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ABSTRACT

This work describes a new taxonomy for elastic, sedimentary porous media. The

taxonomy is synthesized for the investigation and characterization of ground-water flow

from accumulating developments in the genetic analysis of elastic, sedimentary

depositional structures. Genetic analysis recognizes spatial associations of elastic,

sedimentary structures imposed during genesis. The taxonomy is a nested hierarchy of

discrete elastic, sedimentary structures distinguished by the bounding surfaces created

during their emplacement and rearrangement. The investigation and characterization of a

specific ground-water flow system in elastic, sedimentary porous media can be improved

by imposing a structural context on lithologie observations, geophysical measurements,

head measurements, and hydraulic conductivity estimates. Globally-valid and

transferable descriptions of structures in the taxonomy from modern exposures, outcrops,

and densely sampled subsurface systems are modified to fit site-specific geologic

observations and measurements. A specific procedure is developed for applying the

taxonomy in the investigation and analysis of ground-water flow. The procedure

quantitatively measures the hydraulic validity of alternative geologic interpretations of

site-specific data under the taxonomy. The application of the taxonomy and procedure to

a typical set of data types, densities, and quality is illustrated with data from a site of

ground-water contamination investigation.
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CHAPTER 1
INTRODUCTION

1.1 Background

Groundwater flow models have two primary uses: prediction and

interpretation/analysis (Anderson and Woessner, 1992). Predictions are commonly made

of the responses of hydraulic head and flow rate to proposed groundwater projects.

Examples of proposed projects include:

• expansions of municipal or industrial water-supply wellfields,

• commencement or modification of artificial recharge/storage/recovery

operations,

• alternative diversions of surface water by groundwater pumping, and

• remedial actions for volumes of contaminated groundwater.

The predicted responses of a groundwater system to a proposed project or interfering

projects form a basis for critical professional judgments by hydrologists who assist in the

design of project components such as wells and spreading basins. Given the importance

of model predictions in assisting professional judgments, it is necessary to appropriately

apply simulation models for site-specific conditions and to appropriately incorporate the

available site-specific data.
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Models are also used to analyze the historic or current flow components of complex

groundwater systems. For example, the interaction of groundwater and surface water is

difficult to directly measure throughout a basin, yet regulation and conjunctive use are

best carried out if the interactions are quantified. Another example is analysis of

interacting flows between wells in a remedial wellfield operated to contain

contamination. The model and supporting analyses should exhaustively incorporate site-

specific data to result in a credible representation.

1.2 Motivation

The input parameters for groundwater flow models are uncertain, but especially so

in the case of hydraulic conductivity. The spatial variability of interconnected pore space

in the subsurface controls the variability of hydraulic conductivity, and in many locations

that variability is large - several orders of magnitude - between adjacent volumes.

Two primary lines of research have been pursued in investigating and describing the

spatial variability of hydraulic conductivity. One approach is to use available estimates

of hydraulic conductivity to infer the spatial variability in hydraulic conductivity in a

domain of interest. Substantial progress has been made in analyzing groundwater flow

using this approach, primarily through the concepts of regionalized variables and their

spatial statistics (Neuman, 1982; Gelhar, 1993).
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Another approach is to infer the spatial variation in hydraulic conductivity from

available geologic data. This approach assumes that geologic (interconnected pore space

or fracture space) variability also represents the variability of hydraulic conductivity.

The attraction of using geologic data is that a larger quantity of such data is typically

available relative to hydraulic testing data. The shortcomings of the approach using

geologic data to define the structure of hydraulic conductivity in ground-water flow

models include:

1) the sparse sampling of the subsurface by borehole s,

2) the qualitative nature typical of geologic information (i.e., descriptions),

3) the large range of hydraulic conductivity values reported for a typical description,

4) the lack of concepts or rules for associating typical qualitative descriptions, and

5) the lack of a precise language for structures of variation in hydraulic conductivity.

Thus, a typical task in using geologic data to define spatial variability has been to

correlate gravels with gravels, sands with sands, and clays with clays in three

dimensional space while maintaining horizontal boundaries. Research in sedimentology

indicates that significant improvements can be made when improved descriptive methods

and genetic concepts for association are employed (Miall, 1985).

Researchers in subsurface hydrology have begun to re-examine the use of geologic

data to infer the distribution of hydraulic conductivity in clastic, sedimentary porous

media (Anderson, 1989; Poeter and Gaylord, 1993; McCloskey and Finnemore, 1996).
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However, they depend on the identification of "sedimentary facies" which they group

into "hydrogeologic facies" (i.e., assign hydraulic significance) before correlation. The

term sedimentary facies does not have a useful definition - "a body of rock distinguished

by observable properties" - for those wishing to apply the idea on a specific site for the

analysis of groundwater flow.

Volumes of rock with distinctive, observable properties - facies - can be identified in

the same mass of rock on a wide range of scales: from cubic millimeters to cubic

kilometers. Which scale to pick and maintain consistently as a facies is left undefined

for the subsurface hydrologist. Since sedimentologists have many and varied goals in

investigating sedimentary rocks at a specific location, they are comfortable with the

flexibility of leaving the term facies generally undefined as to scale.

Furthermore, the selection of which property to use for distinguishing one facies

from another is left undefined. A natural solution to this problem as attempted by

subsurface hydrologists to date is to select hydraulic conductivity as the distinguishing

property and hence many have adopted Anderson's (1989) creation: hydrogeologic

facies. Unfortunately, this puts an investigator wishing to utilize geologic data for

analysis of groundwater flow in an untenable position since hydraulic conductivity

depends on the volume sampled and is not strictly sensible in outcrop, core, or

subsurface image.
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1.3 Hypothesis

Yet another approach would be to define a combined use of hydraulic

measurements/hydraulic conductivity estimates and geologic data that extracts the

relevant information in both. Such an approach has been used in the past. The typical

approach is to group available hydraulic conductivity estimates into zones of similar

value while considering geology. Unfortunately, neither the process of grouping

estimates nor the consideration of geology in this process have been formally described

or critically examined in the literature to date. The primary disadvantage of the typical

process as practiced to date is that it can not be clearly shown where the spatial

association of hydraulic conductivity estimates is preferred as opposed to where the

spatial association of geologic descriptions is preferred.

The premise of this dissertation is that elastic, sedimentary porous media have

globally-valid patterns of structure that can be used to incorporate typical, qualitative

geologic information into quantitative analyses of groundwater flow. This expansion on

the previous work relies solely on qualitative geologic descriptions to define discrete

volumes by genetic association on a clearly defined hierarchy of scales adjusted to the

structures identified at a given site.

The discrete volumes of a geologic model are populated with hydraulic conductivity

values derived from direct or indirect methods at the given site. The hydraulic

conductivity values of the discrete volumes are then tested and improved through
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maximum-likelihood parameter-estimation methods in the context of the observed flow

system (i.e., measured heads and flow rates).

The contribution of this dissertation is to bring context to both qualitative geologic

descriptions and to quantitative hydraulic measurements and parameter estimates. A

primary question to be answered in this process is whether structure can be organized for

any elastic, sedimentary porous medium. Just as the science of biology developed a

workable taxonomy for living organisms based on observation of essential structural

features and the genetic relationships of the organisms to one another, so too can the

sediments deposited and rearranged by natural processes be organized in a taxonomy.

This taxonomy for sedimentary structures was assembled from a number of recent

studies and review works in sedimentology. It promotes further thought and can be

refined. Structures on each level can be used to build structures on the next level. Each

level is sensible given sufficient exposure. If exposure is limited, repeatedly observed

associations - prototype external forms and internal construction descriptions -from

modern or ancient outcrop analogs can be transferred with credibility.

Another primary question to be answered is whether sedimentary grain-size

structures are also structures of variation in hydraulic conductivity. This question can be

answered in general terms based on theoretical and (an accumulation of) empirical

results. In addition, a process is defined here for answering this question specifically for

each site to which the taxonomy is applied.
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1.4 Scope of Contribution

The contribution of this dissertation is the definition of a taxonomy composed of a

nested hierarchy of structures useful for the analysis of ground-water flow. Only elastic,

sedimentary porous media without substantial alteration are considered here. Alteration

includes cementation and compaction among other processes imposed after deposition.

Therefore, massively-cemented or -compacted sedimentary deposits, chemical sediments,

igneous and metamorphic rocks are not considered here. The distribution of limited

cemented horizons can be an invaluable aid to recognition of sedimentary structures and

will be considered here.

The restriction of consideration here to elastic, sedimentary porous media still

encompasses a large range of ground-water flow systems of interest to subsurface

hydrologists. Extension of this work to other geologic media is encouraged. For

example, the imposition of alteration (e.g., the distribution of massive cementation) is

controlled to an extent by the structures described here.

With a taxonomy defined and critically evaluated, a process for its use in the

analysis of groundwater flow is presented and critically analyzed. Because the process of

using the taxonomy in the analysis of groundwater flow is dependent on the relationship

of hydraulic conductivity to sedimentary structures, that relationship is developed in

significant detail in Appendices D and E, but summarized in the main text of this

dissertation. As the process is assembled from accepted approaches, the development of
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groundwater flow equations and estimation of parameters by maximum likelihood are

summarized in Appendix F.

A set of geologic and hydraulic testing data was selected to illustrate application of

the new taxonomy and procedure. The set was selected because of the density of

boreholes and the care in geologic descriptions from standard drilling methods. Core

data are not available from the data set, but would greatly enhance the process developed

here. For examples of the use of core in recognizing sedimentary structures, the reader is

referred to a vast body of recent publications in petroleum geology.

1.5 Plan of Development

The new taxonomy is described and examined in Chapter 2. General application

and selected specific applications of the taxonomy to structures of interest to subsurface

hydrologists are developed in Chapter 3. The relationship of sedimentary structures

within the taxonomy to hydraulic conductivity is discussed in Chapter 4. Chapter 5

presents a specific procedure developed for applying the taxonomy using ground-water

flow models and a parameter estimation technique. A field application of the proposed

procedure is provided in Chapter 6. A summary discussion concludes this dissertation in

Chapter 7.
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CHAPTER 2

DEFINITION OF A NEW TAXONOMY

This chapter presents a new descriptive/genetic taxonomy developed for the

investigation and characterization of groundwater flow in the structures comprising

elastic, sedimentary porous media. The taxonomy is descriptive in that, given sufficient

exposure, the appearance of each structure can be observed and described. Where

exposure is limited, application of the taxonomy to the structures that are identified

limits the possible range of surrounding structures and establishes a context for selection

of prototypes from the sedimentology literature for prediction of the external forms and

internal construction of surrounding structures at a scale of interest. The taxonomy is

genetic in that spatial arrangements of the descriptive structures are associated by

consideration of the local causes of sediment transport and deposition.

A specific definition is presented here for each scale in the taxonomy. The

taxonomy comprises five primary scales of structures culled from accumulating literature

descriptions as being useful for groundwater flow-system analysis. The scales span the

range between individual packages of sediment deposited instantaneously to elaborate

assemblages which accumulate to fill the extents of basins over millions of years.

Each primary scale structure occurs singly or repeatedly stacked into a set. Each

scale is a structure relative to larger and smaller sets of structures. Absolute sizes are not

useful for defining scales in elastic, sedimentary porous media described to date in the
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accumulating literature because the absolute sizes of structures vary so widely - and

overlap between scales - while the relative positions within the nested hierarchy of the

taxonomy do not appear to vary.

The taxonomy is a nested hierarchy. Each structure fits together with other

structures and each scale is ranked. Each structure is an assemblage of smaller scale

structures which in turn are assemblages of smaller scale structures. The structures at

each scale have distinctive external forms and internal construction, and there are distinct

breaks between scales. The distinctive external forms, internal construction, and distinct

breaks are products of thresholds of energy in depositional processes at work in a given

location.

Individual sedimentologists have studied and recognized organizations of elastic,

sedimentary rocks on a few scales and have used a variety of distinguishing properties,

but a wide range of structure scales has not been assembled with the needs of subsurface

hydrology in mind. Subsurface hydrologists, whose mission is to identify scales of

heterogeneity in hydraulic conductivity and estimate values for hydraulic conductivity,

have begun to incorporate a few ideas of sedimentologists. However, both the

sedimentology and subsurface hydrology literature currently lack a clear set of definitions

with broad applicability. Indeed, a common language is lacking for common discussion

and application of genetic sedimentary structure analysis to subsurface hydrology.

The taxonomy described in this chapter provides for common discussion and

expanded application of description based on elastic sedimentary structures and genetic
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association of the structures in space. For readers who may find it useful, Appendix A

contains a current primer on sedimentology. The application of the taxonomy is

developed in expanded practical specificity in Chapter 3.

