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ABSTRACT

Spatial variation of hydraulic conductivity has been generally recognized as the 
dominant medium-dependent control on the transport and dispersion of contaminants in 
ground water. An empirical study focusing on the relationship between patterns of 
sedimentology and patterns of permeability is being conducted at an outcrop of the 
Pliocene/Pleistocene Sierra Ladrones Formation, central New Mexico.

Methods of geostatiBtics and sedimentary basin analysis are employed to study the 
problem of aquifer heterogeneity. An air permeameter provides a means of obtaining 
extensive field measurements of air-flow-rates through the sediments. These flow rates 
are subsequently used to characterize the permeability distribution of the outcrop. Both 
the geologic information and the air-flow-rate data provide the basis for analysis of 
aquifer heterogeneity. Preliminary geologic mapping indicates that the sediments in the 
study area are the products of an arid fluvial/interfluvial depositional environment. 
Probability distribution analysis of the air-flow-rate data suggests that the permeability 
of these sediments is log-normally distributed. The air permeability data are used to 
estimate variograms and correlation lengths in both the horizontal and vertical 
directions. At the scale of 10’s of centimeters, the horizontal variograms exhibit 
exponential variogram behavior. When two distinct lithologies are present, the 
correlation structure appears to be a nested exponential. Variogram analysis of 
estimated mean permeability at the scale of meters also shows evidence of a nested 
correlation structure in the horizontal direction and a periodic correlation structure in 
the vertical direction. Results of this study suggest that there is a direct connection 
between observable geologic structures and permeability statistics.

INTRODUCTION

Geologic heterogeneity has long been recognized as the dominant control of contaminant 
dispersion. Numerical investigations by Schwartz [1977], and Smith and Schwartz [1980,1981] 
have demonstrated the dependence of the dispersion process on the spatial patterns of hydraulic 
conductivity. While their studies are largely illustrative, they have highlighted the necessity of 
quantifying spatial patterns of permeability.

Bakr (1978), Gelhar et al. (1979), GuÇahr et al. (1978), propose a stochastic representation of 
permeability and use a perturbation approach to solve equations of flow and transport. Others 
(Wheatcraft and Tyler (1988) and Neumann (1990)) employ a fractal representation of 
permeability in order to characterize dispersion and its dependence on scale. The fractal



representation takes into account not only random fluctuations of permeability but also a 
progression of correlation scales. Dagan (1986), Sposito et al. (1986), Weber (1986) and Gelhar 
(1986) have recognized the possibility of multiple scales of correlation in geologic media. While 
their conceptualizations differ slightly in detail they all have in common the insight that the 
controlling factor is the geology.

Quantifying geologic heterogeneity however has been a mqjor stumbling block in the study of 
solute transport. In general, there are too few data values to adequately estimate statistical 
parameters of aquifer heterogeneity. In addition the data is usually restricted to the scale of the 
well spacing thereby preventing the assessment of multiple scales of heterogeneity.

In order to predict subsurface spatial patterns of permeability more information is needed than is 
normally available from well log data. Estimation of statistical parameters and quantification of 
the progression of geologic scales of heterogeneity requires incorporation of ’’soft" geologic 
information (e.g. Journel and Alabert (1988), Phillips and Wilson (1989) and Anderson (1989)).

To arrive at methods of incorporating geologic information it is necessary to conduct numerous 
field investigations that focus on 1) the relation between the geology and the permeability, 2) how 
that relation can be described mathematically, and 3) how the mathematical description can be 
parameterized based on available information, and thus made applicable to the unique 
depositional environment under study. Appropriate studies would involve parallel investigation of 
the permeability patterns and the spatial configuration of sedimentological units.

Such a study is the topic of this paper. A field site located in the Albuquerque Basin of central 
New Mexico has been chosen to conduct parallel investigations of both sedimentology and 
permeability. It consists of extensive outcrops of the Sierra Ladrones Formation that extend for 
approximately 25 kilometers south of Belen, New Mexico (Figure 1). The sediments are largely 
undisturbed with respect to diagenesis and structural deformation. The large extent and varied 
exposure of the outcrop offer an excellent opportunity to investigate the three-dimensional 
character of a fluvial deposit.

The long term objectives of this study are to investigate methods of incorporating "soft" geologic 
information into a quantitative mathematical framework and to explore the effects of spatial scale 
on patterns of heterogeneity.

METHODOLOGY

Geostatistics and sedimentary basin analysis are employed as the primary means of analysis. The 
geostatistical analysis focuses on estimating the mean and correlation structure of the 
permeability field via distribution and variogram analysis, respectively. The sedimentary basin 
analysis focuses on the occurrence and spatial assemblages of different lithologie facies. Miall’s 
[1985] method of architectural element analysis is adopted here as the primary mode of studying 
the geologic deposits and interpreting the depositional environment. Miall [19851 proposes that 
all fluvial deposits can be broken into eight basic architectural elements each of which is 
distinguishable by 1) a suite of lithologie facies, 2) the nature of the bounding surfaces of the 
elements, and 3) the external element geometry (Figure 2).

