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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 groundwater. The characterization of such spatial variability
requires the incorporation of both geologic and permeability data. An empiri-
cal study of the relationship between patterns of sedimentology and patterns of
permeability is being conducted at an outcrop of the Pliocene/Pleistocene Sier-
ra L.adrones Formation, central New Mexico.

Methods of geostatistics and sedimentary basin analysis are employed to
study the problem. Mapping of litofacies provide a basis for defining architec-
tural elements. Development of an air permeameter provides a means to obain
extensive field measurements of air-flow-rate. Both the geologic information
and the air-flow-rate data provide the basis for analysis. Preliminary geologic
mapping indicates that the sediments in the study area are the products of an
arid fluvial/interfluvial depositional environment. Distribution analysis of the
air-flow-rate data indicate that permeability is log-normally distributed. The
air permeability data are used to estimate variograms and correlation lengths at
several spatial scales in both the horizontal and vertical direction. At the scale
of 10’s of centimeters, the horizontal variograms exhibit both exponential and
bell-shaped variogram behavior. Variogram models are fit to the variogram
estimates. At the scale of 10’s of meters, a lithofacies map was used to estimate
the spatial distribution of the mean permeability. Variogram analysis of the

mean data indicate a nested structure in the horizontal direction and a periodic



correlation structure in the vertical direction. The horizontal nested structure is
believed to be the result of subtle changes in bed thickness while the vertical
periodic structure corresponds to the layering of the system. The air-flow-rate
data can be broken into separate populations based on grain size. The distribu-
tion of air-flow-rate (permeability) for each grain class exhibits distinctly differ-
ent means across classes and similar statistics when comped to similar classes.
Results of the current study indicate that there is a direct connection be-
tween observable geologic structures and permeability statistics. Further work
will need to be conducted to develop methods by which mappable features can

be efficiently wisely and efficiently in the estimation of permeability statistics.
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CHAPTER 1: Introduction

In recent decades the problem of groundwater contamination has emerged
as the most serious threat to the nation’s supply of potable groundwater. Histori-
cally, groundwater hydrology has been concerned with the problem of water sup-
ply. Mathematical formulations have been derived to solve these problems. As
with any engineering problem, simplifying assumptions with regard to the physi-
cal parameters are necessary when deriving the governing equations and subse-
quently solving the equations. At the physical scale of the water supply problem,
it has been customary to assume that the aquifer consists of one or more effec-
tively homogeneous layers. Virtually all water supply problems are solved in two
dimensions, averaging over the vertical. This method has been fairly successful.
Usually, it is of little concern which parcel of water arrives at the well first. As
long as a certain number of parcels arrive iﬁ a given time interval, the water sup-
ply problem can be considered solved.

The major challenge facing hydrogeology today occurs not only at a small-
er spatial scale but also must be able to distinguish between parcels of water.
The problem is that of groundwater contamination. Generally, groundwater con-
tamination occurs at spatial scales orders of magnitude smaller than those of wa-
ter supply problems. Where it was once reasonable to solve a problem in two
ciimensions averaging the hydraulic properties over the vertical, the third dimen-
sion and its control on flow must now be taken into account. To study a
groundwater system at the scale at which groundwater contamination occurs it is

necessary to look in detail at the geology. Geologically, water supply problems
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occur at the formation and stratigraphic group level; groundwater contamination
occurs at the formation and lithologic facies scale. With problems of water sup-
ply in alluvial aquifers, hydrogeologists deal with basin fill stratigraphy and in
some case the subsequent structural deformation of that stratigraphy [Meinzer,
1923]. With groundwater contamination we, as hydrogeologists, must begin to
study how flow and transport are controlled by facies relationships within
stratigraphic units. The geologic problem has changed from one of stratigraphy
and general basin fill to a problem of sedimentology.

When dealing with groundwater contamination and the transport of so-
lutes through the subsurface, it has been observed since the earliest studies of
groundwater flow [Sclichter, 1899] that dispersion of the solute occurs when the
tracer is transported through the subsurface. The dispersion process can be bro-
ken down into three contributing processes: 1)molecular ditfusion, 2) advective
flux, and 3) mechanical mixing. Molecular diffusion is often insignificant and can
be neglected. The advective flux is represented by a mean velocity, and the me-
chanical mixing component is modeled with a coefficient of dispersivity. The co-
efficient of dispersivity is assumed to be a property of the medium, and though it
may be represented by a tensor, it is most often assumed to be spatially invariant.

Figure 1 illustrates dispersion with three examples. The first (Figure 1a)
shows dispersion of a solute in a homogeneous media. In the second example
(Figure 1b), lenses of two different hydraulic conductivities result in a fingering
type of mixing. The third example (Figure 1c) is a result from Skibitzke and
Robertson [1963] in which a box was packed with fine sand and long sinuous
lenses of coarse sand. The dispersion of the injected tracer plume is strongly de-
pendent on the location and interconnection of the coarse sand lenses.

More recent studies [e.g. Pickens and Grisak, 1981a,b] have suggested

that the coefficient of dispersivity depends on the distance that solutes are trans-
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ported through the subsurface. This phenomenon is commonly referred to as
scale dependent dispersion. When considering the geologic heterogeneity of
most aquifers, scale dependence 1s not surprising. As the groundwater moves
through the aquifer, different water parcels move at different velocities depend-
ing on the local gradient and conductivity. If there exists a broad range of geo-
logic material (for example, from clays to gravel), then the corresponding veloci-
ties will also be highly variable [Schwartz, 1977; Smith and Schwartz, 1980; and
Silliman and Simpson, 1987]. The further the contaminant plume travels, the
more heterogeneities are encountered, and the more dispersed the plume be-
comes.

The classical advection—dispersion equation is not capable of handling
such a phenomenon. The degree of heterogeneity is represented by the coeffi-
cient of dispersivity. As the scale of the contaminant migration increases, addi-
tional levels of heterogeneity are encountered. To lump all the information re-
garding the heterogeneity of a complex geologic system into one coefficient
which is assumed to be spatially invariant is inadequate.

The need for quantitative studies of dispersion through heterogeneous po-
rous media and the inability to determine the heterogeneity completely has led
researchers to a probabalistic interpretation of the spatial variability of hydraulic
conductivity. Studies over the past two decades have interpreted geologic hetero-
geneity as being a spatially correlated random process. These studies in stochas-
tic hydrology have yielded a great deal of insight into how a hydrologic system
would respond if K is a spatially correlated random process. Works of Gutjahr et
al. [1978], Bakr et al. [1978], Gelhar et al. [1979], and Gelhar and Axness [1983]
have addressed some of the more theoretical aspects of the stochastic approach.
The papers by Bakr et al. [1978], Gutjahr et al. [1978], and Dagan [1986} primar-

ily address the problems of solving the tflow equation with a continuum represen-
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tation of the random hydraulic conductivity field. Gelhar et al. [1979] and Gel-

har and Axness [1983] focus on solving the equations of flow and transport in
stratified and statistically anisotropic porous media, respectfully. Dagan [1986]
addresses the conceptual relationship between the flow domain scales (pore
scale, laboratory scale, formation scale) and the scales of spatial correlation.
Many works have followed [e.g. Naff and Vecchia, 1987; Neumann et al. 1987,
Shapiro and Cvetkovic, 1988] which have focused on various theoretical aspects
of the stochastic interpretation of fluid flow and solute transport through porous
media. These theoretical investigations have been important in determining the
statistical parameters that are most crucial for the prediction of subsurface flow
and contaminant transport.

Some studies have focused on estimating the proper statistical representa-
tion of natural geologic material. For example, MacMillan and Gutjahr [1986]
studied porosity and permeability in vertical cores of quartzose sandstone and
suggest that the average thickness of geologic layering exerts a dominant control
on the length over which measurements are correlated statistically. Another
study performed by Goggin et al. [1988a] reports that permeability patterns in
eolian deposits are strongly dependent on sedimentary structure. Their study was
conducted on the scale of lithologic facies.

Determination of the necessary statistical parameters requires hundreds to
hundreds of thousands of measurements. This is obviously unrealistic in any
groundwater system. The economical constraints on obtaining a data base of this
extent has resulted in a serious situation of insufficient data.

An alternative to this “hard” data approach is to incorporate geologic in-
formation which, while more abundant, is subjective and contains a higher degree
of uncertainty [e.g. see Journel and Alabert, 1986; Phillips and Wilson, 1989;
Phillips et al., 1989; Anderson, 1989]. This type of information has been referred
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to in the literature as “soft” information [e.g. see Journel and Alabert, 1988; Gel-
har, 1986]. The question then becomes: “How can soft geologic information help
in supplementing the available data?”

The field of sedimentology offers us an analytical framework for the study
of soft geologic information. Lithologic types, their spatial extent, degree of in-
terconnection, and characteristic sedimentary structures are examples of soft in-
formation. These characteristics of sedimentary deposits vary according to the
depositional processes that dominated deposition [Galloway and Hobday, 1983;
Reading, 1986]. Sedimentology 1s the study of how depositional processes are re-
lated to depositional products and how one can be inferred from the other. It is
this process/product relationship that may allow us to estimate the hydrologic
character of an aquifer based on an understanding of the depositional processes.

The ability of geologists to predict the spatial geometric relationships and
assemblages of lithologic facies has in the past been limited. This is not due to
an intractable nature of the problem but rather to the lack of spatially located
sedimentological data and an appropriate mathematical framework in which to
work.

If there exists a quantifiable correlation between permeability patterns and
geology, one may be able to predict the permeability patterns of an aquifer based
on limited well bore and other “soft” geologic information. It is then the duty of
geologists and mathematicians to collaborate and examine the validity of this hy-
pothesis. Refinement and modification of this hypothesis will result in methodol-
ogies by which the hydraulic conductivity field can be characterized geologically
and quantitatively.

To arrive at such methodologies it will be necessary to conduct numerous
field investigations which focus on 1) the relation between the geology and the

permeability, 2) how that relation can be described mathematically, and 3) how
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the mathematical description can be paramaterized based on available informa-
tion. Appropriate studies would consist of a geologically/mathematically based
investigation of spatial relationships of lithologic “flow” units with emphasis on
how different depositional processes affect these spatial patterns.

This thesis describes and evaluates a field methodology that will address
the issue of incorporating geologic information into the quantitative description
of hydraulic conductivity. Background material on geostatistics and basin analy-
sis are reviewed. This material then serves as a basis for the field methodology
presented. Finally, some preliminary results of the current field investigation are
presented and discussed.

Sedimentary basin analysis and geostatistics are here adopted as the meth-
ods of analysis. The basin analysis techniques presented are dominantly those of
fluvial process/product relationships. The concepts however should be amenable
to other types of deposits. The field site, located in the Albuquerque Basin of
central New Mexico, has been chosen to study both sedimentology and perme-
ability in an extensively outcropped formation. The Sierra Ladrones Formation
crops out in badlands topography for approximately 15 miles. The sediments are
largely undisturbed as far as diagenesis and structural deformation. This field site
offers us an excellent opportunity to investigate the three dimensional-character
of a fluvial deposit.

The scope of this thesis is restricted to the presentation and analysis of
methods that may be used to obtain a consistent geological/statistical description
of outcrop heterogeneities. Once such a description of heterogeneity is ob-
tained, further work will be required to study how that description can be used to
quantitatively characterize and analyze problems of fluid flow and solute trans-
port. It is not the intent of this thesis to present the methods by which that char-

acterization is to be done.



CHAPTER 2: Background

2.0 Introduction

This chapter introduces and reviews some of the basic concepts of the two
methods of analysis that we wish to combine: geostatistics and sedimentary basin
analysis. Each of these methods of analysis will be reviewed in the context of this
study. This is not intended to provide a thorough explanation of these advanced
topics; the goal however is to introduce the key concepts and how they are re-
lated to the problem of aquifer characterization.

In order to realistically address the problem of quantifying the spatial dis-
tribution of hydraulic conductivity in aquifers, we must have an understanding of
the current state of the analytical tools available. Geostatistics and basin analysis
not only provide us with methods of analysis but also a with set of constraints
that must be acknowledged. These constraints need not prohibit advancement
toward the goal: but ignorance of them will prevent prudent use of the analytical
tools available.

Geostatistics provides us with a mathematical desciptor to quantitatively
describe heterogeneity. Heterogeneity is in fact a deterministic system. That is,
at a given time the permeability at every location in an aquifer is fixed and theo-
retically could be described exactly with a deterministic function. The probabal-
istic interpretation is adopted to account for both the uncertainty associated with
measured values and uncertainty associated with values at unsampled locations.
An implicit assumption in the probabalistic interpretation of heterogeneity is that

the spatial distribution of permeability can be modeled mathematically as a ran-
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dom function. Matheron’s definition of geostatistics, “the application of the for-
malism of random functions to the reconnaissance and estimation of natural phe-
nomena” [Journel and Huijbregts; 1978], will be retained here.

The statistical approach is based on a probabalistic interpretation of regio-
nalized variables. A regionalized variable is a variable distributed in space. It is
simply a function f(x) which takes on a value at every point x in three—dimension-
al space. The regionalized variables we are concerned with are permeability and
hydraulic conductivity.

We are not restricted to permeability and hydraulic conductivity as the
variables of study. Issues of facies distributions and the connectivity of the facies
could also be handled using the theory of regionalized variables, as will be dis-
cussed later.

Geology and the techniques of basin analysis serve as a guide to the statis-
tical approach. The main purpose of sedimentary basin analysis is to assimilate a
wide variety of geologic information into models of the depositional processes
and sedimentary products. These models are all manifestations of the concept of
process/product relationship. The concept asserts that depositional environments
can be delineated according to particular characteristics of the preserved sedi-
ments.

Sedimentary models and basin analysis are useful in the characterization
of aquifer properties in that they allow the estimation of the geologic characteris-
tics of an aquifer based on knowledge of the depositional environment. These
characteristics focus on lithologic types, spatial relationships of the lithologies,
and dimensions of the elements that compose the formation. In the case of both
geostatistics and basin analysis, we see an emphasis toward general structural

characteristics.
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2.1 Geostatistics

The most fundamental concept in the application of probabalistic regio-
nalized variables in the description of geologic heterogeneity is that of spatial
correlation. Spatial correlation simply states that values of a function taken at
two points located near one another, with respect to a length of correlation, are

more similar than values at points far apart.

2.1.1 Estimation of statistical moments
In actual systems, the correlation structure is approximated graphically by use
of a variogram. Essentially, the variogram is a plot of the dissimilarity between
values at points plotted against the distance that separates them (Figure 2). On
the order of a hundred measurements are required for estimating the variogram
at a given scale.

The variogram allows one to assess the statistical properties of a random
field. Figure 3 illustrates a hypothetical variogram of a field containing horizon-
tally oriented lenses of higher conductivity. The preferred orientation of the
lenses results in a larger length of correlation in the horizontal direction as re-
flected by the variograms. This type of situation is referred to as being statistical-
ly anisotropic. It should be noted that this is an example of how statistical
anisotropy may occur. The correlation Jengths a; and a; may or may not be map-
pable quantities.

The variogram is an essential element in the use of geostatistics. In gener-
al the representation of the hydraulic conductivity field as a continuum requires
the joint probability density function of the hydraulic conductivity. This differs

from a single random variable which can be described completely by its probabil-
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ity density function. Bakr et al. [1978] and Journel and Huijbregts [1978] have
stated that a continuum can be adequately represented by the first two moments
of this joint probability density function. The first moment is the mean of the
field and the second moment is the correlation structure as represented by the
variogram.

As stated above, on the order of a hundred measurements are required to
construct meaningful variograms for a given spatial scale of variability. Not only
does this generally exceed the amount of measurements available at a given site,
the information available is usually constrained to a given spatial class based on
the source of the information. For example, if all the data is derived from wells
(pump test and/or well logs), then the well spacing dictates what scale of variabil-
ity can be studies with “hard” data alone. In order to supplement the available
“hard” permeability data and analyze a variety of spatial scales, we wish to
employ the techniques of basin analysis to provide additional “soft” geologic in-

formation.

2.1.2 Stochastic hydrology

With the first two moments of the system defined, it is possible to solve
the partial differential equations of flow and transport through the field. The de-
tails of the methods of solving the equations will not be addressed here in detail.
For one approach, the reader is referred to the works of Gutjahr et al. [1978],
Bakr et al. [1978], Gelhar et al. [1979], and Gelhar and Axness [1983].

Most solutions of the equations of flow and transport through the continu-
um representation require two fundamental assumptions regarding the hydraulic
conductivity field. These are the assumptions of second order stationarity and
the ergodicity.