2.1 Related Work

There is a substantial body of work in the literature of subsurface hydrology,

petroleum engineering, and sedimentology related to the classification of subsurface

structures. While the classification schemes of subsurface hydrology and petroleum

engineering may be intended for all porous media, an emphasis on sedimentary structures

is obvious in their descriptions.

Subsurface hydrology classification schemes focus on the scales of application of

equations describing groundwater flow (Dagan, 1986). Particular emphasis is given in

subsurface hydrology to the scale at which the hydraulic approach (vertical averaging)

can be applied (Bear, 1979). Petroleum engineering classification schemes focus on the

scales investigated with various tests - core analysis, geophysical logs, discharge tests,

etc. (Haldorsen, 1986). Recent sedimentology classification schemes focus on the

genetic association of structures in elastic, sedimentary porous media as controlled by

transport and deposition processes (Miall, 1996; Leeder, 1993). Classification of rocks

other than, or more general than, sedimentary typically use mineralogy as the

distinguishing characteristic and use classical geology to assign labels of formation,
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member, or submember to a body of distinct mineralogy. The more general classical

geology approaches do not have a clear tie to hydraulic conductivity and will not be

considered further here, except to note synonymous terminology.

Appendix B presents a review of classification schemes applied to sedimentary

porous media in the literature to date. The results of that review can be summarized as

follows:

1. the subsurface hydrology schemes can be made more useful if multiple scales of

variability in hydraulic conductivity at a specific location are characterized with

available geologic data before a volume-averaging approach is selected and

applied to the groundwater flow equation,

2. the petroleum engineering schemes can be made more useful to subsurface

hydrology if the volumes investigated by various testing methods are compared,

and subsequently adjusted, to the multiple scales of volumes of discrete changes in

permeability (a linear transform of hydraulic conductivity), and

3. the sedimentology schemes can be made more useful to subsurface hydrology if

the available descriptions of structures are efficiently combined and organized to

represent variability within a wide range of scales of structures in any location.

The measures of sediment variability should be those that represent variability in

hydraulic conductivity.
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The use of geology, specifically sedimentology, in subsurface hydrology to classify

variability in hydraulic conductivity was proposed by Anderson (1989, 1991). In a

comment on the work of Neuman (1990), Anderson (1991) labeled the local natural

dominant modes of spatial variation in hydraulic conductivity noted by Neuman (1990)

"facies". See Appendix A for a discussion of the term facies - it means face or external

aspect. Neuman (1990; and later in 1994) had summarized data which together indicate

that the variability in hydraulic conductivity in all porous and fractured media increases

with the scale of testing. Anderson (1989) had previously developed the idea of using

sedimentary facies as a guide to defining what she labeled "hydrogeologic facies". She

attributed homogeneity and anisotropy to hydrogeologic facies and concentrated on

facies she recognized in glacio-fluvial sediments, but limited consideration to an

undefined large scale and hinted at regional facies as well. Unfortunately, Anderson

(1989, 1991) did not attempt to use sedimentary structures to explain local natural

dominant modes on multiple scales as highlighted by Neuman (1990; 1994).

Poeter and Gaylord (1990) selected lithofacies as the "principle hydrogeologic units

of interest" for understanding the transport of tritium in a shallow aquifer. The definition

of lithofacies developed by the authors is: "a three-dimensional sedimentary body of

similar textural character which is smaller and more hydrologically significant than a

litho-stratigraphic unit". Formations were the litho-stratigraphic units identified

previously at the site. They combined lithofacies descriptions derived from drilling

return descriptions into mud-, sand- and gravel-dominated groups and inspected plan-
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view and cross-sectional plots of the results. The authors noted what they called tracts

(apparently associations) of lithofacies that they correlated with bulges in the plume of

advancing elevated tritium concentrations. Although referenced, the works of

sedimentologists such as Walker (1984) and Miall (1978a, 1985) were not applied to

associating the lithofacies. Only a caution in applying the vertical profile models of

litho facies (Walker, 1984) was provided.

Ritzi and others (1995) defined sediments to be homogeneous at the scale at which

they have unimodally-distributed permeability. They refer to structures at this scale of

uni-modal distribution as facies when considering their common composition, texture

and geometry and as hydrofacies when considering their common hydraulic properties.

Unfortunately, the volumes investigated by the permeability estimates which are grouped

and from which uni-modality is observed was not discussed. Uni-modality may appear

to occur on multiple scales in a given domain and lead to repeated and therefore

confusing use of the term hydrofacies on different scales for the same location. The

application of the authors definition of hydrofacies is to group all drilling-return

descriptions into either aquifer or aquitard facies and investigate their association with

indicator spatial-correlation methods in the spirit of Johnson and Dreiss (1989).

Although retrospective discussion of sedimentary concepts is provided after the spatial

correlation analysis, genetic association of the individual geologic observations was

ignored.
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Koltermann and Gorelick (1996) recently organized and reviewed potential

approaches to incorporating geologic data into models of subsurface flow and transport

in clastic sedimentary porous media by defining what they called a composite

classification of scales. The scales and their approximate lengths as presented by

Koltermann and Gorelick (1996) are:

• (Multiple) Pores (10 -3 m),

• Depositional Flow Regime Features (10 -2 m),

• Stratification (100 m),

• Channels (10 1 m),

• Depositional Environments (103 m), and

• Sedimentary Basins (105 m).

They presented five criteria to be addressed by each scale:

1. associated with specific depositional processes affecting permeability,

2. recognizable in the field,

3. applicable to all depositional environments,

4. relate measurement volumes to measured geologic features, and

5. consider the effects of diagenesis and deformation.
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The multiple scales listed by Koltermann and Gorelick (1996) are a step towards a

hierarchy of general application. Unfortunately, they mix numerous concepts:

stratigraphy, environment, flow regime, and structures. Each scale of structures can not

be assembled consistently from the smaller scale structures. While the concepts

summarized by Kolterman and Gorelick (1996) (and other concepts) do come into play

in a thorough analysis, a consistent characteristic is needed to define a range of scales

useful for application. Indeed, some of their concepts are not always useful for

separating scale: environment is not a scale, but is instead a set of conditions imposed on

all scales; channels are present in multiple scales; channels are not structures in some

depositional systems; and stratification is a characteristic of sedimentary structures of all

scales. Finally, the critical input of sequence stratigraphy is ignored. In essence, this

newest classification scheme does not incorporate accumulating descriptions of elastic,

sedimentary porous media.

As an improvement over the existing schemes for recognizing, describing, and

classifying elastic, sedimentary structures, the present work uses the approach that each

scale clearly defines building blocks for the next larger scale. Purely descriptive terms

are used for the scales, and their associations are interpreted from genetic principles.

The connection of elastic sedimentary structure to hydraulic conductivity is

important for use of the taxonomy in groundwater flow analysis. This connection is

described more fully in Chapter 4 and is based on the premise that the variation in

hydraulic conductivity of a volume of elastic, sedimentary porous medium is directly
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related to the variation in grain-size distribution (mean and variance). Due to its genesis,

a stratum (the fundamental structure scale in the taxonomy) has a continuous distribution

of grain-size and therefore also of hydraulic conductivity. Unique assemblages of strata

are unique assemblages of hydraulic conductivity. The taxonomy places this relationship

in context and describes the nested assembly of strata.

The extents to which the spatial variations of hydraulic conductivity in a selected

scale of structures are significant depends on the purposes of a study and the required

resolution of a simulation. Such significance is not an inherent property of a porous

medium and is addressed specifically in the process developed in Chapter 5 for use of the

new taxonomy. The more immediate goal for this chapter is to develop a clear language

for organizing the variability in grain-size distribution on a broad range of scales, and for

all elastic, sedimentary porous media.

Many hydrologists already consider relatively large-scale controlling factors when

inferring the distribution of coarser-grained sediments. This inference process is called

hydro-stratigraphic correlation. The difficulty with hydro-stratigraphic correlation is that

the hydraulic significance of sediments is interpreted and observations are grouped prior

to assembly. The genetic context of a geologic observation is thus cast aside just before

it is most needed. However, the heritage of defining and analyzing flow in aquifers and

confining units is not lost with the new taxonomy. Instead, its past successes and

shortcomings can be clearly understood from the perspective of the new taxonomy. A

process is developed in Chapter 5 which allows the application of the hydraulic approach
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to be placed on firmer ground. Hydraulic interpretation is imposed here after genetic

associations are established on multiple scales.

2.2 Taxonomy Definition

Clastic, sedimentary porous media are naturally organized on multiple scales in a

hierarchy of nested structures with distinctive external forms and internal construction.

Scale is defined here to be the volume of a given structure relative to the volumes of

larger, enclosing structures and to the volumes of smaller structures that it encloses.

Scale is used here as a description of relative position in the hierarchy rather than

absolute volume because, although a range of dimensions can be defined for the locally

identified structures of a selected scale, absolute volume is not a general measure of scale

for elastic sedimentary structures. The nested hierarchy is a specification of relative

positions found in all elastic sedimentary porous media.

The depositional processes operating within the conditions of a local environment

create distinctive structures with external forms and internal construction recognizable in

surface exposure, subsurface imaging, or borehole. The complete organization of a

elastic sedimentary porous medium at a specific location will likely never be elucidated,

but essential structures and associations of structures have been repeatedly observed

around the earth and in sedimentary media deposited throughout the earth's known

history.
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The commonality of essential structures is attributed to the commonality of

materials present on the earth's surface and the commonality of the processes operating

on the earth's surface. A limited number of essential features arises from the limited

number of materials and processes occurring on the earth's surface.

The structures created by sedimentary deposition are organized into a simplified

classification scheme called a taxonomy to invoke an intuitive analogy to the accepted

organization of living organisms. The contributions of numerous sedimentologists are

assembled as deemed appropriate to assist the science of subsurface hydrology. As in

biology, the taxonomy does not deny variability, but organizes essential structures and

elucidates their associations. Conversely, local variations do not negate an essential

structure, but provide additional information about the local depositional environment.

As with the taxonomy of biology, the taxonomy developed here is a tool for promoting

an understanding natural complexity, not an inflexible set of rules. Critically-examined

refinement of the taxonomy proposed here is to be expected and encouraged.

Inspection of numerous, detailed site-specific descriptions of sedimentary rocks and

structural organization schemes indicates that sedimentary depositional structures are

currently described in the literature with a bewildering array of names and sizes. In the

spirit of Walker's (1984) description of how professional judgment must be used to "boil

away" unimportant variability from the "essence" of the then popular vertical facies

model, the essence of clastic sedimentary structures on a broad range of scales has been

reduced to the following taxonomy:
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1) Stratum,

2) Architectural Element,

3) Architectural Element Complex,

4) Depositional System, and

5) Depositional System Complex.

This taxonomy of five scales was inspired by the work of Miall (1996) in distilling

the structures of fluvial systems. The contribution of this dissertation is in extending the

work of Miall (1996) to all known depositional systems and developing specific

definitions for each scale. The smallest scale of this taxonomy (stratum), and the sets

they are assembled by (strata set and coset) are adopted from McKee and Weir (1953)

because of their enduring clarity of definition. The comments of Bridge (1993) with

respect to grammar were considered in modifying the definitions of McKee and Weir

(1953). The Unified Soil Classification System is used to further quantify the internal

construction of strata.

Larger scales in the taxonomy were modified primarily from the works of Fisher

and Brown (1972), Walker (1984), Miall (1985, 1988, 1996), and Galloway and Hobday

(1996). In all circumstances, the practical needs of subsurface hydrology were

considered in distilling down to a concentrate of essential structures while allowing

extraneous features to boil away. Definitions and discussions of each level of structure

in the taxonomy follow.
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At each scale, the structures may be repeatedly stacked into what are termed sets in

this taxonomy. Between deposition of structures, erosion may bevel their upper surfaces

and a stratum of distinct grain-size distribution may be deposited across the upper

surface of the structure. Repeated stacking, erosion, and draping by inclusions should be

considered when conducting genetic analysis of a given site.

2.2.1 Stratum

A stratum is a single layer of apparently homogeneous or gradational accumulated

grains, separated from adjacent layers by surfaces of abrupt changes in grain-size

distribution (modified from McKee and Weir, 1953).

The stratum is the fundamental sedimentary unit. It represents a continuous pulse of

sediment migration that upon deposition creates a volume of continuous variation in

grain size. The abrupt change in grain size that bounds a stratum is caused by erosion of

the top of a stratum or a pause in deposition before deposition is resumed, but with a

volume of sediment with a different grain-size distribution.

A stratum contains visually continuous structure. Within a stratum is a complex

structure labeled variously by others as the grain network, pore network, etc. An

extensive body of literature provides descriptions of the analysis of variability at the

scale within strata, with some emphasis on the use of percolation theory (Korvin, 1992).
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Although it has the greatest potential for being so, a stratum is strictly not

homogeneous in terms of hydraulic conductivity. Heterogeneity in hydraulic

conductivity is present within a stratum because of visually continuous grain-size

variations within a stratum.