There are two main advantages of using the architectural element framework. The first is that 
the three-dimensionality of the deposits are preserved. Seoondly it offers a geologically meaningful 
way to group the smaller scale lithologie facies. By grouping the smaller scale lithofacies, mapping
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Figure 1. Location map of field site.
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Figure 2. The eight basic architectual elements 
as defined by Miall (1985). Note 
variable scale, (from Miall, 1985)



of the architectural elements can be performed at larger spatial scales. Hydrologically, the 
elements are believed to correspond to distinct hydrologie units.

Some of the primary goals of the field investigation are to investigate the relationship between the 
observed geologic record and patterns of permeability, and to investigate how depositional 
processes result in characteristic styles of heterogeneity. Geologic information collected serves two 
purposes. The lithology and architecture of the sediments will be used to interpret prevailing 
depositional processes, as well as to form a basis for the estimation of permeability-field statistical 
parameters.

Collection of Permeability Data 

Air min ipermea meter
In order to obtain a sufficient number of permeability measurements, a portable air 
minipermeameter has been developed. The air permeameter is a modification of a device 
developed by Goggin et al. (1988) which applies a constant pressure from a tank of compressed 
nitrogen to the outcrop through a tip seal. Steady state is achieved and the resulting flow is 
measured with a series of rotameters. With a constant pressure and flow rate, the permeability 
can be calculated for the resulting flow geometry.

The great utility of the Goggin et al. (1988) analysis is that the theoretical development is valid for 
any system that utilizes a constant pressure in order to achieve steady flow through a specific flow 
geometry. The flow geometry is radially symmetric with a vertical component. For this geometry, 
permeability can be calculated via the equation:

q & P i

k =  a G ^ \ Z \ ~ po (1)
2

where:

P q —  atmospheric pressure 

P i  =  tip-seal injection pressure 
q\ =  air-flow-rate

fi =  dynamic viscosity of air at atmospheric conditions
a =  internal radius of tip-seal
G(bS) —  geometric factor determined graphically from Goggin et al (1988b)

Our design follows that of the Goggin et al. (1988) device but with a new set of constraints 
regarding sampling medium and portability. The field site of the current project consists of 
primarily unconsolidated material. As such, it is necessary to apply a very small yet accurately 
measurable pressure. In order to honor the pressure constraint and increase portability, pressure 
sources other than compressed air were puraued.

Heller (1988) proposed a piston/cylinder apparatus in which the piston applies a constant pressure 
and the seal is maintained between the piston and cylinder with a prophylactic. The flow rate is 
then calculated by timing the rate at which the piston falls a known distance. The device
presented in this paper is somewhat of a hybrid between the two. The tip seal, which governs the
flow geometry, is similar to the Goggin et al. (1988) device while the air supply is modified form of



1: lOOcc syringe 
2: la-Tips (#222 ) 
3: circuit board 
4: photoresistors 
5: stopwatch 
6: lamp switch

7: circuit board switch 
8: stopwatch switch 
9: stopwatch reset 
10: battery pack

( 4 V  cells ) 
11: outlet to tip seal

1: #6 rubber 
stopper 

2: foam rubber 
3: 1/8" o.d. 

grommet tip seal

Figure 3. Schematic diagram of air permeameter



a piston/cylinder apparatus.

Permeameter Design:
Figure 3 presents the basic design of the air-permeameter developed in this paper. A lOOcc 
ground glass syringe was ground further with fine grit corundum to provide a fairly frictionleas 
contact while maintaining an adequate seal between the piston and the syringe casing. The flow 
rate is obtained by electronically timing displacement of a known volume. The timing is achieved 
with a stopwatch, a set of photoresistora, and lamps. The tip seal is the part of the apparatus that 
governs the flow geometry at the permeameter/outcrop interface. By using a tip seal similar to 
that of Goggin et al. (1988), we preserve the flow geometiy form which we have a theoretical 
solution.

Calibration:
Efforts to calibrate the air-permeameter have focused on comparing the intrinsic permeability 
derived from a constant head (water) device with air permeability calculated from equation (J ). 
Calibration results are Bhown in Figure 4.