The condition of second order stationarity states that the first two mo-
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ments of the joint probability density function (the mean and covariance) are in-
variant with respect to location. This condition implies, among other things, that
the field exhibits a finite variance. An alternative to second order stationarity is
to hypothesize that the field is an an intrinsic random field. This condition re-
quires only that the mean and variogram are spatially invariant [Journel and
Huijbregts, 1978]. The intrinsic hypothesis, or the assumption that the field is an
intrinsic random field, is usually sufficient for geostatistical operations when deal-
ing with the variogram [Delhomme; 1978]. When regional variations in the
mean and variogram occur, it may be possible to use a moving neighborhood ap-
proach where each neighborhood is relatively statistically homogeneous [Journel
and Rossi, 1989].

The second assumption employed in these studies is that the ergodic con-
dition holds. Stochastic process theory deals with ensemble averages. In other
words, the solution to the partial differential equation yields a statistical repre-
sentation of the state variable (e.g. head or concentration). The statistical prop-
erties (mean and variance) of the solution in turn represent the outcome of many
aquifers of the same statistical characteristics, when in fact only one aquifer ex-

ists. Gelhar [1986] addresses this rather esoteric question:

In simple terms the ergodic hypothesis presumes that the be-
havior of a single aquifer, that is, some spatially averaged
property of the aquifer, is represented probabalistically by
the ensemble average over a large number of realizations of
aquifers having the same underlying statistical properties.
For the spatial averaging process to be meaningful, the het-
erogeneities must be relatively small in terms of their spatial
scale as compared with the overall scale of observation.

If the spatial scales of correlation change with the scale of observation, the condi-
tions of ergodicity and stationarity are violated.

The statistical assumptions employed are also greatly dependent on the
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context in which they are applied. For different regionalized variables and differ-
ent spatial groupings, the same geologic body may have different statistical be-
havior. Since the assumptions employed in stochastic hydrology have been nei-
ther validated nor invalidated by field investigations, alternative statistical
representations of aquifer flow characteristics must be investigated as being
equally feasible.

Whereas hydraulic conductivity has traditionally been the variable of
study, characterizing aquifer heterogeneity can also be accomplished by analyzing
a variety of other parameters. For example, Fogg [1986] performed statistical
analysis of sand body thicknesses to arrive at aquifer characteristics. Similarly,
Journel and Alabert [1988] proposed a method of indicator kriging which ana-
lyzes the connectivity of neighboring values of hydraulic conductivity with respect
to a threshold value. They state that this method better simulates the actual con-
tinuity that is observed in many geologic deposits than the traditional kriging ap-
proach.

These methods of analysis are what we currently have at our disposal. It
would be shortsighted to conclude that we must make do with what has been re-
searched and published thus far. In fact, it is hoped that the methodology pres-
ented in this thesis will allow, if not force, us to arrive at alternative methods of

analysis.

2.2 Basin Analysis

As with the need for understanding the quantitative aspects of characteriz-
ing hydraulic conductivity, it is also important to investigate the methods of geo-
logical analysis that will aid us in the final characterization. This thesis addresses
the problem of characterizing deposits laid down by fluvial processes. However,

these methods should be amenable to any type of sedimentary deposit.
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Sedimentological facies and their geometric spatial relationship to one
another are crucial when analyzing a sedimentary basin. Similarly, the hydrogeo-
logic problem of aquifer characterization is sensitive to spatial relationships and
extent of sedimentological facies.

A sedimentological facies is a body of rock which can be defined and dis-
tinguished from others by its geometry, lithology, and sedimentary structures
[Selley, 1978]. The terms facies associations and lithologic distributions are used
here in a similar manner; however, each term stresses a different aspect of the
spatial distribution of lithologies. Facies association describes how different
sedimentological facies are geometrically and thus genetically related to one
another with little emphasis on details of spatial extent. On the other hand, the
term lithologic distribution relaxes the facies definition to include a more general
class of lithologies and implies a focus on spatial characteristics.

Analysis of clastic depositional systems relies on the use of models in or-
der to reconstruct depositional environments. The term model is used here to
mean a simplified version of reality that exhibits useful information in the inter-
pretation and prediction of lithologic distributions and/or facies associations in
sedimentary basins. Models of all types have been used to aid sedimentologists
in the conceptual understanding of depositional processes and the resulting prod-
ucts of these processes.

Depositional models serve as reference points for comparison. Most
depositional models are based on facies associations. By comparing and con-
trasting observed facies associations to models that represent a relatively well un-
derstood process/product relationship, one can draw conclusions about the
depositional environment which produced the observed products. A broad range
of models exist due to the broad spectrum of both the geologic information avail-

able and the objectives of the modeling process. To delineate all types of models
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and discuss their advantages and disadvantages is beyond the scope of this thesis.
However, all types of models should be considered in the process of studying an-
cient deposits.

Some models are deemed more useful than others if they are sensitive to
the parameters being studied. As will be discussed later, different processes and
cycles of processes are manifested differently in the sedimentary deposits. That
is, facies associations are unique to the processes that dominated the depositional
environment. When conceptual models are developed and actualistic models are
distilled into type models, it is necessary to preserve the general character of the
deposit as it relates to the processes under study. Limitations on geologic infor-
mation and the properties of the desired model will influence to what extent the
different types of models are used. Facies models have long been the tool of
sedimentologists when analyzing depositional environments. Since well logs have
been the primary source of geologic information, vertical facies models have
dominated sedimentological studies. “A facies model attempts to provide an in-
terpretation of a particular type of facies assemblage in terms of depositional en-
vironment ” [Miall, 1984]. The utility of the facies models comes from the con-
ceptual understanding of the relationship between depositional processes and
products. With a conceptual understanding of a variety of facies models the sedi-
mentologist is then able to deduce the depositional environment based on a com-
parison of his/her observations with the type model and the processes related to
that type model.

Two types of facies models can be delineated. The first are conceptual
models which are based on conceptual process/product refations. The other type
are actualistic models which consist of distilled versions of a particular studies in
which the depositional environments are fairly well understood.

Facies models are usually lumped into a depositional model context in



18

which an assemblage of facies is interpreted as resulting from a certain type of
depositional environment. Often, models representing broad classes of deposi-
tional environments are subdivided into sub-environments. Fluvial facies mod-
els, for example, concentrate on type models based on modern depositional envi-
ronments in order to determine ancient depositional environments. Generally,
these type models have been categorized according to stream morphology. The
stream morphology categorization has resulted from the observation that differ-
ent facies assemblages result from different stream morphologies. For example,
the deposits of a braided stream are generally different from the deposits of me-
andering, straight, or anastomosing streams. However, when one begins to look
in more detail at actual modern streams it becomes apparent that no stream can
be categorized as having just one morphology. Similarly one should not expect
an actual ancient deposit to fit into a specific stream morphology classification.

Miall [1977] conducted a review of the sedimentologic literature on
braided stream deposits. He concluded that facies assemblages and vertical se-
quences of braided stream deposits fall into four main classes. The basic type
models of these four classes are given in Figures 4 and 5. These classes and their
associated type models then serve as a basis for the interpretation of braided-riv-
er deposits at the surface and in the subsurface. The four type models are: 1)
Scott type which is typical of a proximal glacial outwash environment; 2) Donjek
type typifying cyclic sedimentation and is the most variable of the four; 3) Platte
type representing the deposits of a distal sand dominated braided river; and 4)
Bijou Creek type representing an ephemeral braided stream. These models are
distilled versions of actual case studies and are intended to serve as end-points
on a multi-dimensional continuum.

By comparing and contrasting observed vertical sequences with the type

models and associated processes, one can begin to understand the depositional
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Figure 4. Type models of braided stream depositional environment.
Scott type: Named by Miall to suggest a broad similarity with
the proximal part of the Scott outwash river, Alaska, studied
by Boothyard and Ashley [1975]. Donjek type: Named by
‘Miall to suggest a broad similarity with the deposits of the
Donjek River, Yukon Territory, studied by Willians and Rust
[1986]. (from Miall, 1977)
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Platte type: Named by Miall after the sediments of the
Platte river, Colorado-Nebraska, as studied by Smith [1970].
Bijou Creek type: Named by Miall after the McKee et al.
[1967] study of Bijou Creek flood deposits. (from Miall, 1977)



environment of an ancient deposit.

Much effort has been spent on drawing a line between morphologies of
braided and meandering streams. Braiding parameters and length of meanders
have been used to place modern streams and their associated deposits into a
morphological category [Miall, 1977]. Without such a simplifying scheme the
field of sedimentology would become exceedingly cumbersome. However, it
must be recognized that pigeon-holing observations of an ancient deposit into a
morphological category is geologically naive and does little to advance the under-
standing of the process/product relationship.

Modern streams, as well as ancient ones, consist of a multitude of differ-
ent morphological components. The ability to distinguish this morphology is
geologically useful only if we admit that no stream fits into one morphological
category. Braided streams, for instance, often meander to different extents. This
meandering component of the stream morphology contributes to the distinctness
of the deposit. For example, a point bar deposit may be found in what is other-
wise a very characteristic braided deposit.

Once one accepts that the morphological characteristics of fluvial deposits
fall on a continuum rather than in a discrete set of pigeon-holes, one may won-
der if it is not necessary to then develop a facies model for each deposit on that
continuum.

Miall [1985] has addressed the question of classification according to mor-
phology and the limited utility of the vertical facies models. He has suggested
that facies models should deal with the third dimension whenever possible and
attempt to characterize the environment in which a deposit was laid down instead
ot the morphology of the ancient stream. He has proposed a method called ar-
chitectural element analysis in which the geometric relationships of eight basic

sedimentological elements are studied in three dimensions. The eight basic ele-
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Principal lithofacies

Element Symbol Geometry and relations
ym assemblage y
Finger, lens, of sheet; concave-
Channel CH  Any combination upward erosional base; scale and

Gravel bars and
bed forms

Sandy bed forms

Downstream accreting
macroform

lateral accretion
deposit

Sediment gravity flow

Laminated sand sheet

Overbank fines

GB

SB

DA

LA

SG

LS

OF

Gm, Gp, Gt

St, Sp, Sh, SI,
Sr, Se, Ss

St, Sp, Sh, Sl,
Sr, Se, Ss

St, Sp, Sh, Sl, Sr,
Se, Ss, less commonly
G and F

Gm, Gms

Sh, SI, minor St, Sp, Sr

Fm, Fl

shape highly variable; internal second-
ary erosion surfaces common.

Lens, blanket; usually tabular
bodies; commonly interbedded with
SB

Lens, sheet, blanket, wedge;

occurs as channel fill, crevasse
splays, bar tops, minor bars

Lens lying on flat or channeled
base, with covex upward third order
internal upper bounding surfaces.

Wedge, sheet, lobe; characterized
by internal Jateral accretion surfaces.

Lobe, sheet; typically interbedded
with GB

Sheet, blanket

Thin to thick blankets; commonly

interbedded with SB; may fill abandoned

channels.

Table 1. Miall’s (1985) classification of the eight basic
architectural elements. (from Miall 1988)
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(from Miall, 1985)
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ments are summarized in Table 1 and Figure 6 which will not be discussed in
great detail here.

The architectural elements represent the different depositional processes
acting in a depositional environment. Each element consists of a suite of
lithologic facies that are distinctly associated with the depositional processes. In
this sense, the specific characteristics of architectural elements are unique to the
depositional environment of a deposit.

The advantage of the architectural element approach in the characteriza-
tion of aquifer heterogeneities is two—fold. First, the three dimensional character
of the deposit is preserved. Secondly, on the hypothesis that architectural ele-
ments of the same type exhibit similar permeability patterns, then a statistical re-
presentation of the spatial distribution of elements would in essence characterize
the aquifer heterogeneity. Sedimentological models of architectural elements
and their associated permeabiltiy patterns could then be used to compare and
contrast against other studies. Similarities in depositional style would result in
similar permeability patterns. Likewise, differences between the observed archi-
tectural element distributions and architectural element type models would lead
to predictable differences in permeability patterns.

Another important concept in fluvial sedimentology is that of cyclicity.
Most of the available generalized facies models consist of vertical associations of
lithologic facies. Commonly these associations are preserved in vertical se-
quences which have the same general character but exhibit some variability both
within a cycle and between cycles. The cause of this variability is a variability in
the depositional processes that produced the deposit.

According to Miall [1980], depositional processes can be broken down
into two classes of cyclicity. The first class includes small scale processes in which

the distribution of energy within the basin results in a cyclic nature of the deposit.
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This class of process is termed autocyclic and includes meander translation and
enlargement, meander chute and neck cut-off, crevassing, and avulsion. These
processes contribute largely to the variability within a depositional cycle. The
second class of cyclic processes is of a larger scale. Depositional processes that
originate outside the sedimentary basin are allocyclic. Changes in climate and
tectonic activity are examples of allocyclic controls. The within basin manifesta-
tion of these large scale controls are changes in the discharge, variability of dis-
charge, and load and slope.

When comparing observed geologic characteristics with type models, the
concepts of cyclic processes provide a framework in which to analyze variability
within cycles and variability between cycles.

The ideas presented in this section are intended to serve as a brief intro-
duction to the sedimentological concepts and modes of study by which geological
information can be incorporated into the characterization of fluvial aquifers. The
reader 15 strongly urged to pursue the references cited to obtain a better under-

standing of the concepts presented.

2.3 Unification of methods of analysis

The ultimate goal of this research is to arrive at a method of incorporating
“soft” geologic information and “hard” permeability data into a representative
characterization of the hydraulic conductivity distribution of an aquifer at a vari-
ety of spatial scales. There will exist a broad range of data types and associated
uncertainty. It is then necessary to incorporate different kinds of information into
one mathematically consistent model or set of models.

We have focused our mathematical attention on statistics due to the un-
certainty of the hydrologic system, namely the spatial variability of hydraulic con-

ductivity. Geologically, we have adopted the methods of basin analysis in an at-
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tempt to establish an analytical framework in which geologic information can be
quantified.

Statistics and “quantitative” basin analysis have been studied in the past.
Some notable examples that will be discussed in further detail below include: 1)
the use of Markov chain analysis in the development of preferred facies se-
quences, 2) simplified numerical studies on how isolated depositional processes
control the geometric relationship of sand bodies, and 3) numerical simulation of
basin fill using the Navier-Stokes equations and equations of stream competence
and capacity. These are described in more detail below. Each one of these has
contributed to a better understanding of how basin fill stratigraphy may be quan-
tified. However, each has restrictions or simply have not been field validated to
the extent of acceptance.

One important aspect of aquifer characterization is the ability to predict,
even in a purely statistical fashion, the geometric associations of lithologic facies.
When working with vertical facies models, many workers employ the method of
first order Markov chain analysis in order to establish a “representative” or “pre-
ferred” vertical association of facies [e.g. see Cant and Walker, 1976; Miall,
1973]. The general idea is to estimate the probability that one lithologic unit
follows another lithologic unit, for all lithologies present. This is done by use of
a difference matrix. The reader is referred to Reading [1986] for an example.
The problems with this type of approach are many. First of all, only one dimen-
sion is taken into account; this neglects the lateral dimensions and associations of
the lithologic facies. In addition it is necessary to generalize lithologies into a
workable set that contains statistically sufficient populations. This generalization
and grouping of lithologic facies often results in the omission of rare yet geologi-
cally and hydrologically significant sedimentary features.

From the hydrogeologic perspective however, only a representative real-
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ization is needed and it has not been explored how adequate Markov chain anal-
ysis could be in generating a hydrologically representative suite of sediments.
Furthermore the utility of multi-dimensional Markov analyses has yet to be ad-
dressed.

Hydrogeologically, the geologic parameter that is probably the most im-
portant is the degree of connectivity of high and low permeability units. A gravel
body that is isolated within a clay unit will have very little effect on the overall
flow and transport problem but will have profound sedimentological implications.
It is then necessary to study not only the dimensions and geometric associations
of the lithologic facies but also to pay particular attention to the hydrologically
important aspect of connected high and low permeability flow units.

Allen [1978] and Bridge and Leeder [1979] have studied the manner in
which certain depositional processes control sand body interconnectedness. Pri-
marily the studies have focused on rates of subsidence, rates of avulsion, and
some finer aspects such as differential compaction, Figure 7 illustrates how a
slight change in subsidence rates result in much different geometric configura-
tions and degrees of interconnectedness. While these models do not necessarily
offer us methods of simulating suites of geologic sediments that honor observed
field data, they do offer us insight into how a combined set of depositional pro-
cesses manifests itself in different geometric patterns.

The most aggressive numerical scheme of studying sedimentary basin anal-
ysis in a hydrologic context is the work done by a group at Stanford University.
Their goal is to numerically simulate permeability distributions based on basin fill
processes and grain size distribution curves. Koltermann [pers. comm.] has mo-
ditied the SEDSIM numerical model of Tetzlaff and Harbaugh [1989] to estimate
spatial distribution of permeability.