A stratum can be smaller than 1 millimeter in a lacustrine clay lamina or larger than

several meters in a an inclined eolian sand bed. Thus, as with the other structure scales

in the hierarchy of the taxonomy, it is important to recognize a stratum-scale structure in

the context of its placement relative to other structures in the hierarchy.

Visually continuous variation of grain-size is a diagnostic feature of individual

strata, although careful scrutiny is required to ensure that strata-bounding surfaces are not

missed. The sediment-gravity flows of Miall (1985, 1988, 1996) lithofacies scheme are

considered strata in this taxonomy.

A thorough description of a stratum includes:

• external form;

• thickness, length and width;

• basal surface shape,

• inclination with respect to basal surface,

• internal structure, and
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• grain-size distribution.

Popular names for strata are regarded here solely as specific expressions of

thickness: lamina (< lcm) or bed (>1 cm). See McKee and Weir (1953) for an expanded

set of terms for thickness ranges. If quantitative measurements are included in a

description, then only the term strata is needed (e.g., strata ranging in thickness from 1 to

5 mm). The popular suffix "cross-" (e.g., cross-beds, cross-lamina) is an expression of

inclination. The suffix "cross-" should be replaced by the term inclined and enhanced

with quantitative measurements of angle (Bridge, 1993).

The following popular names for shapes can be used in description to provide a

bridge to the past, but they should be subordinate to quantitative measures (radius of

curvature, angle of axis, wavelength or frequency):

• external shape (e.g., lens, wedge, tabular, irregular, etc.),

• bounding surface (e.g., smooth, rippled, flaser, wavy, contorted, irregular, etc.),

• basal surface (e.g., trough, planar, simple, sigmoidal, semi-ellipsoidal, etc.), and

• internal structure (e.g., massive, graded, inverse-graded, contorted/irregular, etc.).

The volume-averaged grain-size distribution in a stratum is described quantitatively

by application of the Unified Soil Classification System as presented in Table 2.1

(USCS) (ASTM, 1994).
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Table 2.1 The Unified Soil Classification System

Description Symbol Pçi:ipio Symbol

Well-graded Gravel GW

GP

GM

GC

SW

SP

SM

Clayey Sand SC

ML

MH

CL-ML/
ML-CL

CL

CH

(<5% fines,<15% sand)

Poorly-graded Gravel

(13-49% fines,<15% gravel)

Lean Silt
(<5% fines,15-30% sand)

Silty Gravel

(<15% coarse, 0% clay)

Elastic Silt
(13-49% fines, <15% sand)

Clayey Gravel

(<15% coarse, 0% clay)

Silty Clay/Clayey Silt
(13-49% fines, <15% sand)

Well-graded Sand

(<15% coarse,>15% silt/clay)

Lean Clay
(<5% fines,<15% gravel)

Poorly-graded Sand

(<15% coarse, 0% silt)

Fat Clay
(<5% fines,15-30% gravel)

Silty Sand

(<15% coarse, 0% silt)

(13-49% fines,<15% gravel)

(see ASTM (1994) for specific terminology for more complex mixtures)

Although it includes some details more of interest to geotechnical engineers

concerned with structural strength, the USCS has become widely applied and familiar to

most field geologists. The USCS can be applied to both the results of laboratory sieve

analysis/liquid limit tests and to visual inspection in the field (ASTM, 1994). When

available, distribution parameters should also be provided: mean and standard deviation,

or median and quartile/decile ranges.

The USCS provides a quantification in symbols with respect to grain-size

distribution clearer than simple tripartite codes (G-gravel, S-sand, and F-fines)
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commonly applied by sedimentologists in genetic analysis. Although quantitative and

broadly applicable, the USCS does not consider the elastic sedimentary structures present

in a sediment sample (indeed it is based on sieving of samples). The lack of structure

considered in the USCS is its downfall in terms of its use for genetic association. To

improve on the USCS, strata descriptions are added as described above.

Strata are assembled into architectural elements in one to three steps. The most

elaborate assembly is from strata to strata sets to cosets to architectural element (Figure

2.1). However, a single stratum can comprise an architectural element (e.g., a sediment

gravity flow lobe).

A strata set comprises two or more essentially conformable strata separated from

adjacent strata sets by surfaces of abrupt changes in grain-size distribution or strata

orientation (modified from McKee and Weir, 1953). A strata set is deposited by a train

of consistent sediment pulses. Transport directions are constant, but the magnitude of

sediment transport is intermittent. Some variation in bulk grain-size distribution between

two adjacent strata or between the top of one stratum and the base of the next stratum

must be present for a new stratum to be realized. The truncation of stratum boundaries at

some angle to their otherwise consistent orientation defines the boundary of a strata set.

When strata sets are identified, they should be described as completely as possible.

Description of a strata set includes the orientation with respect to the basal surface, and

the ranges of thicknesses and grain-size distributions in the strata.
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Figure 2.1 Assembly of an Architectural Element
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If a stratum of a distinctive grain-size distribution is deposited between strata sets, it

should be described as a stratum given above. Distinctive stratum drapes between strata

sets are commonly observed by sedimentologists.

A coset comprises two or more strata sets sharing a consistent dominant

stratification type, bounded by surfaces of abrupt changes in stratification type or grain-

size distribution (modified from McKee and Weir, 1953). A coset is formed by the

action of an essentially constant transport vector at a specific location in a transport

vector field. Minor variations in directions and magnitudes of a transport vector at a

location of coset accumulation lead to unconformity in strata sets within a coset. The

variations in space of the transport vector field impose the unique spatial location of the

consistent strata sets that comprise a coset. A large and sudden change in the transport

vector at a specific location creates a new coset at that location. Erosion or pauses in

deposition provide for the change in direction of the transport vector at a location. Note

that the strata in the coset are not, on the whole, conformable. Strata are conformable by

definition only within individual strata sets.

The "lithofacies" of Miall (1978a, 1985) can be strata sets or cosets. Although

variously intended in previous studies, it is likely that when a geologist refers to a

sedimentary facies or lithofacies, what is referred to is a coset.

Since the stratification type is constant in a coset, the grain-size distribution is

relatively constant as well. This observation leads to the temptation to select cosets as

structures with homogeneous hydraulic conductivity (see the hydrogeologic facies of
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Anderson [1989] and the hydrofacies of Ritzi and others [1995]). Unfortunately, it is

clear from the construction of a coset that it is not homogeneous with respect to

hydraulic conductivity. The many juxtapositions of strata with varying and graded

grain-size leads to significant variability in hydraulic conductivity. This variability has

been demonstrated in minipermeameter studies of elastic sedimentary structures

summarized in Appendix E. The process for using the new taxonomy for analysis of

groundwater flow presented in Chapter 5 addresses the selection of scales of structures to

represent variability in hydraulic conductivity for a given predictive resolution.

When cosets are identified, they should be described. The description of cosets

should include the nature and relationship of constituent strata sets. When a stratum of

distinctive grain-size distribution drapes a coset, it should be described as a stratum

given above.

A set of symbols is useful for plotting and visualizing the associations of cosets.

Miall (1996) presents the latest in many refinements to a shorthand for lithofacies (coset)

description which Bridge (1993) criticizes as limiting quantitative description. A

modification of Miall's (1996) acronyms is developed here for the many subsurface

hydrologists who have subscribed to the USCS. In essence, a code for the dominant

strata type is appended to the USCS codes to create an acronym for visual plotting.

Table 2.2 presents a set of acronym symbols for appending strata type to the USCS

grain-size distribution dominance symbol. By adding structure (strata type) to the USCS

codes the data needed for genetic association are provided.
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Table 2.2 Symbols for Dominant Stratum Types

Dominant Stratum Type Symbol

Horizontal Lamina, Beds

Planar Inclined Lamina, Beds

Simple Inclined Lamina, Beds

Trough Inclined Lamina, Beds

lh, bh

lpi, bpi

lsi, bsi

lti, bti

A more complete description of the strata, strata set, and cosets should be provided in

text form as a supplement to the acronyms.

The following are examples of coset descriptions useful for genetic association

within the taxonomy:

• a sandy gravel (median and inter-quartile range given) with uniform, planar,

inclined (range of observed angles given) beds (range of observed thicknesses

given) with inverse-graded internal structure [GP-bpi];

• a silty clay (median and inter-quartile range given) with uniform, rippled

(observed dominant wavelength given), flat (range of observed angles given)

lamina (range of observed thicknesses given) with massive internal structure [CL-

ML-1h];

• a sandy silt with horizontal (range of observed angles given) beds (range of

observed thicknesses given) alternating between fine sand (median and inter-
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quartile range given) and silt (median and inter-quartile range given) with

normal-graded internal structure [ML-bh/SW-bh].

Note that genetic terminology is avoided in the description of cosets, yet the data are

provided for genetic association at the architectural element and larger scales. Note also

the expansion of description beyond the USCS method used in current subsurface

hydrology practice.

The boundary of a coset is created by truncation of the strata sets before continued

deposition. A significant pause in deposition of cosets with or without erosion of the

uppermost strata divides the accumulating strata sets into cosets and provides for an

abrupt change in grain-size distribution. One important division between cosets is a low

angle (<15 0 ) erosion surface dipping in the direction of accretion in fluvial deposits

(Miall; 1988, 1996). The erosion truncates individual strata, defining a spatial variation

of grain-size distribution.

An important division between the cosets is a stratum of fines (silt, clay) laid across

the upper surface of a coset. Such strata are commonly termed mud drapes. A change in

the source of sediment can also provide a change in grain-size distribution when coset

deposition is resumed. Inclusions between cosets may not always be present. The

inclusions of shales in otherwise sand or gravel-dominated cosets is a primary interest of

petroleum engineers implementing stochastic approaches. When inclusions between

cosets are identified, they should be identified with the descriptions provided above for

strata.
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2.2.2 Architectural Element

An architectural element is a component of a depositional system, built from

strata, strata sets, or cosets, and characterized by distinctive: external form, strata/strata

set/coset assemblage, internal geometry, and, in some instances, vertical profile of grain-

size variation (modified from Miall, 1996, page 91). Architectural elements are bounded

by surfaces of abrupt changes in strata, strata set, or coset association.

An architectural element is a genetic association of strata (which may also be

grouped in sets) dictated by the dominance of a single depositional process operating

with the limits of the enclosing architectural element complex and depositional system.

Changes in direction of the vector field of the dominant process lead to variation in

structures assigned to the coset scale. The architectural element encloses the variability

of a single process with an associated, essentially stable, transport vector field.

Examples of dominant processes include vertical accretion, lateral accretion, radial

dispersal, dune migration, etc.

Miall (1985, 1988, 1996) has been the chief protagonist in the identification and

organization of architectural elements for fluvial systems. Eight architectural elements,

built from twenty essential lithofacies (his definition) are sufficient for Miall (1985) to

construct any observed fluvial depositional system. Based on concerns of the types

voiced by Bridge (1993), the lithofacies and architectural elements of Miall (1996) can

be modified and made more descriptive.
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The concept of building architectural elements with distinctive external forms from

genetic association of strata/strata sets/cosets, is equally valid for depositional systems

other than fluvial. Extensions to a few depositional systems other the fluvial were

initiated by Miall (1996). When descriptions of sedimentary media in all depositional

systems are compared to a limited number of architectural elements, the occurrence of a

few architectural element scale structures in widely varying depositional systems is

striking. This observation leads to adoption of the architectural element scale as a

primary scale for application of genetic analysis within the taxonomy. The taxonomy

can be used to assemble any observed elastic sedimentary porous medium from

architectural elements.

The number of architectural elements identified from review of published

descriptions of all types of recognized depositional systems is limited - twenty eight in

this synthesis - and is provided in Table 2.3. Where Miall's (1996) architectural

elements are similar, they are provided for comparison. The open and closed parentheses

before each architectural element hold a place for the US CS-form description of grain

size (see Table 2.1) and stratum type (see Table 2.2) dominant in the architectural

element.