In (ka)

Figure 4. Correlation plot between log air permeability 
and log hydraulic conductivity

Two difficulties have arisen in calibrating the air-permeameter in this fashion. Figure 4 shows the 
presence of several "outliers". These are believed to be the result of leaks in the constant head 
apparatus. Even though that problem has since been rectified, another difficulty with calibrating 
the air-permeameter in this fashion is the drastic difference in volumes being sampled. The 
air-permeameter has a radius of investigation on the order of one centimeter, thus sampling 
approximately a lcc. volume. On the other hand, permeability estimates from the constant head 
apparatus are averaged over approximately lOOcc. A one-to-one correlation of permeability 
measured from two such vastly different volumes should not necessarily be expected. While the 
calibration thus far has not resulted in a robust relationship between permeability derived from 
the constant head apparatus and air-permeability, the correlation is encouraging.

As the calibration process continues, other issues inherent with gas permeability will need to be



addressed. For instance, at low pressures, the Klinkenburg effect is commonly observed; at higher 
pressures non-Darcy flow effects result in the underestimation of permeability (Katz et al. 1959). 
These issues as well as soil moisture effects will be investigated as the study of geologic 
heterogeneity continues.

Due to the difficulty in calibration and to prevent confusion, air-permeameter data is reported in 
terms of air-flow rate. Since all other variables in Equation(l) are held constant between 
measurements, the air flow rate is directly proportional to the permeability.

Analysis of Measurement Error:
An analysis of variance (ANOVA) was performed on a set of logarithmic air-flow rates measured at 
25 different locations to determine if the observed variation of flow rateB is a result of 
permeameter measurement error or actual variation in the properties of the sampled geologic 
material. The data set is comprised of 25 groups of data, each of which contains 2 or 3 logarithmic 
air-flow-rate measurements observed at the same location. The variance of measurements within 
each group is compared to the variance of measurements between groups. A dominance of 
within-group variance with respect to between-group variance would suggest that the flow-rate 
variance was largely due to variance inherent to the permeameter, while dominance of 
between-group variance would imply that changes in the flow rates from location to location are 
related to changes in the permeability rather than to any instrument limitations.

Table 1.
Results of ANOVA for 25 groups of logarithmic air-flow-rate data

Source of Variation
Sum of Squares 

(SS)
Degrees of Freedom 

(df)
Mean Square 

(MS)

Between Groups 28.39 24 1.183

Within Groups 0.25 42 0.006

Total 28.65 66 0.434

Table 1 shows the results of the analysis of variance. The mean square within groups, or the 
‘average’ variation within groups (MSW), was estimated to be equal to 0.006, while the 'average’ 
variation between groups (MSB) was calculated to be 1.183. The F-value, determined as the ratio 
MSB/MSW, was equal to 171.45, indicating that between-group variance was more than 2 orders 
of magnitude greater than within-group variance. Since this value is much larger than the 
F-Btatistic of 1.79 estimated at a significance level of 5%, the null hypothesis that the means of the 
25 groups of logarithmic flow rates are equal was rejected. Thus, variance of the data cannot be 
related to random fluctuations in the response of the permeameter, but rather can be attributed to 
variation in the sampled geologic materials. The results of the ANOVA confirm that the air 
permeameter is a reliable means of characterizing the structure of permeability variations in the 
Sierra Ladrones Formation fluvial deposits.

The use of the air permeameter is restricted to the sand and pebbly sand facies. Due to the small 
averaging volume (approximately lcc.) and the non-linear effects in highly permeable materials, 
the permeameter cannot be used to estimate permeabilities in the gravelly deposits. Similarly 
since soil moisture must be negligible for accurate measurements and the deposits containing a 
significant amount of clay desiccate when dry, the air permeameter cannot be used to estimate



permeability in many of the finer-grained deposits.

It has been noted in the literature (Joumel and Alabert 1988) that ground water flow depends 
greatly on the spatial distribution and interconnection of the extreme-value permeability units. 
However, the sampling of these extreme values remains a mqjor stumbling block for experimental 
hydrologists. Quick and reasonably accurate measurements of day and gravel permeability has 
not been a focal point of hydrologie research. Several avenues of investigation are currently being 
researched on how to overcome this problem as it relates to field-scale investigation of 
permeability distributions.

For example, it may be possible to correlate the compaction variables of the low permeability clay 
to a permeability value (Harrop-Williams 1985). If this can be validated on the specific soils of 
interest, then permeability may be estimated in the field from a quick consolidation experiment. 
Another possibility is to perform actual clay permeability tests in the field. A device described by 
Olson (1966) allows rapid measurements of clay permeability by measuring the pressure response 
due to a given influx of fluid. The problem of obtaining saturated samples in the field is still the 
mqjor factor limiting the utility of such a device.

Similarly, for the gravel units it may be possible to draw an empirical correlation between type of 
deposit and permeability based on field permeameter tests. It is most likely that these field tests 
would require a large volume water permeameter to ensure that a sufficient volume of gravel be 
sampled.