How may this understanding of depositional process/product relationships
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Figure 7. Alluvial suites generated by Allen [1978]. Note the
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subsidence rate than (b). Also note different thickness
scales in (a) and (b). (from Allen, 1978)
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aid us in the characterization of aquifer hydraulic conductivity? By studying the
depositional processes that result in hydrologically important sedimentary depos-
its we can infer the general hydrologic character of an aquifer from a sedimento-
logic analysis. The scale at which this is to be done depends on the scale of the
problem being addressed, and no two geologic characterizations will be the same.
There are numerous possibilities for approaching the problem of aquifer
characterization. The important thing to bear in mind is that the characterization
must be both geologically reasonable and possess a sufficient level of quantifica-
tion so the flow and solute transport problems can be addressed at a quantitative
level. What has been lacking in the past has been research oriented toward the
investigation of how geologic materials are naturally distributed and what mathe-
matical approach best describes the existing structure. In the next chapter we will

present one approach to how this type of study may be carried out.

2.4 Heterogeneity and spatial scales

Permeability and hydraulic conductivity are by definition averaged proper-
ties of the medium. Bear [1979] illustrates this with the concept of the represen-
tative elementary volume (REV). That is, he hypothesizes that there exists a fi-
nite range of volumes for which the parameter being studied does not change
appreciably (Figure 8). Below the valid range of volumes the parameter oscil-
lates due to microscopic effects that are not sufficiently averaged; above the valid
range the value begins to incorporate dissimilar material and the averaging pro-
cess must begin again.

Permeability and hydraulic conductivity depend on the scale or volume
over which they are averaged. Similarly, the geostatistical concepts of ergodicity
and stationarity depend on the scale or volume over which the regionalized vari-

able is studied (Figure 9). In the cases of both ergodicity and stationarity the va-
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lidity of the hypotheses can be enhanced by studying the random process at the
appropriate scales. In our case the appropriate scales are controlled by the geo-
logic structure.

It is common practice in solving groundwater flow problems to use effec-
tive or equivalent values of hydraulic conductivity in order to simplify the hetero-
geneity. For example, a heterogenous layered system can be represented as an
equivalent homogeneous anisotropic system. Provided the phenomenon under
study occurs at a significantly greater scale than some characteristic length of
geologic heterogeneity, very little attention is paid to this averaging process.

However, when dealing with problems of solute transport and
groundwater contamination in heterogenous aquifers, the dispersion of solutes
depends on the characteristic scale of the heterogeneity. The study of the con-
trolling factors in solute transport is essentially a study of geologic scales and how
hydraulic parameters tie into that structure of scales. Weber [1986] breaks the
geologic scales into five classes (Figure 10). The three largest classes will be the
focus of the current and pending investigation.

Figure 11 shows a hypothetical progression of valid REV’s in a geologic
context. The vertical axis represents the variability of hydraulic conductivity and
the horizontal axis the scale of the geologic entity. It is hypothesized that geolog-
ic entities such as individual lithofacies, architectural elements, and entire fluvial
aquifers can be represented by some equivalent or averaged hydraulic conductiv-
ity. However, the issue of spatial scale and how these valid representations prog-
ress from one to another has received very little attention in the literature and is
probably the most important aspect of proper characterization.

It should be noted that this hypothetical nesting of scales of geologic enti-
ties 1s somewhat unrealistic in that lithofacies as well as architectural elements

occur over a wide range of spatial scales. While architectural elements are com-
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posed of lithofacies, the elements themselves may cover a broad range of scales
for a given deposit.

Further study 1s necessary in order to better understand and test the hypo-
thetical nesting of scales. It is hypothesized that geologic information and the
theory of regionalized variables coexist at the conceptual level of spatial scales.
Meaningful geological and geostatistical characterization should be pursued fol-

lowing the concepts of parameter averaging.
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CHAPTER 3: Methodology

3.0 Introduction

As discussed above, in order to correlate the geology and the permeabil-
ity, the two must be studied in parallel. The methodology for such a field study is
the topic of this chapter.

While the methodology has been developed for a specific field site, it is
believed that the methods presented will be amenable to other sites with little
modification. The field site chosen to study permeability patterns and sedimen-
tology is the Sierra Ladrones Formation that crops out extensively along the mar-
gin of the Llano de Albuquerque geomorphic surface (Figure 12). The badlands
topography provides good three-dimensional exposure and diagenetic effects are
mimimal. The outcrop extends for approximately 25 kilometers also providing an
opportunity to study a variety of spatial scales. The outcrop and field site will be
described in further detail in Chapter 4.

The primary goals of the field investigation are to investigate the relation-
ship between observed geology and patterns of permeability, and to investigate
how depositional processes result in characteristic styles of heterogeneity.
Another main objective is to study how heterogeneity changes with changes in
spatial scale, and how these scales progress from one to another. To address
these questions quantitatively, it is necessary to obtain spatially located informa-

tion on both permeability and geology at scales of hydrologic importance.
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Generally the scales of hydrologic importance depend on the scale of the
hydrologic problem under study. Since we are concerned with the future devel-
opment of a generalized approach to the characterization of fluvial aquifers, all
scales of hydrologic importance are considered here. Essentially, the heterogene-
ity must be studied at scales ranging from the hand specimen to that of the re-
gional formation. Our approach is unique in that we address a broad range of
scales of heterogeneity.

The desired end result of this study is a sedimentologically based model of
permeability distribution developed from depositional process—product relation-
ships. No a priori sampling strategy has been employed here. Rather, the strate-
gy has been to follow the observations and address the questions of interest as
the study progresses. The primary purpose of the data is two-fold: first to serve
as a basis for geologic interpretation and secondly, to obtain quantitative model-
ing parameters for the permeability statistics. The uncertainty associated with the
geologic information varies according to the scale of observation.

The geology must be studied in sufficient detail so that it is adequate for
interpretive purposes. Geologic data must therefore be collected at a variety of
scales. While it is important not to get excessively “lost in the details” on the
small scale, the details need to be studied so that the research can progress along
a directed and geologically reasonable path.

At the interpretive level a clear understanding of geometric associations is
more important than actual spatial location in a global coordinate system. How-
ever, if the data is to be used in the estimation of statistical parameters, adequate
control on the spatial coordinates of the geology will be necessary. Naturally
there exists a question of feasibility. It would not be feasible nor would it be
necessary to map the entire escarpment in great detail with highly accurate sur-

veying methods. The question is raised: At what level of accuracy must the geol-
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ogy and permeability be mapped to obtain a meaningful data set that satisfies the
objectives of the study? The process must therefore be a recursive approach.
This chapter describes a field methodology established which economically
captures both the geologic and permeability issues. Collection of both geologic
and permeability data is performed from a base of control survey points. From
the control points, the geologic features are mapped and permeability measure-
ments taken. As mentioned, several scales of variability are of interest. There-

fore, the survey methods vary according to scale.

3.1 Geologic Mapping

The geologic information collected serves two purposes. First the infor-
mation will be used to interpret the geology, and second the information and its
spatial structure will be used as a basis for the estimation of statistical parame-
ters. The scales of interest can be broken into three general classes, each of
which is slightly different in both the method of establishing spatial control and
the goal of the mapping exercise. Each class of scale has an associated geologic
entity. Naturally there is a transition between the spatial scales and the geologic
entities being mapped. Studying all scales in geologic context will lead to a bet-

ter understanding of the progression of spatial scales.

3.1.1 Facies Scale

The facies mapping exercises begin with a traditional survey with theodo-
lite and rod. In the survey procedure it is desired to capture the gross geologic
features that are apparent from an initial reconnaissance of the area. Prepared
outcrops for permeability measurements are also surveyed in (see Section 3.2).
The survey data is reduced and translated to a two-dimensional representation of

the outcrop being studied.
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The second phase consists of a more detailed geologic mapping of the
outcrop supplementing the surveyed points with field sketches of the facies rela-
tionships. A tape measure is used as a supplemental surveying technique at the
larger mapping scale. The field sketches are then transferred to a base map con-
taining the control points. Obviously at this scale some spatial accuracy is for-
feited so that an interpretive level of geologic detail can be obtained. It isim-
portant however that there be a geologic and hydrologic basis for the defining of

the architectural elements.

3.1.2 Major Depositional Cycle Scale

Still another important class of scale is the scale at which depositional
cycles vary spatially. Hydrologically this type of variability plays a key role in the
large scale interconnection of architectural elements. Based on preliminary map-
ping exercises, this scale of variability is estimated to be on the order of several
kilometers. A 7.5 minute topographic map enlarged two-and-a-half times is
used as a base map. It has yet to be determined what “stratigraphic units” are
appropriate for mapping at this scale.

The major difficulty lies in the lack of a mappable, laterally persistent
transition between two facies. Even though the general trend or package of sedi-
ments is laterally continuous there are subtle changes at the boundary. When the
outcrop is covered in a thin veneer of colluvium, the mapping process consists of
mapping colluvial cover while ocasionally digging through the colluvial cover to
confirm the contact.

Figure 13 illustrates how this approach may yield significantly different
sedimentological interpretations. First, suppose that the mapping of large scale
features is being performed. All that is visible to the geologist is a general con-

tact of a gravelly sand over a clay. In three places the colluvium is removed to



41

_____________ S Conduct: batween “packeges” of

‘:; / sadiments { Small scois mapping)
o

OPPreR. | meter

« il
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one contact. Mapping at the element scale will need
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observe the hypothesized contact of a gravelly sand over a clay and the mapping
continues as the clay being a laterally continuous unit, when in actuality, three
different clay layers exist that pinch out and are scoured through by the overlying
gravelly sand. The sedimentological as well as hydrological interpretation of the

two resulting maps would be quite different.

3.1.3 Element Scale

Once the architectural elements are defined, they can be used to capture
the intermediate scale heterogeneity. The intermediate scale mapping provides
the link between the facies scale mapping and the mapping of larger scale
depositional cycles.

Obtaining geometric relations of architectural elements and the facies
within those elements is one of the primary objectives of this study. Provided the
statistical properties of hydraulic conductivity within architectural elements are
distinct and tractable, the statistical parameters of the entire conductivity field for
the scale of particular interest can be estimated. Since we do not have the meth-
od in hand that will allow incorporation of geologic information and permeability
data into a quantitative model, the level of accuracy required is as of yet un-

known.

3.2 Permeability Data

In addition to the geologic information discussed above, spatially located
permeability data are necessary for statistical analysis and interpretation. This
section will address the issue of obtaining spatially located permeability measure-
ments.

At this stage of the research, we have chosen to neglect effects of diagene-

sis, such as cementation. The ideal sampling location is an uncemented fresh de-
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posit. Much of this methodology is site dependent. The Sierra Ladrones Forma-
tion crops out in a badlands topography for approximately 25 kilometers and the
vertical extent of the outcrop varies from several meters to approximately 100
meters. Cementation of the formation occurs locally, usually when a permeable
layer overlies a fine unit. The majority of the exposure is however uncemented.
Colluvial cover of the uncemented portion is again highly variable. Generally
only a few inches need be removed before uncemented undisturbed deposits are
encountered. The preparation of a permeability measurement site has two pri-
mary objectives: 1) remove colluvial cover to expose undisturbed sediment, 2)

obtain sampling locations that can be located efficiently.

3.2.1 Air Minipermeameter

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 described by Goggin et al. [1988b] and is described fully
in Appendix B . This device allows rapid non-destructive sampling of permeabil-
ity of the sand facies. In order to measure the permeability of the clay and gravel
units, new permeameter designs will have to be developed, or at least a method-
ology that will enable one to estimate the permeability of the extreme value de-

posits within a specified degree of certainty.

3.2.2 Spatially located measurements

The methodology developed for obtaining spatially located permeability is
still in its infancy. It has resulted from a rather substantial set of constraints and
it should be noted that the method described here is somewhat site/project spe-
cific. Two issues must be addressed: 1) where the measurements are made and

2) how those measurements are located,
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There are several optimization schemes to collect data so that the
variogram analysis is able to take advantage of all data [e.g. Warrick and Myers,
1987]. However, we are constrained in sampling by both the physical location of
the outcrop, and sampling where the permeameter will work. It will therefore be
increasingly important to interpret the data in a geologic context.

The method of locating permeability measurement locations is based on a
survey which establishes control points on the ridge. Outcrops are prepared for
permeameter sampling by locally digging away the colluvial cover to obtain a ver-
tical face ( approximately 3 meters by 1 meter ) of undisturbed deposit. The out-
crop is then photographed so the location of permeability measurements can be
recorded. The photograph serves as a base map on which the location of mea-
surements for the given outcrop can be located. A scale is included in the photo-
graph so that digitizing can be performed. The sampling locations marked on the
photograph are then digitized to obtain a set of “local” coordinates. These coor-
dinates are in reference to some arbitrary origin on the photograph. Also digi-
tized from the photograph are the surveyed control points.

The control points on the photograph allow the transformation of the “lo-
cal” coordinates into the “global” coordinates of the study area. A similar type
of locating scheme is employed to supplement the digout type study. In some lo-
cations small surfaces, 15 centimeter by 15 centimeter, are prepared and the per-
meability measurements are performed on a grid of known dimensions. Similar-
ly, these “local” coordinates are then transformed into the “global” system.

Figure 14 diagrammatically summarizes the permeability collection scheme.

3.3 On the sampling of extreme values
It has been noted in the literature [Journel and Alabert, 1986] that

groundwater flow depends greatly on the spatial distribution and interconnection



45

Ridge of escarp-

ment \

0 0 o o
@ 0 0 00
Ao , o A 50 000 00d b 0L "
099 5000 © 00 00 8|0 °, og
o 0 0 00 %o 9o T 50 Y08
00, %0 0_o0

o : permeability locations on 8 1/2 X 12 B&W photo

A : survey locations to tie “local” coordinates in with
“global” coordinates

: outcrop prepared for air permeameter measurements

x ;. permeability locations on fixed grid

Figure 14. Diagrammatic sketch of method locating
permeability measurements.



46

of the extreme value permeability units. However the sampling of these extreme
values remains as a major stumbling block for experimental hydrologists. Quick
and reasonably accurate measurements of clay and gravel permeability has not
been a focal point of hydrologic 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 satu-
rated samples in the field is still the major factor limiting the implementation of
such a device.

Similarly, for the gravel units it may be possible to draw an empirical cor-
relation between type of deposit and permeability based on field permeameter
tests. It is most likely that these field test would require a bucket permeameter
approach to ensure that a sufficient volume (REV) be sampled.

The envisioned bucket permeameter consists of a cylindrical water tank
approximately 1 meter in diameter and (0.5 meter tall open at the top. With the
tank approximately two-thirds full, a cylindrical sample of gravel (approximately
1 L.) screened at the bottom and open at the top is inserted so that there is small
(approximately 1 cm.) difference between the water level in the tank and the wa-
ter level in the sample cylinder. Once the system reaches steady state, the differ-
ence in head and flow rate through the sample can be measured. The permeabil-

ity can then be estimated based on Darcy’s equation.
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While some of gravel deposits have undergone diagenetic cementation,
the majority of the gravels are uncemented and those will be the focus of hydro-
logic characterization.

The problem of sampling the extreme values of permeability is an issue
that has not been resolved as of the submittal of this thesis. It should be re-
garded however as a serious deficiency that must be investigated. It should also
be borne in mind that it may not be necessary to obtain highly accurate values of
permeability for these units of extreme values. It may be sufficient to map out
their spatial extent and use some type of “medium (soft-hard)” data approach.
The inability to sample clay and gravel permeability need not inhibit the entire

effort of studying spatial variability of permeability in fluvial deposits.
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CHAPTER 4: Field Site

4.0 Introduction

Development of a successful method for the incorporation of geologic in-
formation into the characterization of aquifer heterogeneity will require intensive
field investigations. These field studies should be performed on outcrops that
have sufficient exposure to obtain information on both the geology and perme-
ability patterns.

Choosing an appropriate field site to study spatial variability of permeabil-
ity and to develop sedimentological models of that variability is crucial. In the
present study our primary objectives are to 1) study heterogeneity at a variety of
spatial scales and 2) develop a three-dimensional model of the permeability pat-
terns based on sedimentological models. To somewhat simplify the study, diage-
netic effects will not be taken into account. It is therefore desired to choose a
study area with extensive three—dimensional exposure over several kilometers and
an outcrop that has not experienced a significant amount of cementation. A field
site meeting these requirements has been located in the Albuquerque Basin of

central New Mexico.,

4.1 Sierra Ladrones Formation

The Pliocene/Pleistocene Sierra Ladrones Formation crops out along the
Llano de Albuquerque geomorphic surface in a badlands topography (Figure 12).
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
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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 for the Albuquerque Basin as a half-graben dip-
ping eastward in the northern part of the basin and to the west in the south basin.
The transition is covered by Santa Fe Group basin fill but is believed to occur
along a southwest extension of the Tijeras fault just south of Albuquerque.

The structural boundaries of the basin are the San Felipe fault belt in the
north, the Joyita uplift in the south, and the Sandia-Manzano-Los Pinos uplift to
the east. The western border is less well defined but includes the Lucero and La-
drone uplifts.