A thorough description of an architectural element includes an extended text

discussion of:

• bounding surface shape,
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Table 2.3 Selected Architectural Element Structures
Taxonomy Architectural Element Miall (1996) Code

() Simple directional-accretion bar (also wedge/lens /ridge/dune/wave)

() Compound directional-accretion bar (also wedge/lens /ridge/dune/wave)

() Simple channel floor migration sheet (also lens/ribbon)

() Simple channel scour fill lens (also ribbon)

() Simple channel-confluence scour fill lens

() Braid-plain migration sheet (also ribbon)

() Levee crevasse fill ribbon

() Turbidity-current scour fill ribbon

() Storm-current redistribution sheet (also arc/lens)

() Levee washover settling wedge (also arc/lobe/splay)

() Sub-aerial sediment gravity-flow lobe (also wedge/arc/splay)

() Sub-aqueous sediment gravity-flow lobe (also wedge/arc/splay)

() Levee crevasse settling splay (also lobe/arc)

() Barrier bar washover settling lobe (also arc/splay)

() Turbidity-current settling lobe (also arc/splay)

() Subglacial Till aggregation lobe (also lens/arc)

() Marginal/Proglacial Till aggregation ribbon (also lens/lobe/arc)

() Supraglacial Till aggregation ribbon (also lens/lobe/arc)

() Contour-current redistribution lens (also lobe)

() Proximal floodplain spreading arc (also lobe/wedge/ribbon)

() Distal floodplain spreading arc (also lobe/wedge/ribbon)

() Waning flood settling lens (also lobe/ribbon)

() Prodelta spreading lobe (also arc)

() Sub-aerial settling lens (also ribbon)

() Biomass aggregation lens (also lobe/arc/ribbon)

() Epilimnion settling arc (also ribbon)

() Hypolimnion settling lens (also lobe)

() Hemipelagic settling arc (also lobe/lens)

() Biological activity imprint arc (also lobe/lens)

() Chemical precipitation imprint arc (also lobe/lens)

LA, DA, SB

LA, DA

SB, GB, HO

CH, SB, FF

HO

GB, SB, CH

CH, CR

CH

SB, LS

LV, SB, LA

SG, GB

SG, GB

CS, SB, LS

CS, SB, LS

CS, SB, LS

SG, GB, FF

SG, GB, FF

SG, GB, FF

SB, LS

FF, CS, LS, SB

FF, CS

FF

FF, CS,LS, SB

LS, SB

FF

FF

FF

FF

FF

FF
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• nature of, and relationship between, constituent strata/strata sets/cosets;

• length, width, thickness of external form, and

• significant inclusions between cosets.

In place of the architectural element acronyms defined by Miall (1996), the

dominant strata type, process and external shape of the architectural element are

described in full text here when naming an architectural element. Acronyms are not used

in this taxonomy because the details of the form and coset associations in local

architectural elements may be diverse and yet important at a local site.

Strata, and their repetition in sets are described as above. In addition, the genetic

process with setting as an adjective is included in each architectural element description.

These two descriptive terms provide consistency in description and interpretation

promoted by Bridge (1993). For example, the following are architectural elements: a

sandy-clay, horizontal lamina-dominated, distal-floodplain spreading sheet; a silty-sand,

horizontal lamina-dominated, turbidity-current scour fill ribbon; and a sandy, trough

inclined bed-dominated, channel-floor migration sheet.

Architectural elements are assembled into architectural element complexes. In

addition, architectural elements within a complex may be repeatedly deposited, with or

without intervening erosion, in a stacked arrangement.

An architectural element set is a stack of essentially conformable architectural

elements separated by surfaces of abrupt change in strata assemblage. The repeated
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stacking of architectural elements in a complex can occur while deposition is paused or

continuous in adjacent architectural element complexes. When sets are identified the

nature of the constituent architectural elements and their relationships are described.

When a stratum of distinctive grain-size distribution drapes an architectural element, it

should be described as a stratum given above.

2.2.3 Architectural Element Complex

An architectural element complex is two or more architectural elements which

together fill a distinctive geometric form, bounded by abrupt changes in associations of

architectural elements. The primary architectural element complexes identified in this

work are listed in Table 2.4. Figure 2.2 shows an example of assembly of architectural

elements into architectural element complexes.

An architectural element complex is a contemporaneous genetic association of

architectural elements. Specifically, architectural element complexes are formed from

the contemporaneous competition of architectural elements to fill a limited space. The

result is a larger scale distinctive external geometric form. The space may be limited by

basin extents or by energy available to transport sediment or to cut into a previous

surface.
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Table 2.4 Selected Architectural Element Complex Structures

Taxonomy Term Common Names

Isolated Channel Complex

Channel Margin Complex

Floodplain Complex

Proximal/Mid-fan/Distal Dispersal Complex

Distributary Channel Complex

Core Evaporation Complex

Transitional Settling Complex

Marginal Settling Complex

Core Hypolimnion Complex

Marginal Epilimnion Complex

Lobe Complex

Subglacial Aggradation Complex

Supraglacial Aggragdation Complex

Marginal Aggradation Complex

Core Draa Complex

Marginal Sheet Complex

Delta Front Complex

Prodelta Complex

Strand/Barrier Bar Complex

Bay/Estuary/Lagoon Complex

Tidal Flat Complex

Ridge and Wave Complex

Hummocky Storm Sheet Complex

Slope Gravity Slide Complex

Slope Canyon Complex

Current Redistribution Complex

Channel Belt, Turbidite Swarm

Levee

Floodplain, Floodbasin, Delta Plain

Apex, Mid-fan, Braidplain

Distributary

Playa Center, Salt Flat

Mud Flat

Sand Flat

Lake Bed

Lake Bed

Lobe Swarm

Basal Till

Meltout Till

Proglacial Apron

Sand Sea

Sand Flat

Hummocky Cross-stratified Beds

Contourite



Architectural Element:
Sand-dominated,
Inclined bed-dominated,
Downstream-Accretion Bar

Architectural Element:
Gravel-dominated,
Inclined bed-dominated
Lateral-Accretion Bar

Architectural Element Complex:
Compound Channel

Figure 2.2 Assembly of an Architectural
Element Complex
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The associations of architectural elements in an architectural element complex form

contemporaneously, side-by-side and have been given the special term "coeval" in

sedimentology. Sediment deposition may essentially cease outside of an individual

architectural element complex while it is constructed. This leads to local variability not

expressed across the remainder of the basin of interest.

The primary architectural element complex investigated in the fluvial and delta

sedimentology literature is the compound channel. Compound channels are filled with

distinctive bar, lens and ribbon-shaped architectural elements and are given descriptors

such as meandering, braided, straight and anastomosing.

A thorough text description of an architectural element complex includes:

• external bounding shape,

• length, width, and thickness, and

• nature and relationship of constituent architectural elements.

Architectural element complexes are assembled into depositional systems. In

addition, architectural elements within a complex may be repeatedly deposited, with or

without intervening erosion, in a stacked arrangement.

An architectural element complex set comprises two or more architectural element

complexes stacked essentially conformably, and separated by surfaces of abrupt changes

in architectural elements. Complexes of architectural elements can be repeatedly
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deposited over time in various spatial orientations with respect to the previous

deposition. When architectural element complexes are repeatedly deposited, with or

without erosive modification of preceding complexes, the resulting clustering of

complexes are often described as reactivations of processes operating in the complex.

Examples are common in fluvial and delta depositional systems and include channel

belts, lobe swarms, and "paleovalleys". The classical geology term for extensive clusters

of architectural element complexes (architectural element complex sets) is member or

submember. When a stratum of distinctive grain-size distribution drapes an architectural

element complex, it should be described as a stratum given above.

Stochastic studies of interconnection, common in the petroleum industry, are

typically focused on architectural element complex sets. If the architectural element

complex sets are clustered closely in space, they can create an overall dominance of a

distinctive grain-size. Fogg (1986) noted that if elongate sand bodies (architectural

elements) in the fluvial depositional systems he investigated, when viewed as a group

(architectural element complexes), comprise more than 60% by volume of a domain,

then interconnection is essentially complete. Bridge and Mackey (1993) numerically

simulated and analyzed numerous fluvial and delta channel and concluded that all

channels in a channel belt are connected if they comprise more than 75% of the domain

by volume (a measure they termed channel deposit proportion [CDP]). All channels are

separate if the CDP is less than 0.4.
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2.2.4 Depositional System

A depositional system is two or more architectural element complexes which fill

one of ten currently recognized external forms. The ten recognized depositional systems

are listed in Table 2.5. Assembly of architectural element complexes into a depositional

system is shown in Figure 2.3. Depositional systems are bounded by surfaces of abrupt

changes in the types or associations of architectural element complexes.

A depositional system is the ultimate genetic structure since it encloses a unique and

contemporaneous assemblage of sediment dispersal processes and materials. The term

system denotes the linkage of structures by processes to create a functional whole

(Galloway and Hobday, 1996). Depositional systems handle transport of sediments from

a source or sources to their place of deposition. The interaction of processes with a given

source of sediments creates forms obvious in aerial or satellite photography (e.g., delta,

alluvial fan, playas, etc.).

Such a general definition would be difficult to apply in identifying structures if it

were not for the limited number and distinctive essential shapes of depositional systems

recognized on earth. The depositional system scale is a particularly useful scale to work

from since the essential process associations and geometric forms are distinctive.

Numerous publications describe the outlines and variability of depositional system

forms.
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Table 2.5 Depositional System Structures

Recognized System Dominant Process Combinations

Fluvial Dispersal of sediments from higher to lower continental
topography by water flowing in channels and over-topping or
cutting through channel margins.

Alluvial Fan Dispersal of sediment from a narrow, elevated orifice to lower
planar surfaces of continental topography by flowing water,
initially by sheet flow, followed by cycles of entrenchment and
back-filling in and over-topping the trenches (channels).

Glacial Dispersal of sediment from higher to lower continental
topography by entrainment, accumulation and redistribution on,
in, and below a massive ice body.

Eolian Sub-aerial dispersal of sediment across continental topography
or along the margins of standing water from widespread
accumulations in adjacent depositional systems through
entrainment, accumulation and redistribution in wind currents.

Playa/Salar Dispersal of sediment from higher topographic elevations to
closed topographic depressions in continental topography;
primarily by water flowing in sheets with subsequent sub-aerial
drying, but also by channeled flow of water.

Lacustrine/Palustrine Dispersal from distributed or channeled surrounding sources
into standing water of lakes, swamps, and ponds in continental
topography; primarily by widespread settling but also by
density-current flow and by current redistribution.

Delta Dispersal from a fluvial or alluvial fan depositional system into
and beneath standing water in continental or marine topography.

Shore Zone Dispersal of sediment from delta depositional systems laterally
along the margin of a body of standing water in continental or
marine topography by flowing water.

Shelf Dispersal of sediment from the margin of a body of standing
water across a platform, if present, in marine topography;
primarily by settling, but also by storm surges and contour
currents.

Slope/Base of Slope Dispersal of sediment from an elevated platform or the margin
of a body of standing water to greater depths of marine
topography; primarily by widespread settling, but also by
density and contour currents.



Architectural Element Complex:
Channel Margin Complex

Architectural Element Complex:
Floodplain Complex

Architectural Element Complex:
Compound Channel

56

Figure 2.3 Assembly of a Depositional System
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A thorough text description of a depositional system includes:

• external shape,

• length, width and thickness, and

• nature of and relationships between constituent architectural element complexes.

Depositional systems are assembled into depositional system complexes. In

addition, a depositional system may be repeatedly deposited within a depositional system

complex while deposition is paused or continuous in adjacent depositional systems.

A depositional system set comprises two or more depositional systems stacked

essentially conformably, and separated by surfaces of abrupt changes in types or

associations of architectural element complexes. When identified, the sets of

depositional systems should be described in terms of the nature and relationship of

constituent depositional systems. When a stratum of distinctive grain-size distribution

drapes a depositional system, it should be described as a stratum as given above.

2.2.5 Depositional System Complex

A depositional system complex comprises one or more depositional systems,

laterally filling the lateral limits of a basin. Depositional system complexes are bounded

by the lateral limits of the basin at the time of deposition of the complex. A selected set
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of depositional system complexes is provided in Table 2.6. Figure 2.4 shows and

example of the assembly of a depositional system complex from depositional systems.

The depositional systems in a set compete contemporaneously to fill the boundaries

of the basin. The internal, lateral boundaries between depositional systems in a complex

are determined by the energy available in each depositional system to disperse sediment.

The depositional system complex concept is expanded from the systems tract ideas

of Fisher and Brown (1972) and those in sequence stratigraphy to address the full extent

of a basin. The systems tract concept simply describes association, and does not address

filling the lateral extents of an entire space of a basin. In this taxonomy, the word tract is

reserved for noting lateral, adjacent groupings of the same structure(e.g. an alluvial fan

tract is a line of connected alluvial fan depositional systems). The current land surface of

Table 2.6 Selected Depositional System Complex Structures

Tectonic Setting Constituent Depositional Systems

Divergent Continental

Intra-cratonic Depression

Convergent Continental

Continental Margin

Alluvial Fans, Fluvial, Palustrine, Playa,
Eolian

Playa, Eolian

Alluvial Fans, Fluvial

Delta, Shore Zone, Shelf, Slope/Base of
Slope
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any basin constitutes a complete depositional system complex.

A thorough text description of a depositional system complex includes:

• external shape (basin limits),

• length, width, and thickness, and

• nature of and relationship between constituent depositional systems.