The problem of sampling the extreme values of permeability is an issue that has not been resolved 
as of yet. It is regarded as a serious deficiency that must be investigated. It should also be borne 
in mind that it may not be necessary to obtain accurate values of permeability for these units of 
extreme values. It may be sufficient to map out their spatial extent and incorporate that "soft" 
information into the analysis, particularly if they are characterized by much larger or smaller 
permeabilities than adjacent deposits. The inability to sample clay and gravel permeability need 
not inhibit the entire aquifer characterization effort.

FIELD SITE

Sierra Ladrones Formation

The Pliocene/Pleistocene Sierra Ladrones Formation crops out along the Llano de Albuquerque 
geomorphic surface in a badlands topography. The Albuquerque Basin is one of a series of en 
echelon rift basins that formed along the Rio Grande Rift during latest Oligocene and early 
Miocene (Chapin and Seager, 1975). The tectonics of the southwest Albuquerque Basin are fairly 
well understood at the large scale and less precisely in detail. Lozinsky (1988) summarized the 
tectonic setting of the Albuquerque Basin as a half-graben bordered to the east by the Sandia* 
Manzano-Los Pinos uplift. The other structural boundaries of the basin are the San Felipe fault 
belt to the north, the Joyita uplift to the south, and the Lucero and Ladron uplifts to the west.
The Sierra Ladrones Formation is the uppermost formation of the Santa Fe Group and is reported 
by Machette (1978) to be early Pliocene to middle Pleistocene in age. I t consists of two main 
facies: 1) a piedmont slope facies consisting primarily of alluvial fan and coalescing fan deposits, 
and 2) a basin floor facies consisting mainly of river sands, gravels, and flood plain deposits.



Geologie Mapping

Facies- and element'Scale mapping:
The facies and element-acale mapping include both small-scale and intermediate-scale analysis of 
geology and permeability patterns and will serve as an initial basis for the large-scale study. Once 
the site for facies-scale mapping was selected, an initial reconnaissance of the outcrop was 
performed. The nature and locations of the gross geologic features were noted and surveyed. The 
goal of the facies and element-scale mapping was to establish "first cut" architectural element 
definitions and begin to analyze the depositional environment and geologic character of 
heterogeneity at the element and lithofades scale.

Miall’s (1978) classification scheme was used as a base for the classification of observed lithofacies. 
Table 2 summarizes the lithofacies observed during the OUTCROP1 study. Lithofacies Smb, Sfl, 
and Sm, were added to Miall’s (1978) classification. Fades Smb consists of crudely crossbedded 
sand, sand size clay clasts, and armored mud balls. The basal contact of the Smb fades is 
commonly erosional, The fades Sfl is a fining upward sand fades. The genesis of the Sfl fades is 
uncertain; however, their occurrence may represent proximal floodplain deposits. The third 
addition to Miall’s (1978) dassification is the fades Sm. The Sm fades is a massive sand in which 
most or all sedimentary structures have been destroyed. This fades is interpreted as an immature 
soil.

Table 2. Lithofacies observed in OUTCROP1 study.

Fades
.W ç „ . Lithofacies Sedimentary structure Interpretation

Gms
Gm
Gt
St

Sp
Sr

Sh

SI
Smb

Sfl

Sm

Sgm

FI
Fsc
Fm
Fr
P

massive, matrix 
supported grave) 
massive or crudely 
bedded gravel

gravel stratified 
sand, medium to v. 
coarse, may be pebbly
sand, medium to v. 
coarse may be pebbl;y

none

horizontal bedding, 
imbrication

trough crossbeds 
solitary (thcta) or grouped 
(pi) trough crossbeds
solitary (alpha) or grouped 
(omikron) planar crossbeds

sand, v. fine to coarce ripple marks of all types

sand, v. fine to v. 
coarse, may be pebbly

sand, fine

erosional scours with 
mud balls

sand, v. coarse to fine

sand, v. fine to v. 
coarse, may be pebbly

sand, fine lo v. coarse, 
pebbly

sand, silt, mud

silt, mud 

mud, silt 

silt, mud

sand and carbonate

horizontal lamination parting 
or streaming lincation
low angle (< 10 ) 
crossbeds

crude crossbedding

fining upward sand 
sequence
none

none

fTine lamination, very 
small ripples

laminated to massive 
massive, desiccation 
cracks

rootlets

pedogenic features

debris flow deposit

longitudinal bars, lag 
deposits, seive deposits

minor channel fills 

dunes (lower flow regime)
linguoid, transverse bars, 
sand waves (lower flow 
regime
ripples (tower flow 
regime)
planar bed flow 
(I. and u. flow regime

scour fill 

scour fill

proximal floodplain 

immature soil 

slumped bank ?

ovcrbank or waning flow 
deposits

ovcrbank deposits 

drape deposits

overbank

soil



The paleosol facies discussed previously occur commonly in the study area. They are generally 
developed in the non-gravelly type of fabric, and conform to the general diagnostic characteristic of 
having few if any preserved sedimentary structures, a red coloration, and some degree of calcium 
carbonate buildup.