The Sierra Ladrones Formation is the uppermost formation of the Santa
Fe Group and is reported [Machette, 1978] to be early Pliocene to middle Pleis-
tocene in age. The Sierra Ladrones 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 de-
posits. The Sierra Ladrones overlies the Popotosa Formation, early to late Mio-
cene in age. The Popotosa Formation also consist of two main facies: 1) a fang-
lomerate facies which consists of gravelly alluvial fan deposits which grade
laterally into 2) a playa facies comprised of fine to medium grained silt, clay and
sand with primary and secondary gypsum.

The term facies is used here to delineate between transitional lithologies
that resulted from a geographic change in depositional environment. The geo-
logic entities being described are probably better categorized as separate mem-
bers of the Sierra Ladrones Formation: however, to classify them as members at
this time would require that their external geometry and internal lithologic char-

acteristic be documented. The section of the Sierra Ladrones Formation current-
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ly under study apparently is located where the two “facies” of the Sierra
Ladrones intertongue.

The studies by Young [1982] and Lozinsky [1988] represent the only com-
prehensive work done on the Sierra Ladrones section in the area of interest.
These studies have focused on much broader geologic aspects which involved the

Sierra Ladrones Formation.

4.2 Current Geologic Investigation

The geologic investigation of the Sierra Ladrones is one of both sedimen-
tological and hydrological interest. The goal of the current study is to refine the
methodologies and concepts described above and a determine how these meth-
ods of analysis can serve to study spatial variability of permeability in natural
geologic systems. The application of these methods and their geologic as well as
hydrologic significance are the topic of this chapter.

Currently, geologic information is being collected for purposes of geologic
interpretion. Once a better understanding of the geology is obtained, this infor-
mation will be used in the estimation of statistical parameters. The geologic
analysis is subdivided into the three scale classes; each scale class employs a
slightly different method of study as well as a slightly different hydrogeologic and

sedimentologic focus.

4.2.1 Mapping of major depositional cycles

The first step in the geologic investigation of the Sierra Ladrones Forma-
tion was to become familiar with the general nature of the deposits. The deposi-
tional model of Young [1982] was taken as a basis for analysis and modification.

Based on size of clasts, lack of fine-grained deposits. thick beds and shape of
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channel, Young [1982] interpreted the depositional environment of the Sierra
Ladrones Formation as a complex braided stream system.

Initial reconnaissance work revealed that lithologic facies in the northern
part of the study area (west of Belen, NM) were laterally continuous on the scale
of tens of meters to a few kilometers. To the south (west of Bosque, NM), more
lateral variability in deposits was observed. The reason for the change in lateral
variability is still unclear but the possibilities include 1) more of a meandering
component to the north and/or 2) the confluence of the ancestral Rio Grande
and its ancestral tributaries was located to the south.

Simular packages of sediments were observed in both the north and south
areas of the field site. Generally, these packages fine upward from coarse sand
and gravel to soils and clays. As such, they are believed to represent major
cycles of sedimentation. Some are dominated by stacked channels of gravel and
coarse sand while others exhibit an abundance of laterally continuous paleosols
and overbank material. In an effort to tie the sediments together from north to
south, three such packages were noted and mapped on an enlarged topographic
map. It is believed that these packages of sediments will serve in the interpreta-
tion of the large scale depositional environment which is beyond the scope of this
thesis.

It was hypothesized that the sedimentological importance of the mappable
contacts would reveal itself as a general understanding of the depositional history
evolved. Mapping of major breaks in depositional style will continue in an effort
to better understand both the processes responsible and to correlate how these
processes have affected the large scale patterns of permeability and interconnec-
tivity.

To aid in the mapping of large scale geologic features, two sections were
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measured at the locations shown on Plate 1. These sections are presented in Fig-
ure 15 with the descriptions in Appendix C. Additionally, in the large scale in-
vestigation it was noted that there are apparently at least three depositional re-
gimes present. By several depositional regimes, it is meant that there was more
than one mode of deposition, i.e. a single ancient river was not responsible for
the entire suite of sediments observed. The geographic location of the site as
well as the deposits studied thus far indicate depositional influences from: 1) the
ancestral Rio Grande, 2) the ancestral Rio Puerco/Rio San Jose and, 3) signifi-
cant debris flows of unknown origin. The ancestral Rio Puerco and Rio San Jose
influences are lumped together in this study due to a lack of information regard-
ing that regime. It is not apparent whether or not it is necessary or even possible
to distinguish between ancestral Rio Puerco and Rio San Jose deposits. Howev-
er, it is possible to delineate between the drainage from the western tributaries
and that of the ancestral Rio Grande. The presence of Grants obsidian derived
from Mt. Taylor (NM) is an idicator of Rio Puerco/San Jose drainage [Young,
1982].

The geographic location of the field site and results of preliminary map-
ping exercises are evidence of a multiple depositional regime system. Previous
work has suggested that the Rio Puerco, Rio San Jose, and Rio Grande were all
active in the Albuquerque Basin during Pliocene/Pleistocene time [ Young, 1982;
Lozinsky, 1988]. The physical locations of the tributaries and axial drainage sys-
tem during the depositional history of the basin has not yet been studied; howeyv-
er, it is reasonable to assume that the field site (which is located in the south-
central part of the basin) was influenced by both the ancestral Rio Grande and
the tributaries to the Rio Grande. Results of the mapping exercises also indicate

multiple modes of deposition in the area. Mapping on the facies and deposition-
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Figure 15. Measured section of Sierra Ladrones Formation.
See Plate 1 for locations.



40

30

20

5

o

L P2 soil

gjbedded

silty sand

LEGEND

gravetly sand

faminated
sand, silt, & clay

- silt & clay

vertical axis in feet
horiz. axis = grn, size




54
al-cycle scale both suggest a predominantly fluvial depositional environments,
possibly from more than one river channel as discussed above.

Additionally, in the southern part of the field site, just west of Bosque,
N.M., a deposit that is several meters thick and extensive laterally for up to a ki-
lometer exhibits features of a large debris flow. Small scale (cm x m) channel
structures are preserved. Armored mud balls several centimeters in diameter in-
dicate rapid deposition in a high energy environment. Determination of the ori-
gin of this deposit will require mapping of its external geometry as well as clast

analysis.

4.2.2 Soils

Another important feature observed during the initial reconnaissance
study has been the importance of soils as a depositional unit. In arid climates it
is common to observe well developed soils that continue laterally for several kilo-
meters. Aridisols in the southwest have been studied thoroughly by Gile et al.
[1981], Walker [1967], Walker et al. [1978], and Machette [1985]. Parent materi-
al which may originate from a variety of depositional processes is transformed
into soils. Soil development results in three distinctive alterations of the parent
material. One of these is the introduction of illuvial clays into the B soil horizon.
A second is the destruction of sedimentary structures by roots and soil fauna.
Also, calcium carbonate is precipitated in the K horizon [Gile et al. 1981]. The
resulting vertical soil profile can be summarized as a relatively thin A horizon
lacking significant organic material, a B horizon containing illuvial clays, and K
calcic horizon. Gile et al. [1981] recognized five stages of desert soil develop-
ment. These are discussed in Table 2.

Preliminary observations have indicated that soil development results in a
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Stage and general character

Diagnostic carbonate morphology

Gravelly sequence

Nongravelly sequence

I

Weakest expression of
macroscopic carbonate

I

Carbonate segregation
seperated by low—car-
bonate fabric

III

Carbonate essentially cont-
inuous; plugged horizon
forms in last part

v

Laminar horizon develops
over plugged horizon; in-
cipient calcrete formation;
forms caprock layer 0.5m
thick

A\

Multiple laminar horizon
develops in upper part of
profile; incipient develop-
ment of degradational fea-
tures; forms caprock layer
up to 2m. thick.

Thin, discontinuous coatings
on gravel clasts

Continuous coatings on clasts
some interclast fillings

Many interpebble fillings

Few filaments or faint coat-
ings on ped surfaces

Few to common nodules

Many nodules and inter—
nodular fillings

Indurated laminar horizon over plugged horizon; thin upper zone
of platy structure over zone wiht massive to nodular structure;

grades downward into gravelly or nongravelly material with stage
HI morphology; incipient “caliche profile” of Lovelace (1972) and

pedogenic calcrete

Thick, will-indurated upper horizon; platy to tabular structure with
multiple laminar internal fabric; zones of dissolution, brecciation,
and recementation locally present; dry bulk densities up to 2.2g/cc.

Table 2. Stages of carbonate accumulation in gravelly and
nongravelly morphogenic sequences. (modified

from McGrath and Hawley, 1987)
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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 type and patterns of permeability within
soils may prove insightful. Since the permeability of these units is distinctly dif-
ferent from other depositional units that were not surficially exposed long enough
for soil development, the soils are treated as a distinct depositional unit,

The issue of diagenesis versus primary depositional process is treated in
this study from a hydrologic perspective. The term diagenesis in this thesis is re-
served for physical and chemical alteration that occurs after the sedimentary unit
is buried. Soil development is thus treated here as a primary depositional pro-
cess.

The soils preserved in the Sierra Ladrones Formation may be very useful
for two purposes. First, they indicate a long hiatus in fluvial deposition and thus
may serve as an indicator of relative quiescence. Second, their general character
of being very continuous laterally may serve as a type of marker bed for the map-
ping of larges scale features.

Generally, thousands to tens of thousands of years of surface stability are
necessary for the development of desert soils; however, the soil development pro-
cess can be highly variable and is considered to be inadequate for absolute dating
of the deposits. Other dating possibilities include volcanic ashes and mammal
fossils. However, as of this time neither of these have been observed in the field
site.

Probably the most useful aspects of the pedogenic facies are their
sedimentological implications. These paleosols are indicators of both paleocli-
mate and paleogeomorphic conditions. When studying the sedimentology of flu-

vial systemns over large distances (km), the paleosols provide a means to correlate
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different cycles of sedimentation [Allen, 1974]. The correlation of these cycles of

sedimentation is vital in the construction of a depositional environment.

4.2.3 Facies and element scale mapping

The site of the initial detail study is located approximately 15 kilometers
west of Bosque, NM  (Figure 12, Plate 1). The sudy will include both small scale
and intermediate scale analysis of geology and permeability patterns and will sub-
sequently serve as an initial basis for the large scale study. This site was chosen
primarily for its accessibility, quality of exposure, and workable terrain. Once the
site for facies scale mapping was selected, an initial reconnaissance of the out-
crop was performed. The nature and locations of the gross geologic features
were noted and surveyed. The goal of the study was to establish “first cut” archi-
tectural element definitions and begin to analyze the depositional environment
and geologic character of heterogeneity at the element and lithofacies scale.

As discussed above, the large scale reconnaissance effort indicated that
major changes in depositional style occur at certain stratigraphic levels. A pack-
age of sediments was chosen to be the initial focus of the facies scale mapping.
The base of the current package under study is a gravelly channel deposit which
lies unconformably on what is possibly an alluvial fan deposit. The upper contact
1s another large unconformity in which a series of stacked channels cut into the
sediments under study. The package under study is approximately 25 meters
thick at the location of OUTCROP1. The outcrop of the initial study trends ap-
proximately N35E, has an average slope of approximately 45 degrees, and a lat-
eral dimension of approximately 60 meters (Figure 16).

The facies scale mapping exercise was initiated in order to begin to define

the architectural elements of this particular package. A lithofacies map is pres-
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Figure 16. Photograph of OUTCROPI.
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ented in Plate 2. Miall’s [1978] classification scheme was used as a base for the
classification of observed lithofacies. Table 3 summarizes the lithofacies ob-
served during the outcrop study.

Lithofacies Smb, Sfl, and Sm, were added to Miall’s [1978] classification.
Facies Smb consists of crudely crossbedded sand, sand size clay clasts, and ar-
mored mud balls. The basal contact of the Smb facies is commonly erosional.
The facies Sfl is a fining upward sand facies. The genesis of the Sfl facies is un-
certain; however, their occurrence may represent proximal floodplain deposits.
The third addition to Miall’s [1978] classification is the facies Sm. The Sm facies
is a massive sand in which most or all sedimentary structures have been de-
stroyed. This facies is interpreted as an immature soil.

The amount of spatial detail recorded in the facies scale mapping was re-
stricted principally by the 1:120 scale of the base map. Several lithofacies are ac-
tually composites of smaller lithofacies that were lumped together for reasons of
feasibility. Those that contain significant sedimentological information have hy-
brid classifications. For example, the facies denoted Sr/Fm is dominantly a ripple
laminated sand facies that contains several laterally continuous mud drapes.
Figure 17 shows an example of the Sr/Fm hybrid facies. The mud drapes are not
only a distinctive sedimentologic feature, but undoubtedly play a role in the hy-
draulic characteristics of the unit. This type of small scale heterogeneity currently
is being handled with hybrid facies classification.

The paleosol facies occurs commonly in the study area. The paleosols ob-
served in the Sierra Ladrones are generally developed in the non-gravelly type of
fabric. They follow the general diagnostic characteristic of having few it any pre-
served sedimentary structures, a red coloration. and a certain degree of calcium

carbonate buildup.



Facies .
Code Lithofacies Sedimentary structure Interpretation
Gms massive, matrix none debris flow deposit

Gm
Gt
St

Sr
Sh
Sl
Smb
Sfl
Sm

Sgm
F]

Fsc
Fm
Fr

supported gravel

massive or crudely
bedded gravel

gravel stratified

sand, medium to v.
coarse, may be pebbly

sand, medium to v.
coarse may be pebbly

sand, v. fine to coarse

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 to v. coarse,
pebbly

sand, silt, mud

silt, mud

mud, silt

silt, mud

carbonate

horizontal bedding,
imbrication

trough crossbeds

solitary (theta) or grouped
(pi) trough crossbeds

solitary (alpha) or grouped
(omikron) planar crossbeds

ripple marks of all types

horizontal lamination parting
or streaming lineation

low angle (< 10)
crossbeds

crude crossbedding

fining upward sand
sequence

nonc

none

tfine lamination, very
small ripples

laminated to massive

massive, desiccation
cracks

rootlets

pedogenic features

longitudinal bars, lag
deposits, seive deposits

minor channel fills

dunes (lower flow regime)

linguoid, transverse bars,
sand waves (lower flow
regime

ripples (lower flow
regime)

planar bed flow

(1 and u. flow regime

scour fill

scour fill

proximal floodplain

immature soil

slumped bank ?

overbank or waning flow
deposits

overbank deposits

drape deposits

overbank

soil

Table 3. Lithofacies observed in OUTCROP1 study
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Figure 17. (a) Photograph of Sr/Fm hybrid facies. (b) Sketch
of mud drapes (Fm) in photograph.
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4.3 Interpretation of Mapping

The geologic interpretation is based on two classes of geologic categoriza-
tion. The lithologic facies are lumped into architectural elements. The interpre-
tation of the depositional environment is then based on the extent and relation-
ships of the elements. The term element is used rather loosely here since
external geometry has yet to be determined. Tt is likely that more useful ele-
ments will be redefined after further data is collected. The facies provide within—
element characteristics from which primary processes are inferred.

Four elements have been defined based on the facies map (see Plate 2).
These elements are summarized in Table 4 . The channel elements are broken
into two types. More elements may be necessary as the study progresses. Addi-
tionally, it is likely that the definitions of the four elements observed thus far will
be modified as more information is collected regarding their genetic origin. The
two distinct types of channel elements preserved in the study area of OUT-
CROP1 include one that is generally 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. The common occurrence of sand size clay clasts and
armored mud balls indicate that hardened mud drapes were ripped up, broken
into sand size clasts, redeposited, and buried in a relatively short distance. The
initial mud drapes being the waning flow deposits of the previous flow event indi-
cating an ephemeral flow character. Also small scale (0.1-1 m) scour fill struc-

tures have been observed indicating a tributary scale channel.
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Element Lithofacies Description/
code present Comments

Channel element consists dominately
of gravelly and coarse sand facies.

CH-I Gm, Gt, Sp, St, S}, Sgm Much of the element is covered by
colluvium and will require further
study elsewhere.

CH~H Gms, St, Sp, Sf1, Sh, Si, Sand and sand size clay clasts

Smb, Fl, Fm, Fsc dominate with local lag gravel

deposits.

P P, Sm, Fsc Soils and stacked soils

OF Fr, Fm, Fsc, P Overbank fines

Table 4. Architectural elements of OUTCROP1
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The lowermost occurrence of the CH type-II is probably the most difficult
to interpret genetically. Two distinct possibilities exist: 1) a preserved bar depos-
it of a major channel or 2) a deposit that resulted from a large scale flood event.
This CH-1I element is dominated by clean planar crossbedded sand with some
climbing ripple structures in the lower part and trough cross lamination and rip-
ple 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 is here grouped genetically with the lowermost CH-II element.

The other occurrences of CH-II are dominated by small scale changes in
lithology. The abundance of sand-size clay clasts and armored mud balls imply
deposition close to the source. Similarly, the common occurrence of laterally ex-
tensive mud drapes are evidence of several flow events. It is hypothesized that
the middle two CH-II elements were deposited by an ephemeral small scale
channel.