Depositional system complexes are the largest observed scale of structure, at least in

the lateral, space-filling sense adopted here. The lateral limits of a basin limit the extent

of a depositional system complex. Further consideration of assembly then has to do with

vertical stacking into sets. In this one case, sets of depositional system complexes are

given a name from sequence stratigraphy: the sequence. Stacks of sequences completely

fill a basin. In a sense, a sequence is a type of set in this taxonomy, and a basin is a type

of coset. However, the sequences in a basin do not have to contain consistent

assemblages of depositional systems. When a stratum of distinctive grain-size

distribution drapes a depositional system complex, then it should be described as a

stratum as given above. Such strata are important in genetic sequence stratigraphy and

are often termed major flooding surfaces.

A sequence is a stack of one or more essentially conformable and consistent

depositional system complexes. A sequence is separated from underlying and overlying

sequences by a regional surface of abrupt change in the type or lateral extents of
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Figure 2.4 Assembly of a Depositional
System Complex
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depositional systems in a complex. Depositional system complexes continue to

accumulate until a large scale event - typically a tectonic (faulting) or eustatic (sea level)

change but also a climatic or internal geomorphic adjustment - suddenly alters the

combinations of processes operating in the complex of depositional systems. When there

is a sudden change in the combination of depositional systems in a complex, a new

sequence has been initiated. A sequence has its greatest utility as a division for

subsurface hydrology if a sudden, basin-wide change in grain-size is identified. Minor

lateral shifts in extents of depositional systems and continuous variations in the

sediments provided by source areas are not identified as sequence boundaries.

The surfaces separating sequences are often marked by regional sheets of precipitate

imprints or strata of distinctive grain-size (distinctly finer or coarser-grained). The

surfaces separating sequences are often strong reflectors of seismic signals and this lead

to the past pursuit of "seismic" stratigraphy. The underlying sedimentological basis of

seismic sequences lead to the maturation of this idea to "sequence stratigraphy".

Sequence stratigraphy was widely employed in petroleum exploration, but not in

subsurface hydrology because so much emphasis was placed on a unique terminology, to

developing global sea-level change charts, and to tying all sequences to pronounced,

global sea-level changes. Nevertheless, the general concept of sequence stratigraphy is a

powerful tool for framing genetic analyses of clastic sedimentary porous media since the

surfaces of sequence boundaries strongly control the direction of processes operating in
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depositional systems. Genetic analysis becomes a truly powerful tool within the context

of sequences (Galloway and Hobday, 1996).

A sequence is a formally known in classical geology as a formation. Most regional

aquifer studies of the past were based on formations or sequences. Subsurface

hydrologists classified formations as aquifers or confining units, depending on their

dominant grain-size distribution. It is important to note, based on the more complete

analysis of their internal subdivisions, that sequences may change laterally from aquifers

into aquitards or aquicludes, depending on the hydraulic conductivity of constituent

architectural element complexes.

A basin is a concave up depression in igneous, metamorphic, or consolidated

sedimentary rock. Basins may be divided into types by tectonic processes or by shape.

In keeping with the descriptive format of this taxonomy, basins are organized by shape as

summarized in Chapter 3.

A basin is the terminal container for sediments. A basin is typically created by

downward movement of one rock volume relative to another rock volume. The

movement may include breakage (faulting) or plastic/elastic deformation (synclinal

warping). Basins typically have tectonic origins, although the shallow but widespread

depressions of stable shields like Canada and Australia may have less dramatic origins

compared to the more common basin types. The lateral limits of current basins are

typically obvious in outline. Ancient basin outlines may be difficult to reconstruct when

large scale faults have disrupted the sequences and basin bounding rocks.
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22.6 Summary

A taxonomy has been synthesized from a large body of descriptions of structures in

elastic sedimentary porous media. Five primary scales are described and given names

and descriptive definitions. Table 2.7 summarizes the scales of structures in the

taxonomy. The scales form a nested hierarchy and address a range of structures of

interest to subsurface hydrologists. Each scale of structures can be repeatedly stacked

Table 2.7 A Descriptive/Genetic Taxonomy

Scale Examples Process

Stratum lamina; inclined lamina;
bed; inclined bed

Continuous pulse of
sediment deposition

Architectural Element simple dune;
compound bar;
star dune;
settling sheet

Association of cosets under
control of a single process
to create a distinct external
form

Architectural Element
Complex

compound channel;
channel margin;
floodplain

Coeval associations of
architectural elements
limited in space relative
to one another

Depositional System alluvial fan;
fluvial;
shelf

Unique combination of
sediment sources and
dispersal processes

Depositional System
Complex

Delta + shore zone + shelf +
slope and base systems

Fully integrated linkage
of sediment dispersal
processes from source to final
resting place

as shown in Figure 2.5. The repeated stacking within scales introduces additional

variability in grain-size distribution and the opportunity for draping of strata between

structures.
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The smallest scale structures are typically described completely from observations in

boreholes. The larger scale structures are typically identified from association of the

smallest scale structures. The association of the structures in this taxonomy is

accomplished from genetic analysis and selection of prototypes from literature

descriptions.

Figures 2.6 - 2.10 are dendograms which show the assembly of the 10 recognized

types of depositional systems from architectural elements and architectural element

complexes. These 5 figures integrate observations from hundreds of studies and show a

common hierarchy present in all elastic sedimentary porous media. Assembly of

architectural elements from strata and assembly of depositional systems into depositional

system complexes are not shown in these dendograms to enhance clarity.

Work to date with the taxonomy indicates that the most difficult associations to

make are those shown in the dendograms. It also appears that the key to making genetic

associations is to identify the depositional systems present as early in the analysis as

possible, since with the identification of depositional systems comes a wealth of likely

process and association information as summarized in Figures 2.6 to 2.10. Refinement

of the taxonomy is expected with increased observation of natural systems.
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2.3 Support

Support for the taxonomy presented in this chapter comes from the many empirical

observations from which the taxonomy was assembled and from the theory of sediment

transport and deposition. The taxonomy is a simplification born of observation.

Selley (1996) suggests that the idea of global repetition of a limited set of

sedimentary structures arose for many in the 1980s from many days of field mapping and

looking at satellite and aerial photographs of regions around the world. Further

advancement of the idea came from looking for similar shapes in outcrops and

intensively drilled petroleum reservoirs: the same shapes arise again and again. The

similarity of features across the globe and back in time to the earth's beginning is striking

and allows for the simple taxonomy synthesized here from the literature.

Discussions in the literature of fluvial sedimentology between Bridge (1993, 1995)

and Miall (1995) indicate that a balance must be struck between identifying simple,

essential organization of natural phenomena and thoroughly describing the complexity of

a specific location. Miall's (1978a, 1985, 1988,1996) simplifications are critical for

spurring organized thought and comparison of features between field sites, but they

should not allow a lax attitude to develop with regards to objective and quantitative

observation (Bridge, 1993) or overconfidence in our ability to predict the complexity of

nature.
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Further support for the taxonomy comes from the theory of sediment transport and

deposition. The structures described at several scales in the taxonomy have been

recreated in laboratory experiments (Schumm and others, 1987) and by numerical

simulation using equations for water flow and associated sediment transport (Koltermann

and Gorelick, 1992; Wendebourg and Harbaugh, 1996). These approaches of numerical

simulation will not be described here since the goal of this work is to provide a first

synthesis of structures observed in the field and recommend a procedure for use of the

resulting taxonomy. Further work in simulation should address the multiple scales of

structures found in nature.

The procedure described in Chapter 5 provides another level of testing (groundwater

flow hydraulics) of the structures identified by genetic analysis. As employed here,

genetic analysis uses concepts of sedimentology and only geologic data to identify

structures, but hydraulic analysis investigates the extent to which the identified structures

describe the variability of groundwater flow.

2.4 Range of Applicability

The taxonomy is applicable to any elastic sedimentary porous medium prior to

substantial alteration. Alteration reaches the point of substantial when the pore system of

the elastic sedimentary porous medium as defined by variation in grain size has been

filled or closed by chemical precipitation, compaction or melting. As long as the pore
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size distribution of a elastic sedimentary porous medium is primarily defined by the

grain-size variations of depositional processes, the taxonomy will be valid for use in

groundwater flow systems analysis and prediction.

Porous media explicitly not addressed by this descriptive/genetic taxonomy are

described below.

• Massive chemical precipitate media (e.g., reefs and similar carbonate deposits) are

not addressed because recrystallization rapidly rearranges pore/grain boundaries.

• Metamorphic media (e.g., schists) are not addressed because temperature and

pressure close pores by melting and fusing grains, and thereby destroy elastic

depositional features.

• Intrusive and extrusive igneous media (e.g. granites, basalts) are not addressed

because, with the exception of volcani-elastics, there are no elastic depositional

features. Expansion of the taxonomy to include volcani-clasties would be useful

• Welded elastic igneous media (e.g., rhyolite) are not addressed because temperature

closes pores by metling and fusing grains, and thereby destroys elastic depositional

features.

Of concern to many subsurface hydrologists is the applicability of the taxonomy to

sedimentary porous media in locations where data are especially sparse or are of limited

detail in description. While the taxonomy has its greatest usefulness in situations of
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abundant continuous core, it has some applicability for any data set. The situation where

absolutely nothing can be said about elastic sedimentary structure is considered to be

especially rare. For any level of descriptive detail or density, the available data can be

organized in the taxonomy to the extent appropriate. The desired densities of data types

will be discussed in Chapter 3.

The taxonomy provides a link to a considerable wealth of published information for

predicting what structures are likely at scales other than the scales that can be identified.

For example, if any indication of depositional system occurrence is provided, the nested

hierarchy constrains the architectural element complexes and architectural elements that

can be assembled from strata, strata sets, or cosets identified in boreholes.
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CHAPTER 3

TAXONOMY APPLICATION

The application of the descriptive/genetic taxonomy of Chapter 2 to identification of

elastic sedimentary structures within a nested hierarchy of scales is developed in this

chapter. The structures are strata with distinct grain-size distributions or genetic

assemblages of strata.

Identification has many definitions but, in this dissertation, identification includes

the following:

1) strict recognition of the external form of a structure or set of structures

(pattern recognition), and

2) recognition of sufficient internal features to support assignment of shape from

a genetic prototype (pattern completion).

Discussions are provided in this section of how to identify structures within the

taxonomy both in general and in a selected illustrative synthetic example with typical

data.

An analysis of the distribution of hydraulic conductivity in the taxonomy of elastic

sedimentary structures defined in Chapter 2 is presented in Chapter 4. This leads to a

procedure for using the taxonomy in the analysis of groundwater flow which is

developed in Chapter 5.
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3.1 Previous Approaches to Associating Geologic Observations

The goal of geologic input to groundwater flow analysis for a specific location is to

identify discrete volumes of distinct hydraulic conductivity. The use of geologic data to

achieve this goal assumes that the distribution of hydraulic conductivity can be described

from the distribution of pore size, which in turn is observed in the distribution of its

complement: grain space. Grain space is characterized primarily by the distribution of

grain sizes in a stratum. Strata are the fundamental scale of grain-size variation because

each is deposited as a whole without pause. Strata are assembled into larger scale

structures, which will then have distinct spatial arrangements of grain-size distribution.

The input of geology is provided from inspection of sparse observations of the

subsurface in vertical boreholes, followed by association of the observations between

boreholes into distinct structures. The logical process of identifying the local causes for

the observed outcomes (in this case the identification of a structure) from general

principles (theory and experience) and the analysis of numerous, individual observations

is formally termed retroduction. The incorporation of geologic information as developed

here is therefore an retroductive process. Baker (1996) describes the retroductive process

as applied to paleohydrology.

Past practice in association of geologic observations between boreholes has been to

apply litho-stratigraphic correlation, which consists of associating adjacent, grouped

lithologic descriptions (gravels are connected with gravels, sands with sands, and clays
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with clays), while maintaining an essentially horizontal aspect to boundaries of the

resulting units. A related practice has been to pursue hydro-stratigraphic correlation,

which is accomplished in the same manner as litho-stratigraphie correlation, but

hydrologic significance (e.g., aquifer or aquitard) is attributed to lithologie description

prior to association by essentially horizontal correlation.

Litho-stratigraphie and hydro-stratigraphic correlation have clear rules for

implementation, but they often lead to great difficulty when applied to data sets from

elastic sedimentary porous media. Figure 3.1(a) illustrates a common situation of litho-

stratigraphie correlation between boreholes along a vertical cross section. All lithologie

descriptions are first grouped into either fine (very fine sand and finer) or coarse (fine

sand and coarser) divisions in Figure 3.1 (a). The results of horizontal correlation are

shown and indicate nothing more about the flow of water within the coarse-grained

volume or within the fine-grained volume. Interpretations out of the plane of the cross-

section are precluded with this approach to correlation. The conclusion of extreme

heterogeneity or randomness is not unreasonable after attempting to apply litho-

stratigraphie correlation to elastic sediments in many depositional environments and

confronting lateral variations in grain-size.