The soils preserved in the Sierra Ladrones Formation may prove useful in the delineation of mqjor 
depositional cycles for two reasons. First, they indicate a long hiatus in fluvial deposition and 
thus may serve as an indicator of relative quiescence. Second, when studying the sedimentology of 
fluvial systems over distances on the order of kilometers, the paleosols provide a means to 
correlate different cycles of sedimentation (Allen 1974). These paleosols can also be indicators of 
both paleodimate and paleogeomorphic conditions. Aridisols in the southwest have been studied 
thoroughly by Gile et al. (1981), Walker (1967), Walker et al. (1978), and Machette (1985).

Preliminary observations have indicated that soil development results in a reduction of 
permeability. This is believed to be caused by the introduction of illuvial clays, precipitation of 
calcium carbonate, and the churning caused by roots and soil fauna. Correlating soil types and 
patterns of permeability within soils may prove insightful.

Interpretation of Mapping

The geologic interpretation is based on two classes of geologic categorization: lithologie facies and 
architectural elements. The lithologie facies comprise the architectural elements and provide 
within-element characteristics from which primary processes are inferred. The extent and 
relationships of the elements are then used to interpret the depositional environment.

The four elements defined based on the facies mapping (Figure 5) are summarized in Table 3. The 
channel elements can be broken into two types, but more elements may be necessary as the study 
progresses. Additionally, it is likely that the definitions of the four elements observed thus far will 
be revised as more information is collected.

Table 3. A rchitectural elem ents o f O U T C R O P 1.

Elem ent code Lilhofacies present Description/Comments

CH-I Gm, Gt, Sp, St, SI, Sgm

Channel element consists dominately 
of gravelly and coarse sand facies. Much 
of the element is covered by colluvium 
and will require further study elsewhere.

CH-II Gms, St, Sp, Sfl, Sh, SI, 
Smb, FI, Fm, Fsc

Sand and sand size clay clasts 
dominate with local Ing gravel 
deposits.

P P, Sm, Fsc Soils and stacked soils

OF Fr, Fm, Fsc, P Overbank fines

The two distinct types of channel elements preserved in the study area of OUTCROP1 include one 
that is dominated by clean fine-to-coarse grained sandy and gravelly facies, and a second element 
dominated by sand and sand-size clay clasts. The former can be interpreted as the result of a 
large, distal, braided or meandering stream environment The latter element is dominated by a 
much finer scale heterogeneity. In the latter (type CH-II) element, small scale (0.1-1 m) scour fill 
structures, which suggest a tributary scale channel, have also been observed . The common 
occurrence of sand-size clay clasts and armored mud balls indicates that hardened mud drapes 
were ripped up, broken into sand size clasts, redeposited, and buried in a relatively short distance
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within the tributary channel. The occurrence of clay clasts and mud balls suggest that the 
channel was ephemeral in nature, since conditions of high fluvial energy would have likely been 
required to erode the mud drapes.

The lowermost occurrence of the CH type-II is probably the most difficult to interpret genetically. 
Two distinct possibilities exist; 1) a preserved bar deposit of a msgor channel or 2) a deposit that 
resulted from a large scale flood event. This CH-II element is dominated by clean planar 
crossbedded sand with some climbing ripple structures in the lower part and trough cross 
lamination and ripple lamination in the upper 10-20 centimeters. The basal contact is erosional, 
cutting into and locally through an overbank fine deposit. The upper contact is sharp. The 
uppermost CH-II element is also dominated by planar crossbedded sand, and iB here grouped 
genetically with the lowermost CH-II element

The overbank fine elements (OF) are composed of several distinct overbank deposits. Some of the 
elements contain weakly to moderately developed, stage I soil of McGrath and Hawley (1978).
The paleosol elements (P) consist of soil horizons that are generally Stage I-II. Reconstruction of 
the depoaitional environment entails interpreting the relationships and extents of the elements 
mapped. The paleosol elements are used here as a basis for that interpretation.