The overbank fine elements (OF) are composed of several distinct over-
bank deposits. Some of the elements contain weakly to moderately developed,
stage I of McGrath and Hawley [1978] (see Table 2) soil horizons. The paleosol
elements (P) consist of soil horizons that are generally Stage I-1I.

Reconstruction of the depositional 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
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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 de-
prive sediment to neighboring regions even during large floods, and 3) a combi-
nation of (1) and (2).

The models of Allen [1974] adopted here 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
18a). 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 18b.

The differentiation between the two 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] en-
able 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 a 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 depositional history, or
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one in which the channel character changed in time.

Continued mapping and interpretation of the architectural elements will
be necessary to further determine the depositional environment of this area. The
geologic interpretation and reconstruction of a depositional environment is cru-
cial in the description/prediction of lithologic distributions and ultimate charac-
terization of aquifer heterogeneity. It is but a piece of the puzzle in the charac-
terization of large scale heterogeneity; however, it is a first step in the application

and subsequent evaluation of the methodology presented above.
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CHAPTER 5: Data Analysis and Interpretation

5.1 Introduction

As discussed in Chapter 2, empirical studies of permeability patterns must
be pursued in order to better understand and predict heterogeneity of natural
geologic material. From the field site in the Sierra Ladrones Formation de-
scribed in Chapter 4, two small scale studies of permeability distributions have
been performed. In addition, a numerical experiment has been performed to
evaluate the statistical structure of the facies map of OUTCROP1 (Plate 5).

There are four objectives of the statistical analysis. The first is to empiri-
cally 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 validating the hypoth-
esis that statistical parameters can be estimated via geologic observations. The
third objective is to assess the scale dependence of the statistical parameters.
That 1s, to study the problem of heterogeneity and spatial correlation at a variety
of scales in order to determine how multiple correlation structures may be esti-
mated based on the dimensions of the geologic entities. Finally, the fourth ob-
jective of the analysis is to address the question: “How can geologic information

be used to quantitatively predict the spatial statistics of permeability over a broad
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range of scales?”

The purpose of statistical analysis is to estimate the statistical properties of
a random variable. In our case the random variables are permeability and air
flow rate (surrogate to permeability). The methods of estimating the first two
moments are those commonly used in geostatistical analysis. Namely, histograms
and empirical distribution functions are used to estimate the distribution of a
random variable, and variograms are used to estimate the correlation structure.

Three data sets are analyzed in this chapter. The first two data sets are
the result of heterogeneity studies at the facies scale. They both consist of air-
flow-rate data measured with the air-minipermeameter at small outcrops located
at the field site. For each data set, analyses of the distribution statistics and
structural statistics are performed. The third data set results from an effort to
study the structural statistics of the intermediate scale heterogeneity. The facies
map (Plate 2) was used as a basis. Mean permeability was then estimated based
primarily on grain size and assigned to each facies present. Variogram analysis of

the assigned mean values is presented and discussed.

5.2 Small Scale Permeability Studies
5.2.1 Permeability study 1 (PS1)

The location referred to here as PS1 is located at the Bosque field site
(Figure 12). The prepared outcrop is approximately 2 meters wide and 0.5 me-
ters high (figure 19). Plate 3 illustrates the geologic features and sampling loca-
tions. The outcrop appears to be a channel bar deposit dominated by a horizon-
tally laminated coarse sand deposit. On top of what appears to be the major bar
torm, a variety of lithofacies are present. Horizontally laminated fine to medium

sands including magnetite and/or illmenite are interbedded with clay drapes,
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Figure 19. Photograph of PS1 outcrop.






71

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 depos-
its were also observed and mapped. FEach of the disturbed zones terminate up-
ward at different stratigraphic locations indicating at 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 the
sample space dimensions. Two-hundred and seventy—seven measurements of air
flow rate were obtained from this outcrop.

A histogram of the original data indicates a skewed right distribution (Fig-
ure 20a). After performing a natural logarithm transform of the ori ginal data,
the logarithmic data appear to be normally distributed (Figure 20b). Comparison
of the empirical cumulative distribution function of the logarithmic data with the
theoretical normal curve and applying the Kolomogorov-Smirnov test further
support the log-normality hypothesis. The results of the Kolomogorov-Smirnov
test showed a maximum observed difference between the empirical cumulative
distribution and the theoretical normal curve of of 0.04. With 277 data points
and a 0.20 significance, the Kolomogorov-Smirnov maximum difference toler-
ance is 0.06 (Figure 21).

Structural analysis via directional variogram estimation was also per-
formed on the logarithmic data set. The horizontal variogram is presented in
Figure 22. A common “rule of thumb” in variogram estimation is to use separa-
tions (lags) up to approximately half of the sample space dimension [Journel and
Huijbregts; 1979]. As such, the variogram estimate was truncated at a lag of 160

centimeters. A sufficient number of pairs for most lag classes (see Figure 22) as
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(a) Histogram of original data
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variance = 4.59X10-2
n=277
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(b) Histogram of logarithm data
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Figure 20. Histograms of PS1 air-flow-rate data.
(a) Histogram of original data.
(b) Histogram of logarithmic data.
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well as a relatively smooth variogram encourages the fitting of a variogram mod-
el. An exponential variogram model with a slight nugget is used here to fit the

variogram estimate (Figure 23). The fitted model is:

(&) = 0.04 + 0.27[1 - e 161740)]

The nugget of 0.04 may be attributed to the experiment error associated with the
air permeameter. The range of approximately 40 cm. may correspond to the ap-
proximate separation of the bioturbation zones; however it will be necessary to
conduct many more studies of similar nature to better understand the geology
behind the correlation statistics.

The estimated vertical variogram is shown in Figure 24. Unlike the hori-
zontal variogram, it is not feasible to fit a model to the vertical variogram esti-
mate for two primary reasons. The first is that there is not a sufficient vertical
sample space dimension to ensure proper estimation. The sampled vertical di-
mension is approximately 60 centimeters, the vertical variogram model should
then be based on values for lags up to approximately 30 centimeters which yields
three points each of which contain an insufficient number of pairs. Increasing the
lag in the variogram estimation may enhance the number of pairs for each lag,
however increasing the lag decreases the total number of points calculated for
the variogram estimate. This would result in even fewer points to fit a model to.

The second reason fitting a model is not feasible is that cursory data anal-
ysis indicates a possible trend in the mean in the vertical direction which could
result in erroneous variogram estimates. The deposit consists of horizontally

laminated coarse sands near the base of the outcrop. The sands then tend to fine
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upward in the vertical direction into horizontally-laminated, trough-cross—lami-
nated and ripple~laminated medium to fine sands. As will be discussed in
Section 5.2.3, the general decrease in grain size warrants concern. 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 correla-

tion structure.

5.2.2 Permeability study 2 (PS2)

The second outcrop studied (PS2) is located in the lower channel element
(type CH-I) of Plate 2. PS2 is approximately 1.5 meters wide and 0.5 meter high
(Figure 25). The outcrop can be characterized as a high energy channel deposit
with crudely stratified to cross—stratified pebbly gravel interbedded with low
angle cross-laminated and trough cross laminated fine to coarse sand (see
Plate 4). A zone of ripple laminated sand occurs at the top of the outcrop repre-
senting a decrease in flow energy.

As opposed to PS1, PS2 represents approximately 80 percent of a deposi-
tional unit. That is, the spatial dimensions of the sample space approximate the
spatial dimension of the deposit. Eighty six measurements of air flow rate were
obtained from PS2, the locations of which are shown on Plate 4. Again. histo-
gram analysis of the original data indicate a skewed right distribution. The natu-
ral logarithm transform was applied resulting in an apparent normal distribution
(see Figures 26a and 26b). Applying the Kolomogorov-Smirnov test, the maxi-
mum observed difference between the empirical cumulative and the theoretical
normal is 0.07. The Kolomogorov-Smirnov 0.20 signigicance tolerance for 86
points is 0.12.  Again this implies the data is normal distributed (Figure 27).

Directional variogram analysis was performed on the logarithmic data in
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Figure 25. Photograph of PS2 outcrop.
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order to estimate the correlation structure. The horizontal variogram estimate is
shown in Figure 28. Initially, the resulting estimate appears to be linear with
sufficient numbers of pairs for most lags. However, truncating the variogram for
lags greater than approximately 85 centimeters (half of the sample space dimen-
sion) results in what appears to be either an exponential or bell-shaped (Gaus-
sian) variogram. Both types of models were {it by eye to the variogram estimate

and are presented in Figure 29. Functionally they are given by:

Exponential model:

WE) = 1.24[1 — e1€1/60))

Bell-shaped (Gaussian) model:

YE) = 0.07 + 0.90[1 — e(1E1/457)]

Again the nugget in the bell-shaped model may be attributed to the experimental
error associated the air permeameter. The fitting of two variogram models to
the PS2 horizontal variogram estimate makes interpretation difficult. The corre-
lation lengths of 45 and 60 centimeters both appear to correspond with the aver-
age horizontal dimension of the gravelly facies. As with PS1, many more studies
of similar nature will need to be conducted in order to better understand the cor-
relation between mappable geologic units and statistical parameters.

The estimate of the vertical variogram is presented in Figure 30. As with
the vertical variogram estimate of PS1, geologic observations indicate the possi-
bility of a trend in mean in the vertical direction. The 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 me-
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dium and fine sands. Again, as with PS1, trend analysis is not considered feasible
given the insuficient dimension of the vertical sample space dimension.

Comparing the structural statistics of the PS1 and PS2 data, it is interest-
ing to note that it is possible to fit an exponential model to both the data sets
even though the underlying geology is vastly different. In both studies of statisti-
cal structure of air-flow-rate, the horizontal correlation lengths appear to corre-
spond with the observed mappable geologic features. However, further work will
needed to be pursued in order to be able to estimate the correlation structure
based on geologic features.

The two studies presented above represent the facies scale heterogeneity
resulting from changes in lithology within a depositional unit. Even though the
architectural element definitions have yet to be robustly determined, the two out-
crops studied thus far can be considered with confidence to each be within a re-

spective architectural element.

5.2.3 Distribution studies

In addition to studying the distributions of each sample set as a whole
population, distributional analysis has also been carried out based on grain size
classes within sample sets. Each sample set consists of four distinct grain size
classes. The PS1 study was conducted in what is believed to be a channel bar de-
posit; the observed grain size classes are fine, medium, and coarse grained (see
Plate 3.). The fourth grain size category which will not be analyzed in detail here
is that of the bioturbated sands which is a mixture of several different grain sizes.
The PS2 study was conducted in a channel deposit consisting of grain sizes that
range from fine to pebbly sands with some gravels (Figure 25 and Plate 4). As

eluded to above in Section 3.3, the clast supported gravels cannot be sampled
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with the air permeameter. As such, the clast supported gravels were not sampled
and therefore are not included in the grain size

The PS1 sample set consists of three principle grain-size classes as well as
bioturbated sands which, due to churning by organisms, are a mixture of several
grain sizes. Distributional analysis of the air flow rate data for each of the three
principle grain size classes reveals that each class is approximately log-normal
and exhibit distinctively different means. The results of the distribution analyses
are presented in Figure 31 and summarized in Table 5.

The PS2 data consists of four principle grain-size classes: fine, medium,
coarse, and pebbly. Distributional analysis of the air flow rate data for each
grain-size class is presented in Figure 32 and summarized in Table 5.

While delineating permeability according to grain size is common in the
hydrologic sciences [e.g. see Carmen 1939; Freeze and Cherry, 1979; Milne—
Home and Schwartz, 1989], study of the distributions of permeability according
to grain-size classification may contribute additional proxy information in the es-
timation of permeability in natural geologic material. Recall that the primary
goal s to supplement “hard” permeability measurements with “soft” geologic in-
formation. Grain size is an example of “soft” information.

One possibility for incorporating grain size information into the statistical
analysis is using the distribution of permeability based on grain size to supple-
ment “hard” permeability data taken from a region. Using an indicator approach
it is possible to incorporate prior information such as cumulative distribution
tfunctions into the estimation of permeability [Journel, 1989].

Another possibility may be to incorporate geologic information on how
different grain sizes are spatially distributed throughout a deposits in order to

better estimate the behavoir of the mean. Knowing the distribution of the per-
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PS1 Statistical Moments Kolmogorov - Smirnov Stats
Grain size | n | mean | variancej kurtosis { skewness max| diff| Tolerance
fine 512.172 11.41X107} -1.820 0.2015 0.1806 0.6082
medium 12813351 0.1574 | -0.240 [-1.067X107? 3.71X1072 0.1202
coarse 12613.956 | 0.1307 [ 0.1511 0.2053 6.05X102 0.1202
burrowed 1812.811 ] 03451 | -1.407 0.2650 0.2029 0.3206
PS2 Statistical Moments Kolomogorov - Smirnov Stats
Grain size | n | mean| variance| kurtosis | skewness max|diff} Tolerance
fine 31 2303 0.3675 | -9.33X107 6.487X107 0.0845 0.2443
medium | 16 | 3.467| 0.3037 -0.9840 0.3234 0.09843 0.3400
coarse 11 | 4.015] 0.4561 -1.333 0.3483 0.1567 0.4101
pebbly | 28 | 4.820( 0.7238 -1.220 0.1048 0.1022 0.2570

Mean Flow Rate Values for Different Grain Size Classifications

Data Set fine burrowed medium  coarse pebbly
PSl 2.172 2.811 335 3.956

Ps2 2.303 3.467 4.015 4.820

PS1 & PS2 2.285 2.811 3.365 3.961 4.820

Table 5. Summary of permeability distribution statistics for
populations based on grain size classifications.
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meability for a given grain size, may enable us to delineate between a trend of a
mean and random fluctuation about a mean. Say for instance, a variogram
estimate is desired for a fining upward sequence as we encountered with PS1 and
PS2. Knowledge of the spatial distribution of grain sizes in a deposit will en-
hance our understanding the spatial distribution of mean. When performing
trend analysis on data, it is always important to have a physical justification for
the fitted trend model. Further study of permeability according to grain size and
how the spatial patterns of grain size in sedimentary deposits may enhance our

ability to predict trend patterns in sedimentary deposits.

5.3 Intermediate Scale Permeability Studies

A study was conducted to estimate the spatial statistics of the permeability
at a larger scale. The study maintains the lithofacies distinction as a basis of
analysis. Conceptually, this study is a numerical experiment studying the spatial
distribution of the mean values of different regions. The utility in such an experi-
ment lies in the ability to obtain large numbers of “measurements” so a structural
analysis can be performed. This study is not intended to replace a study using
actual measured values, rather to help direct the study and give a preview of what
we 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 ob-
served lithologies. The resulting categories are shown in Table 6.

The facies map presented in Chapter 4 was analyzed on a 60 centimeter
by 60 centimeter grid (map scale). For each digitized location (2159 total), the

facies at that Jocation was recorded and an approximate log permeability value
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) ) Approxiamte mean
Lithofacies permeability [darcy] log(k)

Gms
Gm 10°
Sgm

(F8]

Sp '

Si 10 1
St
Sh

Sr
Sr/Fm 101 —1

Sm
P

P(clay)
Fl

Fsc

Fr

Fm

Table 6. Mean log permeability estimates used in
intermediate scale study
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(from Table 6) assigned. Plate 5 shows the distribution of assigned mean log per-
meabilites. Variogram analysis of the location and approximate In(k) values was
performed.

With 2159 samples, the variograms can be considered exhaustive and at-
tempts at modelling the variability should be pursued. The results of the vertical
and horizontal directional variograms are presented in Figures 33 and 34. It was
found that both directional variograms exhibit a hole effect, which represents a
positive correlation at some finite distance.

The vertical variogram appears to be strongly periodic. As such, a sine

function was used to model the variogram. The fitted function is;

) _{ alg| for £ < 2.45 meters
L 2.5 + 0.65cos(m + &) for £ > 2.45 meters

The wavelength of the variogram model is 27 (6.28) meters which appears to cor-
responds to the average repeatability of the facies.

The shape of the horizontal variogram while exhibiting a slight hole effect
also exhibits properties of an exponential model. After Journel and Huijbreghts
[1979], the variogram model for the horizontal variogram is based on the product
of the exponential and cosine covariance functions. A nested structure is also ap-
parent in the horizontal variogram. This is modeled by adding an additional
variogram model to the original one for all lags greater than the break (h=17.5

meters). The resulting model is:

AE) :{}/l(g) for &€ < 17.5 meters

72(8) for ¢ > 17.5 meters

where

71(§) = 1.5[1 - e/33 cos(0.38)]
yAE) = y1 + 0.791(E-17.5)
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The ranges associated with the horizontal variogram models are approximately

3.3 meters for the first (gammal) structure and 21 meters for the second (gam-

ma2) structure. The first range is can be related to the smallest average lateral

dimension of the facies. While there is no compelling geologic evidence for the
second range, it is most likely the result of subtle changes in bed thickness.