In contrast, genetic association of the individual observations and consideration of

prototype external forms for the enclosing depositional system lead to the alternative

interpretation shown in Figure 3.1 (b). The shapes are based on accumulating prototypes

of channels in fluvial environment and are applied to the cosets identified in the
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boreholes: simple inclined-beds, trough-inclined beds, horizontal lamina, and sheets of

precipitation imprint. Based on the prototypes described in the literature, channels would

be expected to extend into and out of the plane of the cross-section. Only the inclined-

bed-dominated lateral-accretion bars are interconnected and would have a potential for

locally increasing the vertical hydraulic conductivity. Precipitation imprint sheets would

have the potential to reduce the vertical hydraulic conductivity in much of the volume

considered.

The recent contribution of sedimentology to evaluation of elastic sedimentary porous

media has been in showing through accumulating, detailed observations that:

1. surfaces for deposition are not routinely planar and horizontal, so horizontal,

correlation is not an appropriate association paradigm for all structures on all scales,

2. two-fold (fine/coarse) or three-fold (gravel/sand/fines) divisions of elastic sediments

are insufficient for genetic association,

3. a multiple-scale context is needed for making associations at the appropriate scale,

and

4. the logical basis for association is not only proximity but also the distribution of

shapes imposed by a limited number of repeatedly-observed transport and deposition

processes.
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Horizontal correlation implicitly assumes that all sedimentary structures are tabular,

flat-lying, and completely space-filling. Observations distilled in the taxonomy of

Chapter 2 indicate that elastic sedimentary structures have many shapes, are deposited in

wide range of inclinations, and are constrained in space by energy limitations and

competition with other depositional processes. Miall (1985, 1988, 1996) argues for

three-dimensional visualization of sedimentary deposits and the concomitant

abandonment of horizontal litho-stratigraphic correlation as a stand-alone paradigm.

Miall (1985) also called for the abandonment of the briefly popular vertical facies models

(see Walker, 1984 for a synthesis) which predicted lateral occurrences from analysis of

vertical occurrences. His reasoning is supported by the three-dimensional external forms

of architectural elements and depositional systems noted in intersecting outcrop studies.

Use of a two- or three-fold division for correlation implicitly assumes that any

observation of one of the divisions is of equal value in association. Accumulating

observations reported in the literature indicate that dominance of grain-size is only useful

for association when applied in a genetic analysis of structure, and in the context of a

multiple-scale, nested hierarchy. Knowledge that structures are nested leads to concern

for selecting a consistent scale for association. A useful summary is to say that not all

sands are (hydraulically) alike, but all sands made (genetically) alike are (hydraulically)

alike. An example would be the sands in the inclined bed-dominated lateral accretion

bars of Figure 3.1 (b).
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Accumulating observations indicate that elastic sedimentary structures have

distinctive external forms. Associations of sparse observations based on proximity alone

do not necessarily honor the distinctive shapes of sedimentary structures until a sufficient

density of observations surrounds the boundary of the shape. Genetic analysis improves

upon association based on proximity alone by adding recognition of internal features

consistent with a prototype structures (distilled from numerous accumulating

observations). This additional recognition supports assignment of external form for that

structure based on fewer observations than analysis by proximity alone.

A primary shortcoming of association via hydro-stratigraphy is that spatial

continuity of a priori hydrologically-grouped sediment volumes has no physical basis in

and of itself For example, aquitard materials should not be inferred to be continuous,

trending in thickness, or periodic in occurrence simply because they are lower in

hydraulic conductivity than underlying and overlying materials. Likewise, there is no

physical reason to expect aquifer materials to be horizontally extensive. The assumption

of aquifer or aquitard continuity is, however, the implied basis of the work of Johnson

and Dreiss (1989) and of Ritzi and others (1995). The continuity of units that, after

deposition and burial, act as relative barriers to flow is more logically based instead on

the genetic processes of deposition. Therefore, lithology information (particularly

lithologie information which supports genetic association) will provide a superior basis

for association compared to hydro-stratigraphic correlation.
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A second shortcoming of hydro-stratigraphic association is that hydrologic

significance may not be accurately attributed based on assignment of hydraulic

conductivity to lithologic descriptions. The cutoffs selected between aquifer and

aquitard materials may not be appropriate for a given instance and likely discard other,

larger contrasts in hydraulic conductivity of greater significance. For example the sands

in the horizontal lamina-dominated levee wedges of Figure 3.1 (b) would be expected to

have much lower overall hydraulic conductivity than the sands in the trough-inclined

bed-dominated channel floor sheets. The procedure developed in Chapter 5 tests for

hydrologic significance after association within each based on genetic principles.

3.2 General Application of the Taxonomy

The taxonomy employs a nested, hierarchical assembly of structures generally

applicable to identification of five relative scales (and their repetition in sets) in any

clastic sedimentary porous medium. The applicability of the taxonomy is broad because

the taxonomy is not of absolute scales, but of the nesting of scales relative to one

another. This feature of the taxonomy requires consideration of the context for each

observation.

A challenge in applying the taxonomy is in surpassing pattern recognition and

pattern completion to include hypothesis development under the principles of genetic

analysis. That is, the local assembly of structures within the taxonomy must form a
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defensible hypothesis about the local environment of deposition. Therefore, application

of the taxonomy forces the investigator to provide for Walkers' (1984) "framework for

further thought" and encourage testing and refinement of the associations selected for a

given data set.

From a formal point of view, the taxonomy can be viewed in the spectral domain as

five dominant modes in a spectrum of grain-size variability. Accumulating observations

support the identification of the dominant modes of interest to subsurface hydrology and

the dominant modes have been given names in the taxonomy for convenience of

discussion and documentation. Application of the taxonomy requires the shrinking or

stretching of the frequencies and amplitudes of dominant modes of grain-size variation to

fit a specific local situation. The taxonomy defined here is a general expression of

discrete dominant modes separated by wide spectral gaps, but the taxonomy applied to a

local situation is an actual expression of more continuous dominant modes that are less

separated by spectral gaps. Figure 3.2 presents this idea of adjusting the spacing between

scales and the dominance of scales of variability in the taxonomy for a local situation.

Spatial correlation, spectral analysis, and clustering algorithms can be of assistance

in the inspection of structures at a selected scale for the purpose of identifying larger

scale structures. However, these algorithms assume that nothing is known about the

external forms and associations of elastic sedimentary structures. Association based on

the genetic principles of essential prototypes should be used to refine, if not override, the

results of spatial correlation or clustering results. The assistance of spatial analysis
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algorithms for genetic association of elastic sedimentary porous media is analogous to

the preparation of linearly-interpolated or extrapolated contours of equipotential surfaces

by a linear interpolation algorithm prior to review and refinement by a hydrologist

considering recharge and discharge locations.

The theory of sediment transport and deposition guides and constrains the

assignment of structures to scales and recognition of patterns within a scale. Empirical

observations and theoretical analyses of transport and deposition in any given

depositional system can be found in the literature. In each scale of the taxonomy, a

governing mathematical description can be written which describes the dominant

relevant mechanisms of deposition. Although numerical solution of such equations have

been accomplished for specific scales, only the general attributes of the processes are

considered in genetic analysis implemented here. The new contribution of genetic

analysis to groundwater flow analysis is to ask in making each association:

1. What is the nature of the sediment?

2. Where did the sediment come from?

3. How was it transported?

4. What were the mechanisms for its deposition?

5. What mechanisms eroded and redistributed the sediment?

Where exposure for observation is limited - typically in the intermediate scales:

larger than strata and smaller than depositional systems - the associations must be
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inferred from genetic analysis and external forms transferred from published prototypes.

The basis of the retroduction is therefore pattern completion with the provision that the

pattern completion must be accomplished on one consistent scale at a time.

The structures listed for each scale in Chapter 2 are a guide to the prototypes for

pattern completion. The prototypes are published descriptions of external forms from the

literature. The assignment of observed or reconstructed structures to scales within the

nested hierarchy of the taxonomy is the task which proves the most challenging. The

distinctive associations and orientations observed within a given type of depositional

system make identification of depositional system structures a critical task for genetic

analysis.

3.2.1 Outline of General Application of the Taxonomy

The general application of the taxonomy to a elastic, sedimentary porous medium is

as follows:

1. identify depositional system complex boundaries from lateral basin limits,

2. identify sequence boundaries which also represent transport surfaces from mapping

of regional marker surfaces,

3. separate borehole geologic observations by sequence and identify strata, strata set,

and coset structures in each borehole within each sequence;
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4. map and inspect the distribution of strata/strata set/coset structures within each

sequence for trends and clusters which can be associated to form the external forms

of prototype depositional systems consistent with local transport directions,

5. Separate the individual strata/strata sets/cosets in each borehole by depositional

system, and map and inspect the distribution of their dominance in each depositional

system for trends and clusters which can be associated to form the shapes of

prototype architectural elements consistent with processes likely in the enclosing

depositional system,

6. outline a field of architectural elements which fills each depositional system outline,

7. associate architectural elements in each depositional system into architectural

element complexes consistent with the processes likely in the enclosing depositional

system,

8. note the repetitions of structures on each scale (sets), and

9. summarize a hypothesis about the environment for deposition and the deposition of

sediment on the identified scales.

General application of the taxonomy as described here is a process of first defining

the largest structures (depositional system complex and depositional system) and using

these as a context for identification of intermediate scale structures (architectural element

and architectural element complex). Strata structures are the primary scale of



88

observation in boreholes. Genetic analysis comes into play to ensure consistency in the

selection of prototype structures with the processes likely in enclosing structures.

3.2.2 Identifying Individual Scales

The taxonomy was designed to be used with commonly available data sets. A

general review of commonly available data types is presented in Appendix C. This

section describes the use of commonly available data in inferring each scale of

sedimentary porous media structure. General remarks concerning the data densities

useful for genetic analysis at each scale are also provided.

3.2.2.1 Stratum

The definition of a stratum provided in Chapter 2 leads to its clearest recognition in

exposures which cut perpendicular to the surface of accumulation. Thus, boreholes and

outcrops are often well-suited to the observation and recognition of strata. It should be

remembered, however, that strata can accumulate at high angle or be rotated to high

angle after deposition and burial.

The upper and lower surfaces of a stratum are defined in a borehole by abrupt

changes in grain-size distribution. Such abrupt changes are observed in detailed drilling

return descriptions, core description, sieve/hydrometer analyses, and borehole
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geophysical logs (spontaneous potential, resistivity, neutron, gamma, etc.). The

orientation of a stratum can be inferred in boreholes from specialty geophysical logs:

formation micro-scanning, dipmeter, and related tools.

For very thin lamina, and for characterizing the internal structure of strata, the

petroleum industry has a wide variety of tests for core samples, including: visual and

automated thin section observation, scanning electron microscope, X-ray diffraction,

micropaleontology (fossils), palynology (spores and pollens), trace metal analysis, and

insoluble residue analysis (Keelan, 1982). Core samples are operated on whole, sliced

and ground to a uniform thickness of 0.03 mm for thin sections, or crushed as necessary

for the particular test. Loose drilling returns can be consolidated in resins and treated as

core. The use of these data is usually limited to evaluating the internal structure of strata,

but grain-size variations identified microscopically may lead to improved description of a

stratum.

The conformable repetition of strata defines a strata set. Individual strata recognized

as described above are grouped per the definition modified from McKee and Weir (1953)

and given in Chapter 2.

The conformable or unconformable collection of adjacent strata sets of a single type

defines a coset. The strata recognized and grouped into sets as described above are in

turn grouped per the definition modified from McKee and Weir (1953) and given in

Chapter 2.
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The boundary between two cosets is typically a truncation - a surface of erosion or

pause before continued deposition of consistent strata sets - that may be covered by a

stratum of a completely different type (e.g., a drape of silt and clay within what would

otherwise be a single coset of sand and gravel). Miall (1996) notes the common

occurrence in fluvial sediments of erosion surfaces within architectural elements at low

angle that dip in the direction of accretion. If a precipitation imprint accumulates on the

truncation of cosets, the truncation may be discerned from high-resolution seismic or

ground-penetrating radar (GPR) traverses.

In many cases boreholes are drilled to sufficient depths to vertically penetrate

multiple cosets. Identification of the lateral extents of individual strata/strata sets/cosets

may in many circumstances require borehole spacings from a few meters to a few tens of

meters. Few instances are envisioned which would require identification of the extents

of individual strata/strata sets/cosets.

