below to provide a foundation for determining hydraulic properties from the response of an 

aquifer to earth tides. 
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Consider a volume element fully saturated with water, subject to two-dimensional 

horizontal changes in external stress and three-dimensional deformation under "undrained" 

conditions (Bredehoeft, 1967). To facilitate analysis, we separately consider elastic deformations 

caused by external stress changes and by water pressure and superimpose the two effects. The 

net strains are the sum of the strains due to changes in external stress and water pressure. Noting 

that Acr3 = 0 if the Earth's surface is assumed to be a free surface, we get the following expression 

for net strains based on Hooke's Law, 

_ Acr1 -vAcr2 _ (1-2v) A 
El.net - E E E p ' (3a) 

(3b) 

and 
v ) (1-2v) 

£3.net =- E (Acrl + Acr2 - E Ap ' (3c) 

where, E~, E2 and E3 are linear strains, cr~, 0"2 and 0"3 are principal stresses, E is Young's modulus 

and vis Poisson's ratio. The net volumetric strain is the sum of the individual net strains, E1 + E2 

(4) 

Under undrained response associated with earth tides, the net volumetric strain is equal to the 

change in water volume per unit bulk volume when the grains are assumed incompressible. Thus, 

(1-2v) 3(1-2v) 
E (Acr1 +AcrJ- E Ap = n ~Ap . (5) 
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If the lateral stresses are rewritten in terms of the areal strain (El + E2), Young's modulus rewritten 

in terms of the vertical compressibility, and the equation rearranged, we get, 

(1- 2v) Ea,nct 

mv = (1-v) ~p -n~' (6) 

where Ea.net = EI.net + Ez.net. This is equivalent to the equation derived by Bredehoeft in 1967 and 

by Hsieh et al. in 1988. In using (6) for practical analysis, the areal strain Ea.net is obtained from the 

tide program based on a whole earth model, whereas the pressure changes are obtained by field 

measurements; Additionally, the compressibility of water is assumed to be 4.18E-10 Pa-1
• Under 

these circumstances, if one can assume reasonable values for n and v, one may first estimate Il1v 

and then estimate Ss based on (2). 

Other Methods of Earth Tide Analysis 

It is instructive to compare the logic used in deriving (6) with the findings of other 

researchers (Roeloffs (1996), Rojstaczer and Agnew (1989), and Beavan et al. (1991)), who 

have looked at the response of aquifers to earth tides and barometric pressure changes. 

Roeloffs' (1996) analysis is based on using volumetric strain, grain compressibility, and 

undrained Poisson's ratio Vu defined through, 

A __ 2GB 1+vu E 

P- 3pg 1-2vu v.nct ' 

where the shear modulus G is related to the bulk modulus K by, 
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Under conditions of compressible grains, Skempton's coefficient B is defined as (Rice and Cleary, 

1976), 

1 1 

(9) 

where, Ks is the bulk modulus (reciprocal of compressibility) of the solid grains. The negative 

sign in (7) arises because Roeloffs defines the barometric efficiency to vary between -1 and 0 

instead of between 0 and I. Two-dimensional loading and three-dimensional deformation are the 

basic principles behind the earth tide analysis given in (7). For analysis of aquifer response to 

barometric pressure changes the static confined barometric efficiency EB is given as, 

(10) 

where it is assumed that areal strains are negligible for barometric pressure loading. Once EB is 

determined from barometric pressure and water level data then B can be calculated from ( 1 0) 

assuming a Vu. Then B can be substituted into (7) to determine G which can be converted to Illv. 

The results determined using Roeloffs' stress-strain equation will differ from those determined 

using Bredehoeft' s approach because Roeloffs includes grain compressibility and uses undrained 

Poisson's ratio. 