Both directional variogram models were fitted by trial and error to the ex-
perimental variograms. While more sophisticated fitting techniques may be pur-
sued in the future, the trial and error method was preferred with the limited
amount of data thus far obtained. Discussion of the analysis will be presented in

the next chapter.
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CHAPTER 6: Discussion & Conclusions

6.1 Discussion

In order to arrive at more realistic quantifiable characterizations of aqui-
fer heterogeneities, it has been suggested that a variety of information be incor-
porated into the characterization process. On the hypothesis that there exists a
quantifiable correlation between permeability patterns and geology, it has been
suggested that realistic characterization may be accomplished by incorporating
“soft” geologic information. In light of the fact that aquifer characteristics can
never be entirely determined, the probabalistic interpretation of aquifer proper-
ties has been proposed.

Concepts of basin analysis and geostatistics have been discussed in hope
that they provide us quantifiable parameters. The method of variogram analysis
has been discussed and employed as a means to estimate correlation structure of
specific permeability fields. Preliminary analysis of the methods used and data
collected has highlighted the strengths and weaknesses of the current approach.

Aﬁlong the strengths is the air permeameter which enables rapid, inexpen-
sive measurements of air flow rate. Also, the method of locating measurements
for analysis of structural statistics that has been developed has proven to be effi-
cient and economical. The mapping of lithofacies has enabled us to define archi-

tectural elements and begin to interpret the depositional environment of the Sier-



98

ra Ladrones Formation.

Shortcomings of the current approach includes the inability to sample
permeability in the extreme value deposits (clays and gravels). Methods of esti-
mating permeability of these units needs to be pursued since extreme value units
play a key role in groundwater flow paths.

While the data analysis cannot be considered final, it has served two pur-
poses. First, from the analysis of results we can address our original hypothesis
that there exists a quantifiable correlation between observed geologic structure
and the statistical parameters. Secondly, the data analysis can aid in the develop-
ment of new directions of investigation.

The most fundamental implication of the statistical analysis of the air—
tlow-rate data is that the distribution of air flow rate (surrogate to permeability)
in the deposits studied thus far approximate a log-normal distribution. While
apparently fundamental, this assumption has been made time and time again in
studies of stochastic hydrology but in most cases has not yet received proper tield
validation. Further work is necessary to see if this holds for element and forma-
rion scale heterogeneities.

The second implication of the statistical analysis of the data is that the ob-
served geologic features (cross-bedding, lateral and vertical changes in
lithofacies, changes in grain size) appear to correspond to the estimated statistical
parameters of a particular deposit. Again, while geostatisticians may deem this
result trivial, it verifies a critically important hypothesis that will enable us to esti-
mate spatial statistical parameters from geologic observations with relatively little
hard data.

The results of the data analysis also indicate that the statistical structure of

permeability in natural geologic material is a nested structure. That is to say the
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geologic entities as described are hierarchical in nature, and each geologic entity

may be characterized as a separate region.

6.1.2 Nested Structure

A nested or hierarchical structure is one in which the data can be distin-
guished according to regions or sub-regions, or even sub-regions of the sub-re-
gions, and so on. That is if Regions I 11, and III are all separate spatial regions
and each contain smaller subregions, then the subregions can be defined accord-
ing to largest region they occur in.

Several researchers in the petroleum industry have suggested that hetero-
geneity can be broken into classes according to spatial dimensions. Van de Graff
and Ealey [1989] delineated heterogeneity at the field scale (1-10 km.), reservoir
scale (0.1-1 km.) and sub reservoir scale ( < 0.1 km.). Weber’s [1986] hierarchy
consists of a five—fold breakdown ranging from 10’s of micrometers to hundreds
of meters.

In chapter 2 we discussed a hypothetical variogram with sills representing
different geologic scales of interest. This hypothetical analysis is based on the
assumption that the geologic entities can be classified according to spatial scales.
Observations from the field site indicate that this may not be a valid hypothesis,
as discussed below.

Sedimentary formations are composed of deposits laid down through sev-
eral cycles of deposition. The major depositional cycles cover lateral distances of
kilometers, and are composed internally of architectural elements. The architec-
tural elements, while highly variable in spatial dimension, are by definition com-
posed of lithologic facies as building blocks. The lithologic facies are composed

of a distinct lithologic type exhibiting specific structures. For our purposes it can
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be viewed as the fundamental building block of a fluvial sedimentary deposit.

Lithofacies, in general, transcend spatial classes. This fact is most pro-
nounced when observing the fine facies. Fine deposits occur from the scale of
thin (mm. to cm.) laterally discontinuous (cm. to m.) clay drapes resulting from
waning tlow in an ephemeral channel to thick (m.’s) sequences of overbank de-
posits which can extend laterally for several kilometers.

Similar problems with assigning spatial hierarchy occur with the gravelly
channel deposits. Generally, the dimensions of the gravel facies depend on the
dimensions of the paleo-channel. The disparity in scale naturally is not as signifi-
cant as with the fines but to restrict oneself to a classification based on rigid spa-
tial scales is believed to be useful only conceptually.

An alternative approach to handling such a hierarchical scheme has been
proposed by Miall [1988]. A hierarchy of bedding surfaces is constructed that
represent heterogeneity but are not restricted spatially. This method of analysis
is the foundation of architectural element analysis. the current problem facing
the quantification of such a hierarchical scheme is how to incorporate and study
the spatial statistics of a system that defies a classification scheme based simply
on spatial scale. Further research needs to be conducted on nested structures

and alternative approaches to defining regions.

6.1.3 Estimation vs. Simulation

Development of a method of determining the statistical characteristics of
an aquifer is but half the battle. Quantitative description of heterogeneity is nec-
essary so that quantitative studies of flow and transport can be conducted. The
statistical representation of hydraulic conductivity is one approach to realistically

quantifying heterogeneity. With the statistical representation, two approaches to
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solving flow and transport equations are available.

The first, which is here referred to as the stochastic analytic approach,
uses the perturbation method to analytically solve the governing equations of
flow and transport [e.g. see Bakr et al.,1978; Gutjahr et al., 1978; and Gelhar et
al., 1979]. Often the random hydraulic conductivity field exhibits properties that
prevent solving the partial differential equations governing flow and transport.
Numerical solutions of the flow and transport equations are often employed un-
der such complex conditions. The problem then lies in how to numerically gener-
ate a realistic field through which to analyze and simulate flow.

Traditionally, geostatistics offers two methods of generating realizations of
tields that exhibit certain statistical characteristics.

The first of these methods is determination of a best linear unbiased esti-
mator (BLUE). The field is then estimated with the linear interpolator from the
known information. Commonly referred to as kriging, this method greatly
smooths the fluctuations that actually exist. Contouring of data values is a com-
mon example of kriging. Non-linear estimators are also possible but less widely
used.

The second method of producing a realization of a random function is the
method of simulation. The estimation of a field differ from kriging in that the
small scale fluctuation about the mean are preserved in accordance with the cor-
relation structure. Two classes of simulation are possible. Unconditional simula-
tion involves only the distribution function and covariance or variogram. The re-
sult 1s a field that honors the statistical properties . Alternatively, known data
can be used in addition to the statistical properties of a field. This method of
conditional simulation honors not only the statistical properties of the field but

also the known values of the random field.
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Conditioning on known data restricts the realizations of the random func-
tion to those that honor the data. In the cases of both kriging and conditional
simulation, additional data provide narrower confidence intervals by reducing the
estimation variance.

Journel and Huijbregts [1978] in a discussion of mining applications state:
“The estimation curve is preferable to locate and estimate reserves, while the
simulation curve is preferred for studying the dispersion of the characteristics of
these reserves” [Journel and Huijbregts; 1978]. Given the two methods of pro-
ducing realizations of random functions and assessing what we know regarding
geologic heterogeneity, it seems feasible that a hybrid method of simulation be
investigated. Such a method would use kriging to estimate location, extent, and/
or interconnection of architectural elements. Subsequently, the within-element
statistical properties of the k field could be simulated, preserving the variability
or “dispersion” of the process.

Geologic information in the form of depositional process/product rela-
tions has been suggested as a quantifiable form of “soft” information. This in-
cludes information on both the spatial association and distribution of architectur-
al elements.

In addition, statistical characteristics and patterns of permeability distribu-
tions within facies and elements can be arrived at through variogram analysis of
measured and possibly estimated k’s. There are essentially an infinite number of
regionalized variables that can be used in the characterization process. The goal
now is to study a variety of them and choose those that best estimate the hydrau-

lic properties of an aquifer.
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6.2 Conclusions

While it is not the purpose of this thesis to draw final conclusions on the
research described, several fundamentally important conclusions can be made at
this time. It has been shown that geostatistical parameters are correlated with
geologic observations. The extent of the correlation has yet to be determined
rigorously. However, it is felt that pursuing the study of geologic features in par-
allel with structural statistics is warranted and necessary. Also a hierarchical
structure is apparent from the intermediate scale numerical experiment. Finally,
much more research needs to be devoted to 1) developing methods to obtain
tield permeability measurements/estimates of the gravels and clays; 2) experi-
ments with various structural estimator on how information obtained from the
data collected may be optimized; and 3) the question of how the geostatistics of
nested structures and the rather evasive hierarchy of sedimentary bedding sur-
faces are interrelated.

This thesis has presented some of the fundamental concepts ot geostatis-
tics and sedimentain basin analysis. Some preliminary data analysis has lead us
to refine and to some degree validate our hypotheses. The work presented here
is not intended to be the final chapter on the incorporation of geologic informa-
tion into the characterization of aquifer heterogeneity. The purpose has been to
evaluate the methods and delineate the major issues facing the final characteriza-

tion process.
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Appendix A- Glossary of Terms

Actualistic models— Those type models that are based on an actual a study of an
actual suite of sediments and geologic interpretation. The facies
associations are generally distilled down to the basic essence of the
deposit.

Allocyclic depositional controls— Cyclic controls on depositional style resulting from
variations in discharge, load and slope, which originate outside the
sedimentary basin ultimately through tectonic or climatic changes.
[Miall, 1980]

Alluvial- Pertaining to or composed of detritus deposited by streams on river beds,
flood plains, and alluvial fans.

Autocyclic depositional controls- Cyclic controls on depositional style which arise
from energy distributions within the sedimentary basin, including
meander translation and enlargement, meander chute and neck
cut-off, crevassing and avulsion. [Miall, 1980]

Bioturbated zones- Regions of a sedimentary deposit that have been churned and
stirred by plant and/or animal organisms.

Conceptual models- Those type models that are derived from a conceptualization
of how sedimentological facies would be associated for a given set of
depositional processes.

Correlation length- A physical length over which data points are correlated.
Covariance— A statistical measure of the similarity of data. In this thesis, the the
emphasis is on similarity with respect to physical separation between

data points.

Cycle of sedimentation- A sequence of related processes and conditions, repeated
in the same order, that is recorded in a sedimentary deposit.

Cyclothem- A generally fining upward sequence of sedimentary deposits. The
general character is cyclic and controlled by allocyclic processes.
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Diagenesis- The physical and chemical alteration that occurs after a sedimentary
deposit is buried. Soil development is not considered here to a
diagenetic process.

Iluvial- The accumulation, in a lower soil horizon, of material that was transported
by groundwater percolation (esp. colloidal material). [Bates and
Jackson, 1984]

Facies- A body of rock which can be defined and distinguised from others by its
geometry, lithology, and sedimentary structures. [Selley, 1970]

Facies associations- Similar to lithologic distributions. However, facies associations
emphasizes how different sedimentological facies are geometrically
and thus genetically related to one another.

Lag- A physical length separating a pair (or pairs) of data points.
Lithologic distribution— Similar to facies associations. However, lithologic
distributions emphasizes spatial relationships of general lithologies

rather than well defined facies.

Log-normal distribution- A sample set whose logarithmic transform (natural or
base 10) is normally distributed.

Model (geologic)- A simplified version of reality that exhibits useful information
in the interpretation and prediction of lithologic distributions and/or
facies associations.

Model (variogram)- A function fitted to an estimated variogram that is presumed
to represent the underlying statistical structure.

Paleosol- A buried soil; soil of the past. [Bates and Jackson, 1984]

Pedogenic- Pertaining to the development of soils.

Type model (depositional)- A simplified version fo facies associations that indicate
a certain depositional environment. Type models serve as a basis by

which to compare and contrast observed facies associations.

Variogram~ Similar to covariance, however the variogram is a measure of
dissimilarity of values that are separated by a /ag distance.
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Appendix B

Air-permeameter

B.1 Introduction

Obtaining large numbers of permeability measurements has been a goal
and area of active research in the petroleum industry for some time. In order
to achieve this goal, gas has commonly been used as the fluid due to its low vis-
cosity thus enabling steady state conditions much more quickly than water.

Eijpe and Weber [1971] developed one of the first alr-permeameters by
which the air permeability of consolidated and unconsolidated sands could be
measure quickly and nondestructively either in situ or in the form of samples.
Goggin and others [1988], of the University of Texas at Austin, constructed a
more portable air-permeameter (hereafter referred to as the UT device) and
developed a theoretical framework to calculate permeability based on specific
flow geometry. The UT device applies a constant pressure from a tank of com-
pressed 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 pres-
sure and flow rate, the permeability can be calculated for the resulting flow ge-
ometry.

The great utility of the Goggin et al. [1988] analysis is that the theoreti-
cal 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 (Figure B-1). For this geometry,

permeability can be calculated via the equation:



116

gl
¢ = 2 2
g aGybg) L1-F5 (B1)
2

where:
Py = atmospheric pressure
Py = tip-seal injection pressure
q1 = air-flow-rate
@ = dynamic viscosity of air at atmospheric conditions

a = internal radius of tip-seal
G®g) = geometric factor determined graphically from Goggin et al [1988b]

The concept of obtaining rapid nondestructive permeability measure-
ments in situ was necessary for our work on the characterization of permeability
distributions in fluvial deposits. Our design is based on that of the UT device
but with a new set of constraints regarding sampling medium and portability.
The field site of the current project consists of primarily unconsolidated materi-
al. As such it was necessary to apply a very small yet accurately measurable
pressure. In order to honor the pressure constraint and increase portability
another type of device was investigated. Heller [1988] had done some prelimi-
nary development of an air permeameter which used a piston/cylinder appara-
tus. The piston applied a constant pressure and a seal was maintained between
the piston and cylinder with a prophylactic (referred to here as the HPD). The
flow rate is then calculated by timing the rate at which the piston falls. The de-
vice presented in this thesis is somewhat of a hybrid between the two. The tip
seal, which governs the flow geometry is similar to the UT device while the air

supply portion was a modified HPD.
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B.2 Permeameter Design

Figure B-2 presents the basic design of the air-permeameter developed
in this thesis. A Becton-Dickenson® 100cc ground glass syringe was ground
further with fine grit corundum to provide a fairly frictionless contact while
maintaining an adequate seal between the piston and the syringe casing. The
flow rate is obtained by electronically timing displacement fo a known volume.
This is achieved with a stopwatch, a set of photoresistors, and lamps (Figure
B-3). The tip seal is the part of the apparatus that governs the flow geometry
at the permeameter/outcrop interface. The UT design was modified so the
same flow geometry could be obtained on unconsolidated samples. The modifi-
cation entails an increase in the outer diameter of the tip seal in order to pro-

vide structural stability when applied to an unconsolidated outcrop.

B.4 Calibration

Efforts to calibrate the air-permeameter have focused on comparing the
intrinsic permeability derived from a constant head device (water) with air per-
meability calculated from equation B1. Calibration results are shown in Figure
B-4. Two difficulties have arisen in calibrating the air-permeameter in this
fashion. Figure B-4 shows the presence of several “outliers”. These are be-
lieved 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 centime-
ter, thus sampling approximately a lcc. volume. On the other hand. the ring

samples being used are 5 centimeters in diameter and 5 centimeters in length, a
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volume of approximately 100cc. A one-to-one correlation of permeability
measured from two such vastly different volumes should not necessarily be ex-
pected. While the calibration thus far has not resulted in a robust relationship
between permeability derived from the constant head apparatus and alr-perme-

ability, the values are encouraging.

B.5 Discussion

As the calibration process continues, other issues inherent with gas per-
meability will need to be addressed. For instance, at low pressures. the
Klinkenburg effect is commonly observed; at higher pressures non-Darcy tflow
effects result in the underestimations of permeability [Katz et al., 1959]. These
issues as well as soil moisture effects will be investigated as the study of geolog-

ic heterogeneity continues.
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Figure B-2. Schematic diagram of air permeameter
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Comparison of Log Permeabilities
Alr Mini—-Permeameter vs. Constant Head Tank
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Figure 5-4. Comparison of log-permeabilities derived from
air permeameter (Ka) and constant head device
(Kw). Coefficient of correlation is 0.79.
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APPENDIX C- Measured Sections

Two measured sections of the Sierra Ladrones Formation are presented
on the following pages. The locations of the sections are shown on Plate 1.