Allen (1974) used pedogenic carbonate units to interpret the depositional environment of the 
Lower Red Sandstone. He constructed a set of conceptual models based on the observation that 
soil development requires a “substantial period when its site was denied significant fresh supplies 
of river-borne clastic sediment" (Allen 1974; p.190). As outlined by Allen (1974), the mechanisms 
of deprivation in a fluvial system include: 1) the migration of the channel away from a site as to 
deprive that site of channel-borne sediment, 2) entrenchment of the channels so as to deprive 
sediment to neighboring regions even during large floods, and 3) a combination of (1) and (2). The 
models of Allen (1974) adopted for this study are those that represent lateral-horizontal migration 
of the channel. Two such migration patterns are postulated. The first represents a pattern of 
channel migration in which the channel moves continuously, but not necessarily steadily, 
perpendicular to its course (Figure 6a). This type of migration is referred to by Allen (1974) as a 
combing type of migration. The second type of migration involves a more sporadic type of channel 
movement resulting from avulsion events. The hypothetical arrangement of elements is shown in 
Figure 6b. Differentiation between the two models relies heavily on adequate mapping of profiles 
normal to the mean paleocurrent direction. At this time the extent of mapping does not allow this 
differentiation. Therefore, both models are retained here as equally feasible.

The observed architectural elements and the models of Allen (1974) enable an interpretation of the 
depositional environment. It is hypothesized that the deposits of at least two types of channels are 
preserved in the study area. From the models discussed, the occurrence of overbank fines and 
paleosols between these channel deposits indicate migration of the channel away from its previous 
position. It is not clear whether the deposits represent an environment in which two distinct types 
of channels coexisted throughout the depoBitional history, or one in which the channel character 
changed in time.

It is clear that the sediments observed in the Sierra Ladrones Formation reflect depositional 
environments ranging from high-energy channel deposits to low-energy overbank deposits. Thus, 
the deposits can be considered representative of many heterogeneous alluvial aquifer systems, and 
the overall approach used to characterize the Sierra Ladrones Formation can be assumed widely 
applicable to such systems. Continued mapping and interpretation of the architectural elements 
will be necessary to further determine the depoeitional environment of this area. The geologic 
interpretation and reconstruction of a depositional environment is crucial to the description and
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prediction o f lithologie distributions and, ultimately, to the characterization of aquifer 
heterogeneity. I t  is but one piece of the puzzle in the characterization of large-scale heterogeneity; 
however, i t  is a first step in the characterization of fluvial-aquifer heterogeneity.

DATA ANALYSIS
As stated above, empirical studies of permeability patterns must be conducted in order to better 
understand and predict heterogeneity of natural geologic material. Two small-scale studies of 
permeability have been conducted at the field site. In addition, a numerical experiment has been 
performed in  an effort to evaluate the statistical structure of the aquifer heterogeneity using the 
facies map obtained a t OUTCROP1 (Davis, 1990).

There are two objectives of the statistical analysis. The first is to empirically estimate the first 
two moments of the permeability joint probability density function. The second objective is to 
relate the estimated statistical parameters to the observed geologic features. This is a necessary 
step in testing the hypothesis that statistical parameters can be estimated via "soft" geologic 
observations.

Small-Scale Permeability Studies 

Permeability study 1 (PS1)
The location referred to here as PS1 is located approximately 20 meters north of OUTCROP1 and 
was conducted within the lowermost CH-H element. The prepared outcrop is approximately 2 
meters wide and 0.5 meters high. Figure 7a illustrates the geologic features and sampling 
locations. The outcrop appears to be a channel bar deposit dominated by a horizontally laminated 
coarse sand deposit On top of what appears to be the mtgor bar form, a variety of lithofacies are 
present. Horizontally-laminated fine to medium sands including magnetite and/or illmenite are 
interbedded with clay drapes, trough cross-laminated sands and ripple-laminated sands. This 
upper third of the outcrop is interpreted as representing a period of decreased, periodic flow. Two 
bioturbated zones which destroy the lateral continuity of the primary deposits were also observed 
and mapped. Each of the disturbed zones terminate upward at different stratigraphie locations 
indicating a t least two periods of relative quiescence.

The outcrop studied represents a small percentage of the overall deposit. That is, the deposit has 
a larger vertical and a much larger lateral extent than thfe sample space dimensions.
Two-hundred and seventy-seven (277) measurements of air flow rate were obtained from this 
outcrop.

A histogram of the PS1 data indicates a skewed right distribution. After performing a natural 
logarithm transform of the original data, the logarithmic data appear to be normally distributed 
(Figure 7b). Comparison of the empirical cumulative distribution function of the logarithmic data 
with the theoretical norma] curve and applying the Kolomogorov-Smimov test further support the 
log-normality hypothesis.

Structural analysis via directional variogram estimation was also performed on the logarithmic 
data set. The horizontal variogram is presented in Figure 7c. A common "rule of thumb" in 
variogram estimation is to use separations lags up to approximately half of the sample space 
dimension (Journel and Huijbregta 1978). As such, the variogram estimate was truncated at a lag 
of 160 centimeters. Successful fitting of a variogram model to the experimental variogram was 
facilitated by a sufficient number of data pairs for most lag classes, as well as by the occurrence
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of a relatively smooth experimental variogram.