Rojstaczer and Agnew (1989) also include grain compressibility and undrained Poisson's 

ratio in their equations. Their equation based on two-dimensional loading and three-dimensional 

deformation is, 

(11) 
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with B defined as in (9) and undrained compressibility is defined as, 

(12) 

where, <Xmv is 1/K and, 

(13) 

The static confined barometric efficiency is given as, 

(14) 

assuming that the areal strains induced by barometric pressure loading are not negligible. After 

determining EB from barometric pressure and water level data, B can be estimated using (14) 

assuming a Vu. B can then be inserted into (11) to estimate j3. Using (12) and (13) K can then be 

determined to" estimate ffiv. Rojstaczer and Agnew (1989) also defined the one-dimensional 

specific storage coefficient as, 

which takes into account grain compressibility. The results derived from Rojstaczer and Agnew 

will be similar to those of Roeloffs' method because they both include undrained Poisson's ratio 

and grain compressibility. The slight difference will be due to the EB equation, because Rojstaczer 

and Agnew include the areal strains due to barometric pressure loading. 

Beavan et al. (1991) used areal strains and a parameter dEa.neJdPa to describe barometric 

pressure loading. The parameter is usually assumed to equal zero but Beavan et al. considered 

models with values other than zero. For the "layer over half-space" model, dEa.neJdPB = 7 .6E-12 
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Pa·I, and for the spherical layered model, dea.neJdP8 = 4.2E-12 Pa-1
• Their earth tide analysis 

equation based on two-dimensional loading and three-dimensional deformation is, 

G= At ' 
2 ( ) dea.net -1-B -2A--
pg E t dPa 

(16) 

where tidal admittance A is defined as, 

A = Ap 
t 

pgea.net 
(17) 

The loading efficiency y is given as, 

(18) 

and equals the tidal efficiency TE if dea.neJdPa = 0. The specific storage, Ss* is defined as. 

(19) 

which also includes grain compressibility. Beavan et al. (1991) determined that the results did not 

significantly differ when including the lateral strains due to barometric loading. Beavan et al. use 

exactly the same stress-strain relation as Roeloffs when assuming dea.neJdP8 = 0. Their specific 

storage equation differs from (15) because of assuming dea.neJdPa = 0, and differs from (2) 

because it includes grain compressibility. 

Overall, the aquifer hydraulic properties estimated using Bredehoeft's equation will 

probably be an upper limit because Bredehoeft neglects grain compressibility, undrained Poisson's 

ratio, and areal strains from barometric pressure loading. The hydraulic properties estimated by 

applying all of the above methods to data from a single should be within a small range because all 
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of the methods are based on using theoretical areal strains as well as the same boundary 

conditions. 

Filtering Techniques 

After removal of the barometric effects from the water level data as described earlier, a 

zero phase shift, high-pass filter by Pertsev (1957) was applied to water level data from which 

barometric effects had been removed. For data sampled every half hour, the filtered data were 

calculated using, 

(20) 

where i, = (-36, -26, -20, -16, -10, -6, -4, 0, 4, 6, 10, 16, 20, 26, 36) in half hours. This equation 

is based on a simple moving average filter and removes any long periods. It was assumed that the 

"high-pass" output was the water level changes due to earth tides. An example of the application 

of the high-pass filter to water level data from well EW -712 is given in Figure 9. 

The other filter is a least-squares filter (Quilty and Roeloffs, 1996). It was used to 

calculate the best-fitting barometric efficiency using linear regression. After removing barometric 

effects, a least-squares method was used to determine the amplitudes and phases of sine and 

cosine waves with periods of the tidal constituents that best fit the data (Table 3). Therefore, the 

earth tide water level changes are approximated by the sum, 

(21) 

where tn is the time of the nth data point, Olt is the frequency of the nth tidal constituent, and an 

and bn are unknown coefficients. The sum is taken over the total number of tidal constituents, N. 
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The unknowns, an and bn, are calculated using the method of least squares to best fit the water 

level data. Accordingly, the amplitude and phase of the nth tidal constituent are, 

(22) 

(23) 

The sum of these waves with periods of the tidal constituents, calculated amplitudes, and 

calculated phases is the total water level change due to earth tides. An example of the separation 

of the three effects is given in Figure 10 for well EW-712. 