3.2.2.2 Architectural Element

The potential range of architectural elements present in a volume of sedimentary

porous medium is constrained by the enclosing depositional system (see Figures 2.6 to

2.10 in Chapter 2). However, some architectural elements can be used to construct

several depositional systems (see Chapter 2, Table 2.3). For example, a simple sand

dune can be an architectural element in a shelf dune complex, a complex fluvial channel,
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or an eolian draa complex. Therefore, the identification of a single architectural element

in isolation does not assure a unique identification of larger scale structures. Association

of multiple observations using genetic principles provides a context for each association

and eliminates unlikely structure identification. For example, long, linear beach ridges

would not be likely in a playa/salar depositional system.

Expected shapes of architectural elements are discerned from associations of the

strata/strata sets/cosets identified as described in the previous section. High-resolution,

three-dimensional seismic reflection has the potential for directly imaging the outlines of

architectural elements but requires high velocity contrast (i.e., the architectural elements

must support distinctive velocities for sound). Where shallow depths (< 30m) are of

interest, GPR may also provide direct images of architectural elements. Sets of

architectural elements are identified from repetitions of grain-size distribution variations

perpendicular to the surfaces of accumulation.

Considering the shapes of architectural elements compiled on Chapter 2, 2 to 10

boreholes per architectural element may be needed to identify their shape or internal

characteristics. Borehole spacing on the order of tens to hundreds of meters would be a

reasonable range to identify architectural elements in a given architectural element

complex.
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3.2.2.3 Architectural Element Complex

The most familiar architectural element complexes are channels. Miall (1985, 1988,

1996) indicates channels are architectural elements, but in this taxonomy only simple

channels (composed of a single coset) are considered architectural elements. Otherwise,

channels are denoted compound, are considered architectural element complexes, and

serve as arenas for a multitude of compound-bar and channel floor architectural

elements.

The presence of an architectural element complex set is noted from the repetition of

the grain-size variations characteristic of the architectural element complex, generally in

a stacking arrangement perpendicular to the surface of accumulation. The most common

architectural element complex sets described in the literature are fluvial channel belts or

delta distributary channel belts. The location of such belts is a primary challenge for

petroleum reservoir engineers and a substantial body of literature has recently

accumulated describing simulation and recognition of channel belts.

Considering the shapes of architectural element complexes compiled in Chapter 2,

10 to 20 boreholes would be needed identify typical channels, arcs, and lobes. Channels

would require larger numbers of boreholes, because their shapes are less predictable,

compared to lobes and arcs. Spacing of boreholes of at least half the channel widths is

typically required in the direction perpendicular to the channel axis. In general, spacing

of boreholes on the order of hundreds to thousands of meters would be required to

identify architectural element complexes.
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3.2.2.4 Depositional System

The outlines of depositional system boundaries can be inferred from seismic

imaging or abrupt lateral variations in grain-size distribution consistent with prototype

depositional system shapes. The prototype shapes of depositional systems are controlled

by the unique combination of processes dominant in that system. For example, a marine

shelf depositional system will typically have an arc or rectangle shape.

Mineralogy can provide information on depositional system extent. For example, if

the source of sediments to an alluvial fan is a unique mineral assemblage, the extent of

the fan can be quickly found from mapping the extent of sediments with that mineral

type. Paleontology can provide information which constrains the depositional systems

possible at a given location. For example, marine species or terrestrial species would

indicate those respective environments and limit the reasonable choice of depositional

systems. However, mineralogy and paleontology are supplementary information and

take a secondary role to the assembly of strata with unique grain-size distributions to

identify depositional systems.

The lateral offset of architectural element complexes, or the repetition of the

strata/strata sets/cosets in architectural elements is the primary observation leading to

recognition of a depositional system within a set. A common depositional system set is a

stack of alluvial fans formed from repeated discrete uplift events along a normal fault

system.
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Considering the shapes and common sizes of depositional systems described in the

literature, borehole spacings on the order of thousands of meters to tens of kilometers,

and a total of 10 to 20 boreholes per depositional system would typically be required for

identification.

3.2.2.5 Depositional System Complex

The assembly of depositional systems which fills the lateral extent of a basin

comprises a depositional system complex. In some cases, the basin extent may be so vast

that it is impractical to consider its full extent (e.g., the entire Pacific basin), and a

depositional system complex may only be recognized as far as the available data allow.

However, basin extents often are the most obvious boundaries for a depositional system

complex.

Depositional system complexes are stacked into sets. These sets are given the term

sequence to reinforce the application of the basic concepts of sequence stratigraphy in

assisting with genetic analysis. In this taxonomy, a sequence is a repetition of consistent

depositional system complexes. Consistency is defined in terms of both the type and

lateral extents of the depositional systems in a given complex. The initiation of a

sequence is the result of either internal (autogenic) or external (allogenic) causes,

although allogenic causes predominate. Sudden tectonic or sea-level changes are the
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primary allogenic causes of new sequence initiation, but climatic variability can be

another cause.

Sequences are typically bounded by basin-wide surfaces of:

• erosive truncation of depositional systems,

• chemical precipitation imprint,

• biological activity imprint,

• a clay to silt-dominated stratum, or

• an extrusive elastic (e.g., ash fall) or flow (e.g. basalt flow) stratum.

A sequence boundary in this taxonomy is a pause, with or without erosion, in

deposition that extends across the lateral limits of the enclosing basin. Such a break is

formally termed a disconformity.

That formations (identified here as sequences in elastic sedimentary porous media)

were identified long ago in classic geology attests to the commonly obvious nature of

sequences. The fixture of litho-stratigraphic correlation with a horizontal layering

paradigm is likely a product of widespread success in regional mapping of formations

(termed here sequences). Thus, the horizontal litho-stratigraphic approach to correlation

can be retained for defining sequence-scale structures, with the modification that the

horizontal paradigm be discarded and replaced with visualization of the bounding

surfaces listed above. Lateral continuity of materials ascribed to aquifers or aquitards
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may be limited to the lateral extents of depositional systems or architectural element

complex boundaries.

Methods useful for sequence identification include reflection seismic (a favorite of

petroleum geologists for this task), and regional correlation of the surfaces listed above.

Many regional studies (see studies by the U.S. Geological Survey for example) provide

sequence delineations (although they will be called formations or a related term such as

beds) that are ready for incorporation into a more complete and genetic analysis of a

domain.

The lower surface of the lowest sequence is defined by a basin. The primary

approaches for inferring the extents of basins are divided between current basins and

ancient basins. Both share the identification of a surface of abrupt change in rock type,

typically an igneous or metamorphic rock containing the lowermost accumulation of

sediment.

Common prototypes shape for basins are shown in Figure 3.3 and include:

• graben,

• half graben,

• syncline,

• wedge, and

• intra-cratonic depression.
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Intra-Cratonic Depression

Figure 3.3 Basin Cross-sectional Outlines
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Current basins are presently visible and can be delineated by topography of the

surface. To some depth below land surface, the depositional systems remain consistent

with current depositional systems. Evaluation of current basins includes observation of

current basin boundaries from satellite photography, inspection of topographic maps and

large and small-scale aerial photography, field mapping of outcrop features; and conduct

of reflection seismic, gravity, and magnetic surveys.

Ancient basins may have little spatial or process relationship to current depositional

basins. Delineation of ancient basin boundaries can be accomplished from imaging with

reflection seismic surveys or reconstruction via tectonic analysis of regional plate

movements and local fault displacements. The farther back in time a basin was formed,

the more difficult the reconstruction of ancient basin boundaries. Correlation of borehole

lithology and geophysical measurements are used to provide additional detail for the

surface geophysical and tectonic-structural analyses.

Considering the shapes of basins, identification of the extents of basins relatively

unaffected by post-depositional faulting would require approximately 10 to 20 fully-

penetrating boreholes. Identification of the extents a deeply buried, heavily faulted basin

may require hundreds of fully-penetrating boreholes. Spacings or boreholes would range

from thousands of meters to tens of kilometers to facilitate reconstruction of basin

outlines.
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3.2.2.6 Summary

Common data types may be sufficient to identify the full range of structures in the

taxonomy of elastic, sedimentary porous media. The primary data types are core, drilling

returns, borehole geophysical logs and seismic/GPR surveys. There is a great need for

new and expanded imaging techniques for structures of architectural element and larger

scale in the subsurface since it is their shapes that constitute association between

boreholes. Some common hydraulic testing or parameter estimation techniques are not

effective in identifying the structures at these scales (see Appendix E), yet these scales

are of interest for many groundwater flow model analyses or predictions.

Commonly available borehole spacings (existing data) may be sufficient to conduct

genetic association for structures ranging in scale from architectural element complex to

depositional system complex. Intensively-drilled contamination sites and artificial

recharge and recovery sites may have sufficient borehole density for genetic association

of structures ranging in scale from architectural element to architectural element

complex. Some research sites and site of dense, non-aqueous phase liquid recovery may

have been drilled with sufficient density to associate individual strata/strata sets/cosets.

3.3 Selected Illustrative Application of the Taxonomy

To illustrate application of the new taxonomy, a common sedimentary porous

medium will be considered. The medium will be investigated with the taxonomy, using
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typical data. Consider the graben-shaped basin shown in Figure 3.4, filled by three

sequences.

The lowest sequence is a stack of depositional system complexes composed of four

alluvial fans, two playas, and one eolian depositional system. The middle sequence is a

stack of depositional system complexes composed of four alluvial fans and a lacustrine

depositional system. The highest sequence is a stack of depositional system complexes

similar to the one exposed at the surface composed of four alluvial fans and a fluvial

depositional system.

Investigation of this domain begins with analysis of drilling return descriptions for

100 wells drilled into the basin. The boundaries of sequences were identified from the

following regional surfaces (and their interpretations):

• the top of stack of evaporite precipitation-imprinted clays (the termination of playa

deposition),

• the top of a stack of thin, alternating lamina of clays and black biomass (the

termination of lacustrine deposition), and

• the tops of 3 sheets of carbonate precipitation-imprinted sands and gravels (pauses in

deposition on the alluvial fans between major fault movements).

A seismic reflection section identified three strong reflections at the same depths as

the carbonate-imprinted sands and gravels noted in the drilling return descriptions.
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Figure 3.4 Genetic Association Example
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The drilling return descriptions and some geophysical logs were separated into the

three groups - one for each sequence. The logs were inspected and strata, strata set, and

coset structures were identified in each sequence at each borehole, based on the

definitions given in Chapter 2.

The dominant cosets in each borehole within a sequence were plotted separately for

each sequence and the resulting distribution was inspected (Figure 3.4). In the lowest

sequence, two concentric patterns in the center of the basin were used to delineate the

two playa depositional systems. Between the two playas, a dominance of a single type

of sand coset lead to delineation of the eolian depositional system. The edges of the

basin were ascribed to the alluvial fan depositional systems which were further

differentiated based on the mineralogy of drilling returns. Similar approaches were

employed to delineate depositional systems in the upper two depositional system

complexes.

If further detail is required for a groundwater flow simulation, each depositional

system in each sequence can be populated with architectural elements, architectural

element complexes as described in Chapter 3. Chapter 6 presents genetic association for

a field site focused on these scales. To identify structures smaller in scale than

depositional system, the cosets identified in drilling return descriptions and geophysical

logs are further separated by depositional system within each sequence. The separated

cosets are plotted within each depositional system and the distribution is inspected for

architectural element shapes expected within each depositional system. The source area
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and sediment transport direction are considered in compiling a list of architectural

elements and likely locations within each depositional system. Where the outlines of

architectural elements are obvious, the delineation is simply pattern recognition. Where

outlines were not obvious, juxtapositions of cosets were used to select a prototype shape

for application.

As in any application of the taxonomy, a description of how the basin was filled was

summarized based on the genetic associations of the assembled structures. As a final

step, the full nested hierarchy was reviewed and alternative associations were identified,

if alternative associations are reasonable, and are developed for further discussion and

evaluation.

3.4 Summary and Discussion

The application of the descriptive/genetic taxonomy requires sufficient lithologie

data to observe the internal or external forms of structures at the scales of interest. As

noted above, however, the transfer of genetic associations and shapes from accumulating

observations provides a basis for conjecture where data are lacking. In many cases,

organization of existing data with the taxonomy will provide insight not previously

available.

The taxonomy is built from five dominant modes. Others could be defined or

selected modes could be ignored or redefined. However, the space-filling and genetic
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basis of this taxonomy integrate a wealth of advances in the field of sedimentology and

harness the descriptive and predictive power of those advances for the analysis of

groundwater flow. The stacking of sets of structures within each scale makes for

complexity in recognition since the sets may develop only in one structure and at one

location. This recognizes the variability of the elastic sedimentary porous media

described in the field.

The taxonomy is challenging to apply since it is one of relative scales. Previous

classification schemes use absolute sizes to describe their scales. However, it is clear

from accumulating observations that a broadly applicable scheme for classifying

sedimentary porous media is most useful if it addresses the nested and hierarchical nature

of the structures formed by depositional processes.