The descriptions are informal and were reproduced directly from field notes.



Measured section #1

The following description is from the notes taken when a
section was measured along the transect shown on Plate 1. The
accompanying column is shoewn in figure El. A jacob staff and Abney
level were used to measure veritcally from an arbitrary datum.

From the bottom:

(feet) Description

@-5 Slope of reddish brown fine sand with loose
pebbles from above -- underlain by brown clay.

5-10 six inch thick cream colored sandstone ledge

@ 6ft. red-brown clay from 6-190 ft.

10-15 light gray-brown sand with loose pebbles

15-20 continued light grey-brown sand, well cemented
g 20 ft.

20-25 sandstone continues to 21 ft.; S20E troughs 21-

25 ft covered with red-brn pebbly colluvium;

25-3@ light grey sandstone @ 25 ft.; tan medium sand
with red-brown clay (1-2 1in. thick). No
pebbles.

30-35 paleosol horizon between 3@ and 33 ft.;

alternating beds of brown silt and red clay
between 33 and 35 ft.

35-40 red clayey slope, loose pebbles

40@-45 dominately red to red-brown clay; 1 ft. coarse
uncemented sand unit at 43 ft.

45-59 ledgey coarse sandstone.
50-55 sand with < 1ft. thick brown clayey unit

containing <calcium carbonate nodules and
armored mud balls

55-60 sand with red c¢lay containing white calcium
carbonate nodules, very local infilling, at 59
ft.

60~67 coarse sand with pebbles, ledgey -- well

cemented



67-73

73-75

75-106

106-119

110-117

117-122

122-140

140-150

150-157

157-165

165-179

17@8-175

175-187

187-197

197-199

159-204

204-207

207-212

212-215

slope of red~brown sand, clay, clay balls with
loose gravel,

lenses of reddish cream sandstone in uncemented
rusty red-brown sand with calcium carbonate
nodules.

prominant gravelly sand, locally cemented; fine
and coarse sand cycles @ 91 ft. S35E troughs

red brown clay

alternating beds of silt, clay and sand

red brown clay

high angle x-laminated sand grading up into
climbing ripples with clay clasts in lee side;

medium x-laminated sand fining upward near top.

silt bands, red-brown «c¢lay with calcium
carbonate nodules; possibly paleosol

grey-tan x-laminated fine sand and silt; fine
and medium x-laminated sand @ 155 ft.

unit of tan-grey fine sand in brown clay unit

tan sand and gravelly sand, locally well
cemented, some armored mud balls.

unsorted gravelly sand; uncertain as to nature
debri flow and/or soil.

sequence of red brown clay, x-laminated grey-
tan silt and fine sand, brown c¢lay, and tan
silt and clay.

sand and gravelly sand, gravel and ¢lay rubble
near 196 ft.

paleosol

low angle x-laminated sand-pebbly sand, partly
cemented,

paleosol

x~laminated sand sc¢our, gravel; loose gravelly
sand.

pebbly sand w/o sed. structures, sand w/
calc¢ium carbonate nodules (paleosol?)



215-220

220-230

230-237

237-244

244-262

262-267

267-289

289-293

293-297

297-303

303-31@

319-319

319-320

320-324

ledges of c¢emented gravelly sand.
slope of loose grey peebly sand.
laminated and x-laminated silt and clay.

sequence of rusty sand, thin brown red clay,
¥-laminated silt and clay.

Xx-bedded gravelly sand, partly conglomeratic,
pebbly sand.

sequence of rusty sand, brown clay, rusty sand,
culminating in minor clay.

slope of pebbly sand, rusty to red coated sand
and pebbles.

well cemented conglomerate of coarse sand and
pebbles. S24E trough.

loose rusty sand.

alternating units (typically < 1 ft. thick) of
brown or red clay and rusty sand

pebbly gravelly sand with red clay in matrix
paleosol: Stage V development (see text).
pebbly sand

¢clayey sand



Measured Section #2

The following description is from the notes taken when a
section was measured along the transect shown on Plate 1. The
accompanying column is shown in figure /5. A jacob staff and Abney
level were used to measure veritcally from an arbitrary datum.

From the hottom:

(feet) Description
@-5 sequence of ledgey sand, reddish soil like

sand, red clay, ledgey sand.

5-19 pebbley loose sand, some cemented zones,
grading upward into gravelly sand.

15-23 sequence of silt, fine sand, soil
23-38 banded slope consisting of a sequence
(from bottom up) of: silt, fine sand,

soil, brown clay, tan silt, brown clay,
rusty brown sand, brown clay w/ white silt
band, rusty tan sand, gray silt and brown
clay, brown clay, rusty brown sand, brown
clay, grey-tan silt, rusty sand, tan-grey
silt, rusty sand. Units are approximately
1 ft. thick

38-43 rusty medium sand, structureless, calcium
carbonate nodules. soil-like,

43~72 sequence of brown rubbly clay, gray silt
W/ calcium carbonate nodules coarsening
upward to medium sand, red clay, grey
silt, x-laminated fine-medium sand, rusty-~
red silt, red brown clay, silt and brown
clay, red-rusty fine sand, laminated
(white) silt and (red) clay, x-laminated
fine grey sand and silt, clay, silt and
nodules of cemented silt, sand, red rusty
sandy clay

72-80 grey-brown gravel with some sand fining
upward into a rusty yellow pebbly sand.

80-950 gravel fining upward into a x-laminated
sand,

99-95 stack of palesols.



95-100

100-147

147-159

150-155

155-165

165-186

186-189

189-190

196-154

194-202

202-225

225-239

239-250

250-263

Ssequence of structureless tan-rusty sand,
brown clay, sand, brown clay.

sand and gravelly sand including armored
mud balls, local gravel concentrations,
x-lamination, and large clay rip ups (as
shown on column).

stacked soils of pebbly clayey sand.

sequence of red-brown clay, orange rusty
sand redding up (may be eolian}, red-pink
laminated clay and silt.

grey sand, sand with pebble lenses, rusty
red sand.

sequence of: sand with calecium carbonate
nodules, brown clay, laminated fine sand
and silt, brown clay, tan slightly rusty
X-laminated sand, brown sandy clay, silt,
orange sand.

red brown clavey sand and brown clay
(soil-like).

gravelly sand, locally cemented.

Sequence of gravelly sand with calcium
carbonate nodules, c¢layey sand, rusty-
reddish sand. (sequence is soil-like).

sequence of yellow-brown clay with grey
silt, rusty loose ¥~-laminated sand, rusty-
yellow sand fine-medium grained X-
laminated.

gravelly sand with armored bud balls.
sequence of x-laminated sand (locally
cemented), gravelly sand, red clay mixed
in gravel with soft calcium carbonate
nodules, gravelly sand, red clavey sand.

x-bedded gravelly sand locally cemented.

paleosol: Stage V development (see text).
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APPENDIX D- Data and Variogram Output

The logarithmic air-flow-rate data are presented in the following
pages along with the results of the variogram estimation. Each data set has
a header which describes the contents of the each column of data. The

variogram output is also documented.



Cata from PSt study

column description

VOOV PN

890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
820628
890628
890628
890628
890628
890628
890628
890628
890623
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628
890628

Date (yrmody)

Facies (numeric code)
Grainsize (fine,medium,coarse,burrow)
Architectural Element (type)
Architectural Element (specific)
X - coordinate (centimeters)
Y - cooridnate (centimeters)
Z - coordinate (centimeters)
natural logarithm of air flow rate [cc/sec]

m CH2
m CH2
¢ CH2
¢ CHZ
c CH2
CH2
CH2
m CHZ2
m CH2
m CH2
c CH2
m CH2
m CH2
m CH2
m CHZ
m CH2
m CH2
m CH2
m CHZ
m CH2
m CH2
m CHZ2
m
m
m
m
m
c
m
m
m
m
b
b

BQc2.1
Baca2.1
Bacz.1
8QC2.1
Bacz2.1
BQC2.1
Bac2.1
BQC2.1
Bac2.1
BQC2.1
8QC2.1
8QC2.1
BQC2.1
BQC2.1
8acz.1
8QC2.1
BQC2.1
BQcz.1
BQC2.,1
Bacz.1
BGCZ .1
BeC2.1
Bacz.1
BQC2.1
BQC2Z2.1
8QC2.1
Bacz.1
Bacz .1
BQCZ.1
BGC2.1
BacC2.1
BQcz.1
8QC2.1
BQC2.1
Bacz .1
8QC2.1
BQc2.,1
Bac2.1
BaC2.1
BQC2.1
BQC2.1
BQcCzZ.1
BQC2.1
Bac2.1
BQC2.1
BQC2.1
BQC2.1
8Qc2.1
BQCZ.1
Bacz2.1
BQCz2.1
BaC2.1
Bacz2.1
BQc2.1

CH2
CHZ
CH2
CH2
CH2
CHZ
CH2
CHZ
CH2
CH2
CH2

-0.116258E+03
-0.127165€+03
-0.118623E+03
-0.128806E+03
-0.113363€+03
-0.120891E+03
-0.115728€+03
-0.120457€+03
-0.115728e+03
-0.126393E+03
-0.113314E+03
-0.106558€+03
-0.987882e+02
-0.103469€+03
-0.107379E+03
-0.111915€+03
-0.124511E+03
-0.121712E+03
-0.108006E+03
-0.104435€+03
-0,107041E+03
-0.103952E+03
-0.116065€+03
-0.122822£+03
-0.129819€+03
-0.106944E+03
-0, 999947E+02
-0.106269€+03
-0.985952E+02
-0.991260E+02
-0.939622e+02
-0.111046€+03
-0.102263€E+03
-0.992226E+02
-0.934314E+02
-0.909701E+02
-0.867715E+02
-0.803529€E+02
-0.728243€+02
-0.898119€E+02
-0.818972E+02
-0.994156E+02
+0.882675E+02
-0.815594€E+02
-0.846963E+02
-0.786638e+02
-0.729691E+02
-0.643306E+02
-0.683844E+02
-0.710387£+02
-0.698322E+02
-0.770230£+02
-0.908253E+02
+0.963752E+02

0.626669E+02
0.647421E+02
0.569239€+02
0.587578E+02
0.566344E+02
0.509397e+02
0.506019€+02
0.462585E+02
0.457276E+02
0.473685E+02
0.397916E+02
0.413842E+02
0.439420E+02
0.451002€+02
0.453415E+02
0.449072E+02
0.388747&+02
0.326009€+02
0.313461E+02
0.321666E+02
0.280162E+02
0.287401E+02
0.316840E+02
0.256997E+02
0.2398624E+02
0.206324E+02
0.298018E+02
0.568757E+02
0.600608E+02
0.630047E+02
0.5613154E+02
0.621350E+02
0.497815€+02
0.495884E+02
0.532079€+02
0.533527€+02
0.521462E+02
0.517601E+02
0.515671E+02
0.580822e+02
0.562966E+02
D.550418E+02
0.601091E+02
0.602539E+02
0.603504E+02
0.601091E+02
0.598195E+02
0.430251E+02
0.449072E+02
0.450037e+02
0.419633E+02
0.423012E+02
0.4230128+02
0.429285€+02
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0.000000E+00
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0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.
0
0
0
0
0
0
0
0
0
0
0
0
0

000000E+00

-000000E+00
.00C000E+00
.000Q00E+00
.000000E+00
.000000E+00
-000000E+00
.000000E+00
.000000E+00
-000000E+00
.000000E+00
-000000E+00
.000000€E+00Q
-Q00000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.0C0000E+0Q
0.00Q000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.0000C0E+00
0.000000E+00
0.
0
0
0
0
0
0
0
0
0
0
0
0
0

000000e+00

.000C00E+00
.000000E+00
-000000€E+00
.000000E+00
.000Q000E+00
-0000Q0E+00
-0000Q0E+00
.000000E+00
-000000E+00
.C00000E+00
-000000E+00
-000000E+00
.00000QE+00
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CH2
CH2
CH2
CHe
CH2
CH2
CH2
CH2
CHZ2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CHZ
CH2
CH2
CH2
CH2
CH2
CH2
CHZ
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CHZ
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CHZ
CH2
CHZ
CH2
CHe
CH2
CH2
CHZ
CH2

OO0
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Mo N

CH2

BQC2.1
8acz.1
Bacz2.1
BQCz2.1
B0C2.1
BQC2.1
Bacz2.1
Bac2.1
Bacz.1
Bac2.1
Bacz.1
BQC2.1
BQC2.1
Bacz.1
BQc2.1
BQc2.1
BRC2.1
BQC2.1
Bac2.1
BQC2.1
BQC2.1
BQC2.1
BQC2.1
Bacz2.1
Bacz2.1
8acz.1
BQC2.1
BaC2.1
BQcz2.1
BQCzZ.1
gacz.1
Bacz.1
BQC2.1
Bacz2.1
BQcz.1
BQc2.1
Bacz .1
BQcz2.1
Bac2.1
BQC2.!
BQCZ.1
BQC2.1
BaGC2.1
BQc2.1
BQC2.1
BQC2.1
BQC2,1
BQcz2.1
Bac2.1
Bacz.1
BQCz.1
BRC2.1
BaC2.1
BQC2.1
BaQc2.1
BQcz2.1
BaC2.1
Bacz2.1
Bacz2.1
BQCz2.1
Bacz.1
BQCcz2.1
BQC2.1
Bacz2.1
BQC2.1

-0.816077E+02
-0.870128E+02
-0.776021E+02
-0.666953€+02
-0.665988E+02
-0.768782E+02
-0.826694E+02
-0.920801E+02
-0.984504E+02
-0.686257E+02
-0.557403€+02
-0.503834E+02
-0.588289€+02
-0.464261E+02
-0.406349€+02
-0.329133e+02
-0.557403€+02
-0.496595E+02
-0.429997E+02
-0.410210€+02
-0.566090€+02
-0.517830€+02
-0.550647E+02
-0.501421E+02
~0.441579E+02
-0.373532€+02
-0.425653E+02
-0.448335E+02
-0.434340E+02
+0.480187E+02
~0.541477€+02
-0.517347E+02
-0.312725€+02
-0.389255E+02
-0.320040E+01
-0.118364E+02
-0.111252E+02
-0.1620526+02
-0.142240E+02
-0.350520E+02
-0.318008E+02
-0.236220E+02
-0.182372£+02
-0.238760E+02
-0.249428E+02
-0.367284E+02
-0.311912E+02
-0.239248E+02
-0.373380€+02
-0.348996E+02
-0.246888E+02
-0.306832e+02
-0.365760E+01
~0.157480€+02
-0.179324E+02
-0.142748E+02
-0.934720E+01

0.614680E+01

0.118872E+02

0.929640E+01

0.249428E+02

0.105156E+02

0.139192E+02

0.200650E+02

0.211836£+02

0.313461E+02
0.301879€+02
0.305257E+02
0.274371E+02
0.224180E+02
0.189433E+02
0.241554E+02
0.220802e+02
0.369926E+02
0.377165E+02
0.534010£+02
0.522910E+02
0.596265E+02
0.
0
o
0
0
0
0
0
0
0
0
0
]
0
0

370687E+02

.536423E+02
.326771E+02
LLT74650E+02
L479958E+02
.408534E+02
-446659E+02
.428803€+02
.627355E+02
-357378E+02
-371373E+02
. 36854 7E+02
.36461TE+Q2
.247828E+02
- 265897E+02
0.326974E+02
0.323113e+02
0.314909E+02
0.181229€+02
0.185572E+02
0.232385e+02
0.284480E+02
0.224536E+02
0.284480g+02
0.287528E+02
0.355092£+02
0.287020€+02
0.225044E+02
0.265176E+02
0.459232E+02
0.498348E+02
0.586232E+02
0.400812E+02
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

478028E+02

-404368E+02
.230632E+02
.568452E+02
-169672E+02
. 170688E+02
.233680E+02
.402844E+02
.533400e+01
. 100076E+02
-111760E+02
.833120e+01
- 104140E+02
-416560E+01
.318516E+02
.320040E+02
.320548E+02
.326136E+02
.298196E+02
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0.000000E+00
0.000000E+00
0.000000€E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+0Q0
0.000000E+00
0.000000E+00
0.000000E+00
0.0Q0000E+00
0.000000E+00
0.000000e+00
0.000000E+00
0.00000CE+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000£+00
0.000000E+00
0.000000£+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000€E+00
0.000000E+00
0.000000€e+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000€+00
0.000000E+00
0.000000E+00
0.000000E+00
0.00C000E+Q0
0.000000€+00
0.000000E+00Q
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+Q0
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000F+00
0.000000E+00
0.000000E+00
0.000000E+00
0.C00000E+0DQ
0.000000€E+00
0.000000£+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.00000CE+00
0.000000E+00
0.000000E+00
0.000000e+00
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890626
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890626
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890626
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890626
890626
890626
890626
890624
890626
890626
890626
890626
890626
890626
890626
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702