The next step is to correlate water level changes due to earth tides obtained from either 

filter with the ~eal strains estimated theoretically from a whole earth model. The earth tide water 

level changes arising due to earth tides from the least-squares filter is given as an example in 

Figure 11 for well EW-712. In order to compute aquifer compressibility and specific st~rage, the 

values at the peaks and troughs of the strains and water levels that were in phase were read off 

and inserted into the earth tide equations and the parameters were backed out. 

The theoretical areal strains were also processed by the least-squares filter to determine 

the amplitudes and phases of the individual tidal constituents. These amplitudes were used with 

those determined with the water level data to estimate aquifer hydraulic properties. Only the M2 

and O, tides were chosen for interpretation because they are entirely due to the lunar cycle and are 

not contaminated by barometric effects. 
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Numerical Simulation 

To complement the estimation of aquifer hydraulic properties already outlined, a full 

simulation of the aquifer response to barometric pressure and earth tides was accomplished using 

the numerical model TRUST (Narasimhan et al., 1978). TRUST is a computer program which 

helps analyze transient flow of water in a variably-saturated, deformable, multi-dimensional 

heterogeneous porous media under isothermal conditions, based on the Integral Finite Difference 

(IFD) scheme. The user designs the geometric assemblage of the volume elements so as to best 

approximate the expected flow pattern for improved accuracy. The associated integral 

expressions which are solved using matrix methods, represent conservation of mass over, each of 

the three-dimensional volume elements. The IFD uses first order approximation for determining 

spatial gradients of potential. 

For the present study, TRUST was modified to handle two types of source terms. The 

first, conventional source term, pertains to addition or removal of water, as is the case, for 

example, of a well. The second pertains to pore pressure generation associated with undrained 

loading, as in the case with barometric effects or earth tide response of an aquifer. For purposes 

of this study, ocean tides were neglected since LLNL is quite removed from the ocean. In the 

simulations, permeability, fluid viscosity, porosity and compressibility of geologic material and 

compressibility of water were provided as input. Hydraulic conductivity and specific storage are 

not explicitly specified. Tidal efficiency, needed to convert barometric pressure changes into pore 

pressure generation, was calculated from the input values of compressibility. 
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Results • 
Response to Barometric Pressure Changes 

The barometric pressure data were inverted and multiplied by a number between 0 and 1 

(BE) to visually best fit with the water level data for each well. Data from wells EW-712, MW-

616, MW-267, and MW-214 yielded the best fit for BE= 0.70 and TE = 0.30. In view of (1) and 

(2) and assuming n = 0.25 and~= 4.18E-10 Pa-1
, BE= 0.70 yields rr1v = 4.48E-11 Pa·1 and Ss = 

1.46E-6 m·1• Data from well MW-264 yielded the best fit for BE = 0.75 and TE = 0.25 which 

resulted in rr1v = 3.48E-11 Pa·1 and Ss = 1.37E-6 m·1
• Note that these estimates of aquifer 

compressibility ( = 4E-11 Pa-1
) are an order of magnitude smaller than the compressibility of water. 

One would normally expect alluvial materials to be far more compressible than water, say, in the 

range, 10·9 to 10·7 Pa-1
; but data from these wells are consistent with a compressibility an order of 

magnitude smaller than that of water. 

Response to Earth Tide Effects 

The responses of the aquifers to strains induced by earth tides were analyzed in two 

different ways. The first was a gross analysis of the combined effects of all 8 tidal components 

based on a visual comparison of the similarities between the peaks and troughs of water level 

variations and areal strain variations with time. The second was an analysis of the responses of 

the aquifers to two specific tidal components by comparing the water level. amplitude 

corresponding to the areal strain amplitude due to a particular tidal component. 

First let us consider the gross analysis. The water level changes due to earth tides isolated 

by each filter were plotted with the theoretical areal strains (calculated using average Love 
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numbers of H = 0.6007 and L = 0.0766). For both filters, the peaks and troughs of the water 
• 

levels reasonably match those of the areal strains. The largest amplitudes of the peaks and 

troughs of the earth tide effects were used to estimate the aquifer hydraulic properties by inserting 

these amplitudes into (6) and (2) (assuming n = 0.25, v = 0.25, and~= 4.18E-10 Pa-1
). Average 

compressibility was calculated from about twelve such peaks and troughs. The average 

compressibility and specific storage for each filter using the method of Bredehoeft for each well is 

given in Table 4. The overall average compressibility and specific storage are, approximately, 2E-

10 Pa-1 and 3E-6 m·1
, respectively. These values are about five times larger than those determined 

from the barometric pressure analysis (m. = 4E-11 Pa-1
, Ss = 1E-6 m·1

), but the estimated 

compressibility is still about half that of water. 