An exponential variogram model with a slight nugget is used here to fit the experimental 
variogvam shown in Figure 7c. The resulting fitted model is:

y(£) = 0.04 + 0.27[1

The nugget of 0.04 may be attributed to experimental error associated with the air permeameter. 
The range of approximately 40 centimeters may correspond to the approximate average separation 
of the bioturbation zones. However, it will be necessary to conduct many more studies of similar 
nature to better understand the geologic foundation behind the correlation statistics.

Unlike the horizontal variogram, it is not feasible to fit a model to the vertical variogram estimate 
for two principal reasons. The fin t is that there is not a sufficient vertical sample space 
dimension to ensure proper estimation. Since the sampled vertical dimension is approximately 60 
centimeters, the vertical variogram model should then be based on lags of up to approximately 30 
centimeten, yielding three points each of which contain an insufficient number of pairs. Although 
an increase in the lag for variogram estimation may enhance the number of pairs for each lag, 
increases in the lag tend to decrease the total number of points available for the variogram 
estimate, resulting in even fewer points for a model fit.

The second reason fitting a model iB not feasible is that cursory data analysis indicates a possible 
trend in the mean in the vertical direction which could result in erroneous variogram estimates. 
The PS1 deposit consists of horizontally laminated coarse sands near the base of the outcrop. The 
sands then tend to fine upward in the vertical direction into horizontally-laminated, 
trough-cross-laminated and ripple-laminated medium to fine sands. Future work with trend 
analysis, as well as increased sampling in the vertical direction, will need to be conducted in order 
to obtain better estimates of the vertical correlation structure

Permeability study 2 (PS2)
The second outcrop studied (PS2) is located in the lower channel element (type CH-I) of Figure 5. 
PS2 is approximately 1.5 meters wide and 0.5 meter high. The outcrop can be characterized as a 
high energy channel deposit with crudely stratified to cross-stratified pebbly gravel and pebbly 
sand interbedded with low angle cross-laminated and trough cross laminated fine to coarse sand 
(Figure 8a). A zone of ripple laminated sand, representing a decrease in flow energy, occurs at the 
top of the outcrop.

Eighty-six (86) measurements of air flow rate were obtained from PS2, the locations of which are 
shown on Figure 8a. Permeameter measurements were restricted to the pebbly sand; this most 
likely resulted in a reduction of the overall variance. Again, histogram analysis of the original 
data indicates a skewed right distribution. When a natural logarithm transform was applied, an 
apparently normal distribution resulted (Figure 8b). As with the PS1 study, results of the 
Kolmogorov-Smimov test imply that the data is normally distributed.

Horizontal variogram analysis was performed on the logarithmic PS2 data in order to estimate the 
correlation structure. As with the vertical variogram estimate of PS1, geologic observations 
indicate the possibility of a trend in mean in the vertical direction. The PS2 deposit consists of 
gravels, pebbly sands, and coarse sand near the base. These coarse-grained sediments then tend 
to fine upward into trough cross-laminated and ripple laminated medium and fine sands. Again, 
trend analysis is not considered feasible given the insufficient length of the vertical sample space
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dimension. The horizontal variogram estimate is shown in Figure 8c.

=  f  yi(S) for i  < 40 cm.
\  y2(l) for £ >. 40 cm.

Where y itt)“  1.5[l-op(-{/25)]
y2(l) = n  + 0.34[1 -exp(- (£ - 40)/9)]

The resulting variogram is a nested exponential. This is believed to result from the two distinct 
types of lithologies present. The mean of the logarithmic values in the gravelly facies is 4.8 and 
variance 0.73. The mean of the logarithmic values in the sandy facies is 2.9 with a variance of 
0.85. For separations less than 40 cm., pairs are for the most part with a lithologie facies (see 
figure 8a.) For separation distances larger than 40 cm., pairs generally cross the lithofacies 
boundaries resulting in a rapid increase in the variance. While PSI (varianœ=0.31) also consisted 
of multiple mappable lithologie facies, the differences between them were primarily differences in 
sedimentary structures and subtle changes in grain size. There is not the disparity in values as 
observed in PS2 (variance PS2).

Further comparison of the results of the two small scale studies reveals other interesting points. 
First is that the air-flow rate data is log-normally distributed. This to some degree aftirms the 
commonly used hypothesis in stochastic hydrology literature. Also, the dominant correlation 
structure appears to exponential. For populations with multiple regions of different means, the 
composite variogram appears to be nested with a break in structures approximately equal to the 
average dimension of the regions.

Intermediate-Scale Permeability Studies

In addition to the two small-scale permeability studies, a study was conducted to estimate the 
spatial statistics of permeability at a larger scale by maintaining the lithofacies distinction as a 
basis of analysis. Conceptually, the study entailed performance of a numerical experiment that 
helped to characterize the spatial distribution of mean lithofacies permeability. The utility in such 
an experiment lies in the ability to obtain large numbers of "measurements" so a structural 
analysis can be performed. This experiment is not intended to replace a study using actual 
measured values, but rather to help direct the investigation and give a preview of what one may 
expect to see at the larger scale.