ChH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
ChHZ
CHZ
CH2
cH2
CH2
CH2
CH2
CH2
CH2
cH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
cH2
CHZ
CH2
CH2
CH2
CH2
CH2
[of
CH2
CH2
CH2
CH2
CH2
CHZ
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CHZ
CHZ
CH2
CH2
CHZ
CH2
CH2
CH2
CH2
CH2
CH2

Bac2.1
8ac2.
BQcz2.
Bac2.
8Qcz.
8ac2.
BeCcz2.
Bacz.
Bac2.
8Qc2.
8Qc2.
8QC2.
Bacz,
Bac2.
gacz,
BaC2.
Bac2.
Bac2.
Bac2.
Bac2.
Bacz.
Bac2.
Bacz.
8ac2.
Bacz2.
Boc2.
Bac2.
Bac2.
BQC2.
Bac2.
gacz,
Bacz.
Bacz.
BQC2.
BaC2.
Bacz2.
BQC2.
Bacz.
Bac2.
Bacz.
Bac2.
8ecz,
Bacz.
Bacz.
Bac2.
BQcZ2.
BacC2.
Bacz.
Bacz.
Bac2.
Bacz.
8Qc2.
BQC2.
BQC2.
BQC2.
Bacza.
Bacz,
BQC2.
Bac2.
BQC2.
Bacz2.1
BQca2.1
Bacz.1
Bac2.1
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0.239776£+02
0.134112e+02
0.188468E+02
0.548640E+01
0.198120e+01

-0.447040€+01
-0.127000E+02
-0.179832e+02
-0.203708e+02

0.313436£+02
0.378460E+02
0.236220e+02
0.244348€+02
0.108712£+02
0.254000€+00

-0.802640E+01

0.767080£+01
0.452120E+01
0.443992E+02
0.353548E+02
0.376428E+02
0,460248E+02
0.416052E+02
0.464312E+02
0.458216E+02
0.147828e+02
0.194564E+02
0.473964E+02

-0.130048E+02

0.400812E+02
0.354076E+02
0.513080E+02
0.368808£+02
0.282956€+02
0.196088E+02
0.376936€+02
0.313436E+02
0.371348E+02
0.42448B8E+02
0.432308e+02
0.424688€+02
0.495300E+02
0.525272£+02
0.560324£+02
0.595376E+02
0.462788e+02
0.392684E+02
0.516636€+02
0.614680E+02
0.686308£+02
0.778256E+02
0.841248e+02
0.885444E+02
0.908812E+02
0.803656E+02
0.751840E+02
0.615188E+02
0.750824E+02
0.577596€+02
0.490220e+02
0.654304E+02
0.741172E+02
0.855472E+02
0.403352E+02

0
0.
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
Q
0
0
0.
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0.
0
0
0
0
0

.326644E+02
.225044E+02
. 188976£+02
1442728402
.4 13004E+02
-395732E+02
.574548E+02
-S7T7596E+02
.582676E+02
.273812E+02
. 264160€E+02
L4T4GT2E+02
L42TT36E+02
-374904E+02
466344E+02
.510032€+02
.671068e+02
.635508E+02
.675640E+01
-817880€+01
.400304E+02
-484124E+02
.503936€E+02
.5125728+02
.555244E+02
.524764E+02
.636016E+02
.222504E+02
-665988E+02
.192532e+02
149860E+02
-315468€+02
+682244E+02
.690880E+02
.573532e+02
.328676E+02
.342900€+02
.444500E+02
-496316E+02
.525780E+02
.466852E+02
L492760E+02
488696E+02
-486156E+02
.483616€E+02
.568960E+02
.583184E+02
.359308E+02
.556768E+02
-363372E+02
.584200E+02
.573024E+02
.509524E+02
.S09524£+02
.509016E+02
.508508E+02
.524764E+02
.L69900E+02
438912E+02
-L4T7548E+02
L435864E+02
44 1960E+02
.L6B88LE+02
.382524E+02

pag
0.00C000E+00
0.000000E+00
0.000000E+00
0.00D000E+G0
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.0000008+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000C00E+00
0.000000E+00
0.0000C0E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000Q00E+00
0.000000E+00
0.000000E+00
0.000000€+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.00C000E+00
0.000000€+00
0.000000E+00
0.000000E+00
0.000000E+00
0.00000CE+00
0.000000E+00
0.000000E+00
0.000000€+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E +00
0.000000E+00
0.000000E+00
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0.000000E+00
0.000000E+00
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890702
890702
890702
890702
890702
890702
390702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
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890702
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890702
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890702
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890702
890702
890702
890702
890702
890702
890702

CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2

8ac2.1
Bac2.1
BQC2.1
Bacz2.1
8aca.1
8QC2.1
8QC2.1
Bac2.1
BQC2.1
BQC2.1
BQC2.1
8ac2.1
8acz2.1
8ac2. 1
8Qc2.1
Bac2.1
Bacz2.1
Bac2.1
Bac2.1
3Qcz2.1
80c2.1
BQC2.1
Bacz2,1
BQC2.1
Bacz.1
Bac2.1
BQC2.1
8RC2.1
Bacz2.1
8QC2.1
BQC2.1
BQCZ. 1
Bacz.1
8QC2.1
Bacz.1
BQcz2.1
Becz2.1
BGC2.1
BACZ.1
BQC2.1
BOC2.1
8QC2.1
Baca2.1
Bac2.1
Bac2.1
8Qc2.1
Bacz2.1
BQc2.1
Bacz2.1
8ac2.1
Bacz.1
BQC2.1
BQcz.1
8ac2.1
8Qcz. 1l
BQC2.1
BRC2.1
Bacz2.1
gacz.1
Bacz2.1
Bacz.1
8@c2.1
8ac2.1
Bec2.1
8ac2.1

0.
0.
0.
.507492E+02  0.268224E+02
-3B4048E+02 0.198628E+02
.5313686+02  0.391160E+02
-579120E+02 0.389128&+02
632780E+02 0.384048E+02
.789940E+02 (0.391668E+02
.BOPEPEE+D2  0.389128E+02
LPOT192E+02  0.342392E+02
.B23976E+02 0.331724E+02
.694436E+02  0.338836E+02
.573024E+02 0.316992E+02
.541020E+02 0.282448E+02
.691388E+02  0.269240E+02
-812800E+02 0.261620E+02
.742188€+02 0.262128E+02
-5339088+02 0.232154E+02
.3913128+02 -0.492760E+01
-472948E+02 -0.462280E+01
-379984LE+02 -0.482500E+01
.387096E+02 0.538480E+01
.543560E+02  0.838200E+01
.416052E+02 0.135634E+02
LGB71728+02  0.124968E+02
.592834E+02 0.170180E+02
L621792E+02  0.164084E+02
.566928E+02 0.381000E+01
.623824E+02 0.320040£+01
.749300E+02  0.233680€+01
.808228E+02 0.279400E+01
.735076E+02 0.120394E+02
-806196E+02 0.111760E+02
LB74776E+02 0.1102368E+02
.751840E+02 -0.594360E+01
.857504E+02 -0.,609600E+01
-9011928+02  0.381000€+01
.$45896E+02  0.406400E+01
-101346E+03  0.462280E+01
.972820E+02 -0.457200E+00
JFSTO72E+02 -0.524840E+01
.113386E+03 -0.533400€+01
.122377€+03 -0.528320E+01
L1315726+03 -0.472440E+01
.131064E+03 -0, 187960E+01
- 121666E+03  0.172720E+01
.112471E+03  0.848360E+01
.108052E+03  0.143764E+02
.982980E+02 0.162560E+02
.851408E+02 0.171196E+02
LQL43T2E+02  0.271780€+02
.1072908+03  0.293116E+02
-114097E+03  0.230124E+02
.122072E+03 0.230124E+02
.128626E+03 0.128524E+02
L 131928E+03  0.248412E+02
L973328E+02 0.394716E+02

407924E+02  0.334264E+02
408432E+02 0.287528E+02
4963166+02 0.322072E+02

1171438+03  0.362712E+02

.122784E+03  0.319532E+02
-131064E+03  0.323596E+02
.106070E+03  0.553212E+02
.111709€+03  0.548132E+02

150368e+03  0.391160E+02

. 159309E+03  0.428244E+02
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0.0000060E+00
0.000000E+00
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0.000000QE+0Q
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0.00C000E+00
a.
0
0
0
0
0
0
0
o}
0
0
0
0
0
0
0
0
0
]

000000E+00

-000000e+00
-0000Q0E+00
-00Q000E+00
.000C00E+00
-000000E+00
-0000C0E+00
-000000E+00
-000000E+00
-000000E+00
.000C00E+00
-000000E+00
-0000COE+00
-C0000CE+00
.000000E+00
.000000E+00
.00000CE+00
.000000E+00
.0000COE+Q0
0.000000E+00
0.000000E+00
0.000000£+00
0.000000E+00
0.000000E+00
0.000000E+00Q
0.000000E+00
0.000000e+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000€E+00
0.000C00E+00
Q.
0

0

0

0

0

0

0

0

0

0

0

0

0

0

000000E+00

.000000E+00
.00000CE+00
.000000E+00
-000000E+00
-000000E+00
.0C0000E+00
.000000E+00
.000000E+00
-00000CE+00
.000000E+00
-000000E+00
-000000E+00
-0000G0E+00
-CO00QCE+00
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&90702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
890702
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CH2
cH2
CH2
CH2
CH2
CHZ
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CHZ
CH2
CH2
CH2
CH2
CH2
CHZ
CH2
CHZ
CHZ
CHZ
CH2
CH2
CH2
CHZ

BeC2.1
Bacz.1
Baca2.1
8acz.1
Bac2.1
BQcC2.1
Bac2.1
8QC2.1
Bacz2.1
8acz2.1
BQC2.1
Bacz2.1
Bac2.1
BQC2.1
Bacz.1
8Qc2.1
BQC2.1
BQC2.1
BQcz.1
BaCcz2.1
BQC2.1
BQC2.1
BQC2.1
8acz2.1
BQCz.1
Bac2.1
BQC2.1
BRC2.1
Bac2.1

0.154686E+03
0.172974E+03
0.193904E+03
0.1785613E+03
0.166929E+03
0.140360€+03
0.147320e+03
0.139802e+03
0.144424E+03
0.157226E+03
0.159949€E+03
0.171094E+03
0.184760£+03
0.193446£+03
0.193446E+03
0.184861E+03
0.175158€+03
0.131978E+03
0.137262E+03
0.145085E+03
0.152451E+03
0.160833E+03
0.175920E+03
0.191313e+03
0.193497E+03
0.178156E+03
0.186233€+03
0.194666E+03
0.135636E+03

0.410464E+02
0.410972e+02
0.384048e+02
0.341376E+02
0.339852E+02
0.343408e+02
0.198428E+02
0.194564E+02
0.130048E+02
0.127508E+02
0.2001526+02
0.205740e+02
0.208788E+02
0.271272E+02
0.152908E+02
0.123444E+02
0.113284E+02
0.751840€+01
-0.690880e+01
-0.165608€+02
-0.132080€+02
0.330200E+01
0.467360E+01
0.558800£+01
-0.125476E+02
-0.441960€+01
-0.365760E+01
-0.330200e+01
-0.156464E+02
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.000000E+00
.00000QE+00
.000000E+00
.000000€+00
.000000E+00
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.000000E+0Q0
-G00000E+00
.0000COE+00
.0Q0000E+00
-000000E+00
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.0000C0E+00
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-000000E+00
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-000Q00E+00
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*variogram output for PS1

mean= 0.35704E+01
variancez 0.31474E+00
# of data= 277

lag=  5.00

lag tolerance= 1.50

Chorizontal variogram)

! azimsth = -10.0
t plunge = ©0.0
! azim. tol.= 5.0
! ptun. tol.= 5.0
' np dist 1/2 vario

! 0 0,00 0.0C0C0E+00
P19 5,42 0.49372E-01
' 26 9.90 0.64352£-01
! 33 14.99 0.13407E+00
P33 20.21 0.11204E+00
P49 24.99 0.15143E+00
P55 29,92 0.21244E+00
b 460 34.90 0.21795E+00
' 72 40.11 0.17431E+00
! 79 45.06 0.25511E+00
! 85 50,02 0.22147£+00
Y88 55.17 0.19943E+00
! 88 59,95 0.25422E+00
' 109 65.04 0,25883E+00
197 70.17 0.25203E+00
! 128 75.06 0.26915E+00
116 79.88 0.29490E+00
t 125 84,88 0.27384E+00
V130 89.93  0.24208E+00
P I35 94.99 0.258278+00
! 123 100.00 0.30692£+00
b 126 105.00 0.271206+00
1122 109.93  0.29758e+00
P 140 114.81 0.232656+00
! 152 119.96  0.32654E+00
! 144 124,93 0.32143€+00
P 126 129.97 0.28510E+00
1136 134,96 (0.27568E+00
! 183 140.02 0.31944E+00
! 157 144,96 0.27082E+00
! 130 149.99 0.31953€+00
! 143 154,96 0.33143E+00
! 121 159.99  0.324706+00
! 145 165.02 0.31823E+00
! 138 169.99 0.28719E+00
I 118 174.89 0.38960E+00
112 179.83  0.39684E+00
! 114 185.00 0.39839£+00
! 102 190,02 0.33323E+00
I 87 195.12 0.38909E+00
! 110 200.03 0.44412E+00
! 102 205.05 0.39362E+00
! 92 210.05 0.33617E+00
1107 214.94 0.48582E+00
! 86 220.01 0.41211E+00
! 78 224.99 0.36276E+00
! 81 230.70 0.44415E+00
I 77 235,11 0.47647E+00
! 83 240.04 0.31638E+00
! 82 245,07 0.35745E+00

0
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3
3
3
3
3
3
3
3
3
3.
3
3
3
3
3
3
3
3
3
3
3

3
3
3
3
3
3
3
3
3
3
3
3
3
3.
3
3
3
3
3
3
3
3
3
3
3
3.
3.

!
!
I

!

av/lag!

.000!
5341
.532!
WA
L4691
.552!
L6791
501t
5461
L5111
497

3411

-4841
L5051
L5441
477!
L5131
L4951
.5531
L5361
.5371
L5341
L5841
.616!
L9791
L6061
.5781
L6251
.5881
L6371
L6091
L6421
L6261
. 6681
L6321
L6111

7101

L6361
L6631
6511
.6881
L7011
L6911
6871
L6761
.6281
L8671
.6221

7164
7351

(vertical variogram)

np

azimut

plung
azim.

plun. tol.=

dist
G.00
5.25
10.00
15.00
20.05
24.90
30.08
35.33
39.84
44 .99
49.49
54.99
60.20
64,42
0.00
0.00
0.00
0.00
0.00
.00
0.00
0.00
0.00
0.00
0.00
3.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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vario  av/lag!

.00000E+Q0
.26147E+00
.32010E+00
- 12366E+00
.96160E-01
.27920E+00
. 26404E+00
L64215E+00
.37909E+00
.32099E+00
.P0983E+00
-62330E+00
.92494E+00
-69260E+00
-00000CE+00
-00000E+00
-00000E+00
.00000E+00
.00000E+Q0
-0000CE+00
-00000E+00
-000Q0E+00
.00000€+00
.00000E+00
.00000E+00
-00000E+00
-00000E+00
-00000E+00
-00000E+00
.00000E+00
.00000E+00
.00000E+00
.00000E+Q0
.00000E+00
.00000E+00
.00000E+00
.00000E+00
.00000E+00
-00000E+00
.00000e+00
-00C00E+00
.00000g+00
.00000E+00
.00000E+00
.00C00E+00
.00000€E+00
-00000E+00
.00000E+0Q
-00000E+00
.00000E+00

0

0

3
3
3
3
3
3
3
3
3
3
3.
3
3
0
0
0
0
0
g
0
0

0
0
0
0
0
0
0
0
0
0
0
g
Q
0.
0
0
0
0
0
0
0
0
0
0
0
0
0

-00o!
23691
.5061
.5331
L6251
L5911
L6431
L5711
L6351
L7701
.5601
801!
LTET!
L747!
.000!
.0oot
.000!
.qo0!
.000¢
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Semi-variogram output for PS2

mean= {,35591E+01
variance= Q,15773E+01
# of data=

lag= 12.

0o
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6.00

(horizontal variogram)

azimuth = 0.0
plunge = 90.0
azim. tol.= 10.0
plun. tol.= 10.0
np dist 1/2 vario
4 0.87 0.72921E-01
52 13.05 0,23358E+00
90 24.84 0.39342E+00
113 36.84 0.434596+00
119 47,77 0.71551E+00
118 60.10 0.83087E+00
130 72.01 0.87949E+00
85 83.83 0.94623E+00
80 95.57 0.16412e+01
91 107.79 0.15069€+01
76 119.82 0.17966E+D1
44 132,07 0.18989E+01
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(vertical variogram)
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