A few· sensitivity experiments were conducted to evaluate the effects of porosity and 

Poisson's ratio on the estimated compressibility values. An areal strain of 1E-08 and a pressure 

change of 13 Pa were used. At a Poisson's ratio of 0.25, the estimated compressibility varied 

linearly from 4.8E-10 Pa-1 at n = 0.1 to 3.6E-10 Pa-1 at n = 0.4. At a porosity of 0.25, the 

compressibility was found to vary linearly from 4.8E-10 Pa-1 at v = 0.2 to 1.6E-10 Pa-1 at v = 0.4. 

Thus, the estimated compressibilities are not very sensitive to porosity or Poisson's ratio. 

Now let us consider the response of the aquifers to individual tidal components. The 

amplitudes and phases of the M2 and 01 constituents of the water levels and the theoretical areal 

strains were first determined using the least-squares filter. In order to evaluate how closely these 

two were related to each other, their M:z/01 amplitude ratios are compared Table 5. The M2l'01 

amplitude ratio for the water levels and that for tide-induced strains differ notably between each 

other. Here, it should be noted that the strain amplitude and phase information pertaining to 
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water levels are being compared with theoretical strains from the whole earth model They should 

properly be compared with actual measurements at the site, which, unfortunately, are not 

available. As pointed out by Berger and Beaumont (1976), theoretical strains can differ from 

actual strains by as much as 50%. In a confined aquifer, one would expect the water levels and 

strains to have. the same phase, provided that the permeability of the aquifer is reasonably large. 

Also, one would expect that the water levels in wells in the same aquifer would have the same 

phase and amplitude ratio. The differences in phases and amplitude ratios between theoretical 

strains and measured water levels probably reflect the uncertainties involved in matching filtered 

field data against theoretically computed strains. The differences could also be due to the fact that 

the earth tide effects are small compared to the barometric effects and that uncertainty reflects the 

errors inherent in extracting small periodic signals from a large composite signal. 

The amplitudes of water levels and areal strains corresponding to Mz and 01 tidal 

components were analyzed using the methods of Bredehoeft (1967), Rojstaczer and Agnew 

(1989), Beavan et al. (1991) and Roeloffs (1996). The results, obtained assuming Ks = 4.95E10 

Pa, n = 0.25, v = Vu = 0.25, and ~ = 4.18E-10 Pa-I, are summarized in Table 6. As can be seen, 

compressibility estimates using Bredehoeft' s approach yielded the largest values among all the 

methods used. Also, comparison with results presented in Table 4 indicates that the estimates 

based on a visual comparison of the peaks and troughs of the water levels and areal strains are 

significantly smaller by a factor of 3 to 5. 

The compressibility values estimated with the method of Beavan et al were the same as 

those obtained with the method of Roeloffs (1996) because it was assumed that loading due to 

barometric pressure in the lateral directions was negligible. Although Rojstaczer and Agnew 

( 1989) accounted for lateral strains in response to barometric changes, their estimates of 
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compressibility are not significantly different from those of Roeloffs ( 1996) or Beavan et al 

(1991). It is seen from Table 6 that the estimates based on Bredehoeft's method are in general 

about 3 times larger than those obtained using other methods. 

In surrunary, we see that the analysis of earth tide response by the methods of Rojstaczer 

and Agnew (1989), Beavan et al (1991) and Roeloffs (1996) yield compressibility values ranging 

from about 1E-10 to about 5E-10 Pa-1
• This range is compatible with the estimates obtained with 

the gross analysis using Bredehoeft's method. Application of the Bredehoeft method to Mz and 

0 1 signals indicate a range of about 6E-10 to about 2E-9 Pa-1 for aquifer compressibility, which is 

1.5 to 5 times the compressibility of water. Based on these, it is reasonable to state that the 

aquifer materials are about as compressible as water as indicated by their response to earth tides. 