The lithofacies observed at OUTCROP1 were broken into four classes based on lithology and 
approximate permeability. The permeability estimates of Freeze and Cherry (1979; p.29) were 
used to estimate log-permeability of the observed lithologies. The resulting categories are shown 
in Table 5.

The facies map used as a basis for defining the elements presented in Figure 5 was analyzed on a 
60 centimeter by 60 centimeter grid (map scale). For each of the 2159 digitized locations, the 
facies at the location was recorded and an approximate log permeability value assigned. The 
permeability values assigned to the various facies were presumed to be mean values and 
approximated according to grain size and texture. Variogram analysis of the location and 
approximate log permeability values was performed. Although the experimental variogram was 
not based on observed air-flow-rate measurements or permeability, it does reflect the overall



Table 5. Approximate mean log permeabilities used in intermediate scale study.

Lithofacies Description s= log (k) [darcy]

Gms, Gm, Sgm Gravelly sands 3
Sp, SI, St, Sh Coarse sands 1

Sr, Sr/Fm, Sm, P Fine sands and sandy soils -1

P(clay), Fl, Fsc, Fr, Fm Silts, clays, and clayey soils . -3

correlation structure of the permeability field at the intermediate scale. The résulta of the vertical 
directional and horizontal variograms are presented in Figures 9 and 10. It was found that both 
directional variograms exhibit a hole efTect, which represents a positive correlation at some finite 
distance.

The vertical variogram appears to be strongly periodic. As such, a trigonometric function was UBed 
to model the vertical variogram. The fitted function is:

a  I f  I for £ < 2.45 meters
2 .5 +  0.65cos(n +  £) for § >, 2.45 meters
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Figure 9. Vertical variogram of intermediate scale study.



The wavelength of the variogram model is 6.28 meters which appears to correspond to the average 
repeatability of the fades in the vertical dimension.

The shape of the horizontal variogram, while exhibiting a slight hole effect, also conforms to the 
properties of an exponential model. After Journel and Huijbreghts (1978), the variogram model for 
the horizontal variogram is based on the product of the exponential and cosine covariance 
functions. The horizontal variogram also exhibits a nested structure. This is modeled by 
appending an additional variogram model to the original one for all lags greater than the break at 
a lag of 17.5 meters. The resulting model is:

yi(!) for I < 17-5 meters
y2(£) for |  17.5 meters

7i(l) = 1.5[l-e-*'33cos(0.3£)] 
W(É) =  yi +  0 .7 y i (£ - 1 7 .5 )
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Figure 10. Horizontal variogram of intermediate scale study.

The ranges associated with the horizontal variogram models are approximately 3.3 meters for the 
first (gammal) structure and 21 meters for the second (gamma2) structure. TTie first range is 
related to the average lateral dimension of the facies. While there iB no compelling geologic 
evidence for the second range, it is most likely the result of subtle changes in bed thickness over 
distances of 17.5 m or more.

DISCUSSION

Results of the variogram analysis of both the measured air-flow-rate data at the facies scale (PS2) 
and the estimated mean permeability of facies at the element scale indicate the presence of both 
exponential and nested-exponential correlation structures. The nested structure is believed to 
result from two types of heterogeneity. The first type is that of continuously varying permeability



within a lithologie facies as with the PS1 study. The second type is that of discrete changes in 
mean permeability due to observable changes in lithology (PS2 and Intermediate Scale Study).

This nested structure suggests a two part study of heterogeneity. The geology appears to be a 
spatially discrete process whereas the spatial permeability distribution within geologic units (i.e. 
lithofacies and elements) may be represented as a continuous process at the scale of the current 
sampling volume (approx. lcc). At this time, lithofacies have been the geologic entity of study. 
However it is important that the study is "up-scaled" since geologic interpretation and prediction 
of element distributions and associations is much more feasible than that of the lithofacies.

In either case, studies of heterogeneity may be performed in two parts. First, information 
regarding the spatial distribution and associations of the geologic units can be arrived at through 
sedimentary basin analysis techniques and methods such as indicator kriging (Joumel and 
Alabert, 1988; Johnson and Dreiss, 1989). The second step would be to employ information from 
outcrop studies regarding the correlation statistics within geologic units as well as core data where 
diagenesis may have altered mean values.

Successful solution of aquifer contamination problems requires that the heterogeneities of the 
contaminated aquifer be characterized at the scale of the contamination problem. The methods of 
sedimentary basin analysis and geostatistics are employed as a means to improve the 
characterization process.
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