Numerical Simulation 

For simulating the passive monitoring data, a radially symmetric mesh was used to model 

the aquifer system. The volume elements used are a sequence of concentric cylindrical shells 

around the well. Outward from the well are a sequence of volume elements with radii increasing 

by a factor of 1.25 out to about 1175 meters. A permeable zone was assumed out to 0.125 

meters, to represent the sand pack surrounding the well casing. Provision was also made for a 

"skin" outside the gravel pack, to give consideration to aquifer damage during well completion. 

The unexplained trend determined from either filter was entered as input into TRUST for each 

well The gap in the unexplained trend and barometric pressure data were filled in by a visual 

estimate of the regional trend so that the data are continuous. The barometric pressure data were 

also entered as input into TRUST. 
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To simulate the effects of barometric pressure and earth tides, time-dependent chat;lges 

measured barometric pressure and theoretically computed areal strains were entered as tabulated 

inputs. Within the computational algorithm, barometric pressure changes and areal strains have to 

be converted to equivalent pore pressure changes according to ( 1) and ( 6) respectively. For this 

purpose, one has to specify, a priori, the compressibility of the aquifer material, Illv. However, as 

we have seen, analysis of barometric data yielded compressibility values an order of magnitude 

smaller than that indicated by earth tide analysis. Therefore, two separate compressibility values 

were entered as input, one for simulating barometric effects and the other for simulating earth tide 

effects and specific storage. 

The fact that we had to use different values of compressibility for barometric effects and 

earth tide effects indirectly may suggest barometric efficiency and tidal efficiency does not add up 

to 1. One possible explanation for this might be that one has to give consideration to grain 

compressibility in the estimation. In our calculations we had assumed grains to be completely 

rigid. We know that grain compressibility will be unimportant only when the porous matrix is far 

more compressible than the solid grains. If indeed we have to account for grain compressibility 

in our case, the indirect implication is that the porous matrix is quite stiff. 

In the simulations, six parameters were iteratively manipulated to match the computational 

output with the observed water level data. These are, aquifer compressibility (specific storage), 

aquifer permeability, sand pack permeability, sand pack specific storage, skin permeability, and 

skin specific storage. The compressibility value used for specific storage was also used to convert 

areal strains to pore pressure changes. An appropriate compressibility was used to effectively 

result in a tidal efficiency of 0.3 (i.e. barometric efficiency = 0. 7) to convert barometric changes to 
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pore pressure changes. This was done because barometric efficiency was very well constrained by 

the field data analysis. 

The outputs of numerical simulations were insensitive to permeability and specific storage 

of the sand pack and skin. These permeability and specific storage values 'were varied over 

several orders of magnitude with no change in the output. Thus the aquifer compressibility and 

permeability were the principal parameters of calibration. A lower limit of the aquifer 

permeability, about 10"13 m2
, was determined since the output was insensitive with permeability 

values larger than this lower limit. Ultimately, therefore, only the compressibility (specific 

storage) of the aquifer proved responsive to calibration within a reasonable range. The range in 

specific storage for wells MW-264 and MW-214 was 3E-6 m·1 to 6E-5 m·1 with 6E-5 m·1 being a 

reasonable value. This corresponds to a compressibility range of 2E-10 to 6E-9 Pa-1 with 6E-9 

Pa-1 being a reasonable value. For wells MW-267, MW-616, and EW-712 Ss 5E-6 m·1 to 6E-5 

ni1 with 9E-6 m·1 being a reasonable value. This corresponds to a range in compressibility of 4E-

10 to 6E-9 Pa-1 with 8E-10 Pa·1 being a reasonable value. As an example, the matching results for 

well EW-712 is shown in Figure 1'1. Water levels from wells MW-264 and MW-214 could not be 

perfectly matched with the computed output of TRUST. This inability to converge on a 

reasonable result could be due to not accounting for some unknown signal or effect in the upper 

aquifer. However, data from wells EW-712, MW-616, and MW-267 which penetrate the lower 

aquifer were better amenable to matching with computational simulations. 

In an earlier work, Schroth and Narasimhan (1997) used a numerical model to analyze 

data from a pumping test conducted on well EW-712. In their analysis, they simulated a two­

aquifer system separated by an aquitard, with the lower being the pumped aquifer. In the 

calibration process they treated the aquitard to be more compressible than the aquifer. Under 
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these assumpt~ons, their analysis suggested a range of 1E-5 to 2E-5 m·1 for specific storage for 

the lower aquifer, corresponding to a range of 9E-10 to 2E-9 Pa·1 for compressibility. For the 

lower aquifer, the permeability ranged from 3E-12 to 5E-12 m2 with 4E-12 m2 being a reasonable 

value. A sununary of estimated hydraulic properties by all of the methods is given in Table 7. 

Discussion 

Application of the concept of undrained loading to an open well penetrating a confined 

aquifer leads to the inference that barometric efficiency should be close to zero if the aquifer 

material is relatively soft and compressible and that it should be close to 1 if the aquifer material is 

stiff and incompressible. Analysis of field data from the LLNL aquifers show that all five wells 

have indicated a barometric efficiency of about 0. 7, without much uncertainty. Assuming a 

porosity of 0.25 and a water compressibility of 4.18E-10 Pa-1
, we find that this barometric 

efficiency corresponds to .an aquifer compressibility that is an order of magnitude smaller than that 

of water. 

It is interesting that all the methods used for interpreting the earth tide response of the 

aquifers have yielded fairly well-constrained estimates for compressibility and specific storage. . 

The methods ofRojstaczer and Agnew (1989), Beavan et al. (1991) and Roeloffs (1996) yielded 

remarkably consistent compressibility estimates between 1E-10 and 5E-10 Pa-1
• A visual 

comparison of the filtered water level data with theoretically calculated areal strains followed by 

the application of the Bredehoeft method also yielded estimates of compressibility in the range, 

IE-10 to 4E-10 Pa-1
• Somewhat higher estimates for compressibility (4E-10 to 2E-9 Pa-1

) were 

obtained when the Bredehoeft method was applied to two specific tidal components. Ignoring the 

extreme estimates, it is reasonable to state that the earth tide response of the aquifers have 
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indicated that the aquifer materials have a compressibility varying from 1 to perhaps 3 times the 

compressibility of water. This estimate is also comparable to an estimate arrived at by Schroth 

and Narasimhan (1997) based on a pumping test. 

These analysis show that the aquifer responds as a very stiff material to barometric 

stresses while it responds as a more soft material to earth tides and to pumpage of water. This 

apparent difference in behavior is intriguing. Secondly, even in the case of earth tides and 

groundwater pumping, the estimates of compressibility suggest that the aquifer material is not 

more than about thrice as compressible as water. It is not clear why a Quaternary alluvial material 

should appear so stiff. Does this imply a limitation in the method of analysis or is the aquifer 

material truly stiff due to special circumstances such as precipitation of cement at grain contacts? 

Concerning the method of analysis itself, one could argue that the aquifer is actually 

unconfined and that the apparent stiffness is due to the fact that the aquifer has been treated as 

confined in the analysis. However the hydrogeologic conditions at the site are consistent with the 

aquifer being confined. Lithologic logs show that the sediments pierced by the wells contain 

many alternating layers of fine-grained and coarse-grained materials, with the fine-grained 

sediments acting as aquitards. And, in each of the wells water level rises to between 20 and 30 

meters above the top of aquifers. 

Another alternative worth considering is whether the apparent stiffness may be due to 

leakage of water from the aquitards. Aquitards are generally fine-grained sediments which are 

more compressible than aquifers and thus possess higher tidal efficiency. Thus, for a given 

increase in barometric pressure, more pore pressure will be generated in the aquitard than in the 

aquifer. Consequently, one should expect additional water to leak into the aquifer from the 

aquitard as barometric pressure increases and this leakage will be more rapid if the aquitard has 
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relatively high hydraulic conductivity. If we follow this reasoning, it becomes clear that addition 

of excess water by leakage from the aquitard will increase the apparent tidal efficiency of the 

aquifer material and make it appear softer than what it really is. Therefore, it does not seem 

reasonable to suspect that the aquifers under consideration appear stiff because of leakage from 

the aquitard. 

Concluding Remarks 

Passive monitoring of water levels in wells piercing confined aquifers have yielded 

remarkably well-constrained estimates of the compressibility of the aquifers under dynamic 

conditions using different sets of assumptions. More frequent use of passive monitoring methods 

to characterize groundwater systems may prove to be of great value, particularly because 

pumping tests yield reliable estimates of aquifer hydraulic conductivity but cannot be relied upori 

to give accurate estimates of specific storage. Thus, passive monitoring and pumping tests are 

complimentary tools of analysis for hydraulic characterization of groundwater systems. 

The different compressibility estimates from barometric analysis and earth tide analysis 

suggests that aquifers may respond differently to different dynamic processes. The estimated hight 

stiffness of a shallow Quaternary aquifer at the Livermore site suggests that we have much to 

learn about the elastic behavior of aquifers. Passive monitoring methods are relatively inexpensive . 

and are potentially capable of giving us new insights into aquifer dynamics. 
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Table 1: Location of wells. 

North East 
Well Latitude Longitude 

m m 
MW-214 2963.03 1947.55 

MW-264 2853.43 2084:06 

MW-267 2878.73 1942.06 

MW-616 2964.55 1964.34 

EW-712 2918.62 1967.05 

Table 2: Well completion and average depth to water table (DTW) data. 

Ground Screen Screen Elevation of Water Column 
Well Elevation Top Length DTW Water Level Ab,ove Screen Top 

m m m m m m 
MW-214 182.28 141.45 2.29 21.58 160.70 19.25 

MW-264 183.62 140.66 3.05 23.38 160.24 19.58 

MW-267 182.38 129.81 1.98 21.70 160.68 30.87 

MW-616 182.51 128.25 3.05 22.59 159.92 31.67 

EW-712 182.48 130.66 4.72 22.60 159.88 29.22 

Note: Elevations are with respect to mean sea level. 

Table 3: The important tidal constituents and their periods. 

Tidal Constituent Period, hours 
01 25.8193 
sl 24.0000 
K1 23.9345 
Jl 23.0985 
N2 12.6583 
M2 12.4206 
s2 12.0000 
K2 11.9672 
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Table 4: Averages of peaks and troughs using Bredehoeft's (1967) equation. 

Filter Type m.., Pa"1 s -1 urn 
MW-214 Least-Squares 1.34E-10 2.34E-06 

High-Pass 2.29E-10 3.27E-06 
MW-264 Least-Squares i51E-10 3.49E-06 

High-Pass 2.51E-10 3.49E-06 
MW-267 Least-Squares 2.38E-10 3.36E-06 

High-Pass 1.77E-10 2.76E-06 
MW-616 Least-Squares 2.7lE-10 3.68E-06 · 

High-Pass 2.21E-10 3.19E-06 
EW-712 Least -Squares 3.30E-10 4.26E-06 

High-Pass 3.04E-10 4.01E-06 
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Table 5: Amplitudes and phases of water level changes and average strains. 

Amplitude 
( nanostrain) 

Areal Strain M2 18.18 

h=.601, 1=.077 Ot 10.41 

Volumetric Strain M2 12.12 

h=.601, 1=.077 Ot 6.94 

Amplitude (mm) 

MW-214 M2 0.843 

01 1.416 

MW-264 M2 0.871 

01 0.363 

MW-267 M2 1.645 

01 0.503 

MW-616 M2 1.589 

01 0.448 

EW-712 M2 1.600 

01 0.474 

Note: Ev.,1 = 1-2v £8 with v = 0.25. 

1-v 

Phase (0
) M/01 

326 1.75 

226 

326 1.75 
226 

Phase (0
) M2/01 

117 0.60 
48 

144 2.40 
167 

125 3.27 
147 

126 3.55 
157 

129 3.38 

137 
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Table 6: Aquifer hydraulic properties estimated using average strains and the method developed by the 
specified author(s); M2 and 0 1 amplitudes determined from the tidal analysis program. 

Bredehoeft Rojstaczer & Agnew Roeloffs Beavan et al. 
M2 mv Ss mv Ss • mv Ss mv ss· 

MW-214 1.36E-09 1.44E-05 4.36E-10 4.25E-06 4.30E-10 - 4.30E-10 1.40E-05 
MW-264 1.3IE-09 1.39E-05 3.31E-10 3.22E-06 3.53E-10 - 3.53E-10 1.35E-05 
MW-267 6.47E-10 7.37E-06 2.11E-10 2.04E-06 2.14E-10 - 2.14E-10 6.98E-06 
MW-616 6.78E-10 7.67E-06 2.33E-10 2.26E-06 2.32E-10 - 2.32E-10 7.30E-06 
EW-712 6.68E-10 7.58E-06 2.27E-10 2.20E-06 2.26E-10 - 2.26E-IO 7.20E-06 

- --

o. mv Ss mv ss· mv Ss mv ss· I 

MW-214 3.95E-10 4.90E-06 1.44E-10 1.39E-06 1.46E-10 - 1.46E-IO 4.53E-06 . 

MW-264 1.85E-09 1.91E-05 4.57E-10 4.45E-06 4.85E-10 - 4.85E-10 1.87E-05 
MW-267 1.30E-09 1.38E-05 4.00E-10 3.90E-06 4.01E-10 - 4.01E-10 1.34E-05 
MW-616 1.48E-09 1.55E-05 4.77E-10 4.66E-06 4.68E-10 - 4.68E-IO l.SlE-05 
EW-712 1.39E-09 1.46E-05 4.44E-10 4.33E-06 4.37E-10 - 4.37E-10 1.43E-05 

--



w 
....... 

Table 7: Summary of the estimates of aquifer hydraulic properties. 

m Pa·1 
"' 

s .) um 

Atmospheric Pressure 3.5E-11-4.5E-11 1.4E-06- l.SE-06 

Earth Tides-match peaks 
High-Pass l.SE-10- 3.0E-10 2.8E-06- 4.0E-06 

Least-Squares 1.3E-10 - 3.3E-1 0 2.3E-06 - 4.3E-06 

Earth Tides-Bredehoeft 
M2 6.8E-10- 1.4E-09 7.7E-06- 1.4E-05 

01 4.0E-10- 1.9E-09 4.9E-06- 1.4E-05 

Earth Tides-Beavan et al. 
M2 2.1E-10- 4.3E-10 7.0E-06 - 1.4E-05 

01 l.SE-10- 4.9E-10 4.5E-06- 1.9E-05 

Earth Tides-Roeloffs 
M2 2.1E-10- 4.3E-10 

01 l.SE-10- 4.9E-10 

Earth Tides-Rojstaczer & Agnew 
M2 2.1E-10- 4.4E-10 4.3E-06- 2.0E-06 

01 1.4E-10- 4.8E-10 1.4E-06- 4. 7E-06 

TRUST- Passive Test 2.0E-10- 6.0E-09 3.0E-06- 6.0E-05 

TRUST-Pumping Test 9.2E-10- 1.9E-09 1.0E-05- 2.0E-05 

k m2 
• 

I 
i 

I 

l.OE-13 - l.OE-08 

3.0E-12- S.OE-12 
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Figure 5: Natural water level fluctuations for wells; (A) MW-214 and (B) MW-264. 
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Figure 6: Inverse relation between barometric changes and water levels for well EW-712. 
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Figure 7: Inverted barometric changes and water levels in well EW -712. 
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Figure 8: Barometric efficiency times the inverted barometer and water levels in well EW-712. 
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Figure 9: High-pass filter applied to barometrically flltered water levels of well EW -712. 
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Figure 10: Least -squares filtering of water levels in well EW -712. 
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Figure 11: Areal strains and water level changes due to earth tide effects from 
least-squares filter for well EW-712. 
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Figure 12: Best match with 'IRUST for barometric and earth tide analysis for well EW-712. 
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