The cost of drilling at densities sufficient to unambiguously associate large fields of

structures at the scale of architectural element complex and smaller may be prohibitive.

However, for small volumes of great interest such as dense (or light) non-aqueous-phase

liquid recovery, genetic association of data from densely drilled boreholes may be as

useful as it is in the petroleum recovery field. For larger-scale analyses (e.g., basin

analysis, wellfield analysis, etc.) genetic association can provide substantial information

from existing geologic data that previously had gone unused.
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CHAPTER 4

GROUNDWATER FLOW
AND THE TAXONOMY

The volumetric flow rate of water in the subsurface varies spatially. Based on

consideration of Darcy's Law, this variation is ascribed to variations in hydraulic

conductivity or gradient. Away from the immediate vicinity of wells, hydraulic

conductivity is responsible for much of the variation in the volumetric flow rate of water

in the subsurface. Hydraulic conductivity varies over 13 orders of magnitude in

sedimentary media (Bear, 1972) leading to it being the key parameter in characterizing

the flow of groundwater.

Application of the taxonomy defined here to a selected domain of elastic,

sedimentary porous medium will reveal a multi-scale hierarchy of discrete and nested

structures defined by variation in grain-size distribution. To characterize groundwater

flow in a porous medium considering its elastic, sedimentary structures, the relationship

between the spatial variation in grain-size distribution and the spatial variation of

hydraulic conductivity is needed. Such a relationship is developed in this chapter.

4.1 Hydraulic Conductivity of Clastic, Sedimentary Structures

The elastic, sedimentary structures identified with the taxonomy defined in Chapter

2 are volumes separated by step-wise changes in the distribution of grain size.
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Mineralogy and paleontology can assist in identifying the extents of distinct external

forms or inferring their sources, but grain-size is the characteristic of primary interest to

subsurface hydrology.

4.1.1 Quantifying Grain Size

Because the number of grains is so large in the structures typically considered in a

elastic, sedimentary porous medium, grain size (radius or diameter) is considered

probabilistically and described by the moments of its probability distribution.

The most useful moments of a grain-size distribution are the first: a mean; and the

second: a variance and, in some cases, a spatial correlation function. Third and higher

moments can be defined, but they will not be considered here because their estimation

with typical numbers of samples is much more difficult than estimation of the mean and

variance. Masch and Denny (1966) investigated third and fourth moments of the

distributions of sand grains, but with limited success, and the interested reader is referred

to their work.

Distribution parameters must be estimated from a limited number of measurements

on samples. The measurement of grain-size distribution in a sample is typically

accomplished by sieving, followed by hydrometer analysis. The process of sieving

destroys the arrangement of the grains in the sample. Thin section analysis can also be
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applied to measure and count grains in place, but the moments neglect information about

the arrangement of grains when accumulating the grain measurements.

4.1.2 The Relationship of Hydraulic Conductivity to Grain-Size
Distribution

Conceptually, the hydraulic conductivity of a selected volume of elastic, sedimentary

porous medium is related to grain-size distribution through two steps of deduction.

Hydraulic conductivity is clearly a function of the pore space distribution in a porous

medium. Pore space distributions are extremely difficult to observe, much less measure

and describe routinely. However, it is simple to show that variation in the volume

occupied by grains is closely allied with variation in the volume occupied by pores.

Consider a given total volume, VT, of a porous medium. In VT, there is either

volume occupied by pores, Vp, or volume occupied by grains, VG. For the relationship

VT = Vp + VG, differentiating with respect to space while keeping the total volume

constant, and rearranging leads to the equation:

dVp = — dVG 	(4 - 1)

When the variation in pore volume is directly related to the variation in hydraulic

conductivity, equation 4-1 can be used to deduce hydraulic conductivity variation from

grain-size variation. Note that absolute values of pore volume and grain volume are not

related, but their relative variations are related. An additional deduction from this
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analysis is that grain-size measures are not necessarily expected to give accurate

estimates of hydraulic conductivity, but variations in grain-size measures are expected to

be accurate indicators of hydraulic conductivity variation.

Appendix E contains discussion of numerous methods reported in the literature for

estimating hydraulic conductivity, including methods that use grain-size measures.

These methods seek to calculate hydraulic conductivity directly, rather than its variation.

However, their findings are instructive in supporting the development just described.

Krumbein and Monk (1943) defined a relationship between permeability (modified here

to calculate hydraulic conductivity) and the mean and standard deviation of grain-size of

artificial well-mixed sand samples:

K =	 760 d
/
Pg	 2 -1.310-0

G

)

(4-2)

where dG is the geometric mean grain diameter (millimeters), and ci-0 is the standard

deviation of the log base 2 of the grain diameters in millimeters. Confirmation of

Krumbein and Monk's (1943) work came almost 30 years later. Beard and Weyl (1973)

investigated artificially mixed sand samples, while Pryor (1973) investigated natural sand

samples from a variety of modern depositional systems. Both studies demonstrated the

variation of hydraulic conductivity with average grain size and sorting (inversely related

to standard deviation).

Perhaps because Krumbein and Monk (1943) maintained constant porosity in all of

their samples, later research sought to make equation 4-2 more generally applicable.
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Theoretical consideration of flow in a bundle of tubes by Kozeny (1927) and empirical

refinement by Carman (1937) leads to the equation modified from that given by Bear

(1972):

K—
d1121	 03 

pj 180 (1_0) 2
(4-3)

where 0 is porosity, and which in effect can be viewed as replacing the exponential

(sorting) term of equation 4-2 with the squared product of porosity and void ratio. Most

researchers have employed some rearrangement of equation 4-3. One rearrangement that

offers some physical flow process insight is modified from Walsh and Brace (1984):

K—
(pg- 1 	1

0 
\ As, 	2' (4-4)

where b is an empirical constant between 2 and 3, Vis bulk volume, As is specific

surface area, and is tortuosity. This indicates that, in the bundle of tubes model,

hydraulic conductivity is a product of: the specific pore volume (porosity) cubed, the

inverse of specific grain surface area squared and the inverse of tortuosity squared.

Greater specific pore volume will generally increase the cross-sectional area for flow.

However, at very high specific pore volume (e.g. clays) increased adhesion to large

specific grain surface area and increased tortuosity decrease the flow rate for a given

gradient.
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Specific pore volume, specific grain surface area, and tortuosity can all be recast as

functions of grain-size distribution. The specific pore volume is a function of sorting

which in turn is inversely related to the variance of grain size. Specific grain surface area

is inversely related to the average of grain size. Tortuosity is inversely related to average

grain size and directly related to the variance of grain size.

Despite the conceptual relationships developed here, two outstanding issues for

quantitative research are: 1) the nature of terms addressing adhesion and tortuosity

(magnitude and thresholds), and 2) the specific parameters describing adhesion and

tortuosity. Successful research in this line would improve the accuracy and precision in

estimating absolute values of hydraulic conductivity from measured dimensions of pore

systems.

Although the relationships of grain size to hydraulic conductivity are qualitative at

present, they are sufficiently grounded in observation and theory to support the

developments of this section. Specifically, defining the variation in the distribution of

grain size can be considered synonymous to defining the variation in hydraulic

conductivity.

4.1.3 Multiple Scales of Variation

While the use of grain-size distributions to estimate hydraulic conductivity or

permeability is supported by observation and theory, the volumes on which they are
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defined have not been as thoroughly discussed. The taxonomy defined in Chapter 2

provides a framework for evaluating the volumes being sampled for grain-size

distribution. Considering the methods available for measurement, the concept of grain-

size distribution should be strictly applied only to that scale with the least or negligible

internal structure. In the taxonomy defined here, that scale is the stratum. Indeed, a

stratum is a volume of sediment transmitted and deposited as a unit. The only apparent

structure that may occur in a stratum is continuous (a trend commonly termed grading).

The influence of grading in individual stratum on hydraulic conductivity is not

considered further here, since few analyses of groundwater flow attempt resolution at the

scale smaller than individual strata. Observation of grading, along with other

observations, assists in genetic association.

As the boundaries of a stratum are crossed, there is a step-wise change in the grain-

size distribution because adjacent strata are deposited under different sediment

depositing conditions. There is a pause, sometimes combined with erosion, before a new

stratum is initiated. A strata set could also be viewed as having a (volume-averaged)

grain-size distribution of its own, but such a distribution would include multiple surfaces

of step-wise variation in grain-size distribution. Application of models of hydraulic

conductivity and grain-size distribution (equations 4-2 to 4-4) to structures larger in scale

than a stratum must volume average in a way which ignores the boundaries and resulting

control on flow of step-wise grain-size distribution variations. Also, a sample containing

sediment from two strata will have grain-size measures representing a bimodal
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distribution. Larger-scale assemblages of strata will have more complex multiple

distributions. The multiple modes may not be obvious from statistical analysis of a

limited number of samples.

Based on considerations noted above, the estimation of hydraulic conductivity from

grain-size distribution should be restricted to stratum scale structures. The hydraulic

conductivity of larger scale structures can be estimated by assembly of stratum scale

structures on a hierarchy of scales. Weber and others (1972) describe the systematic

calculation of hydraulic conductivity values for the architectural element complex scale

(a channel) from minipermeameter measurements collected at the stratum scale within

trough inclined strata cosets. The usefulness of the taxonomy is not, however, in

constructing hydraulic conductivity estimates for arbitrary volumes from stratum-scale

estimates. Instead, the development of this section has shown that structures of unique

grain-size variation, built by genetic association from multi-scale arrangements of strata,

will have distinct hydraulic conductivity values. The hydraulic conductivity of these

structures is estimated as a whole, "in place", with the procedure developed in Chapter 5.

Clastic, sedimentary porous media are shown above to have multi-scale, step-wise

variations in grain-size distribution and the related property of hydraulic conductivity.

Such media can also be investigated in terms of a spatial correlation (or covariance or

semi-variogram) function of the diameter of the constituent grains. Such functions define

continuous and smooth variation in a property, but they nevertheless are a convenient

summary of spatial variability.
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Jensen and others (1996) evaluated the influence of clastic, sedimentary structures

on the semi-variograms typically used to evaluate permeability variation for petroleum

reservoir simulation. They define a classification scheme with lamina scale (mm to cm),

bed scale (cm to m) and formation scale (m to hundreds of m) and compared the volumes

investigated by tests used in semi-variogram plotting. They concluded that many

observations of large nugget or hole effects could be ascribed to repetition of clastic,

sedimentary structures that could have been predicted prior to semi-variogram modeling.

They further recommend deterministic specification of clastic, sedimentary structure to

the extent allowed by lithologie data. Semi-variogram analysis is maintained by the

authors as useful for preliminary data analysis and for modeling variations in hydraulic

conductivity on smaller scales.

Because apparent continuous variation in grain-size is present only at the stratum

scale, spatial correlation functions would be strictly applicable only within a stratum.

Just as the bulk moments of grain-size distribution are useful approximate measures of a

stratum, so too are spatial functions useful measures in larger scale structures. A

contribution of the taxonomy is in understanding that when spatial correlation functions

are applied to clastic, sedimentary porous media, they are approximating step-wise

variation with smooth variation.
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4.2 Taxonomy-based Variations in Hydraulic Conductivity

This section discusses the variation of hydraulic conductivity in the scales of the

taxonomy. Field studies of hydraulic conductivity in elastic, sedimentary porous media

are summarized that confirm the conceptual developments of this section.

4.2.1 Variations Within the Scales of the Taxonomy

The structures in each scale of the taxonomy have distinctive external forms and

internal assemblages of smaller scale structures. These forms and assemblages give each

structure a unique hydraulic conductivity.

4.2.1.1 Strata

Strata have continuous variations in grain size, so they will be expected to have

continuous variation in hydraulic conductivity. The variations most commonly noted in

strata are homogeneous (apparently so), graded (increasing mean as the base of the

stratum is approached) and inverse-graded (decreasing mean as the base of the stratum is

approached). For example, an inclined bed of sand deposited as grains cascading down

from the top, as in a downstream-accretion bar architectural element, would be inverse

graded and would have hydraulic conductivity which smoothly decreased from top to

bottom.
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4.2.1.2 Structures Larger in Scale than Strata

This discussion will evaluate the hydraulic conductivity of architectural elements.

However, the evaluation is equally applicable to all structures larger than stratum, as well

as their repetition in sets.

Since an architectural element is an assembly of strata which may also be organized

into sets and cosets, the hydraulic conductivity of an architectural element, as a whole,

will be an average of the stratal hydraulic conductivities. Many authors have shown how

to calculate averages from planar layered media (see Appendix D for simple "pseudo-

functions"). In many cases, such arithmetic or harmonic means may be useful

approximations. However, gradation within strata, non-planar strata, truncation of strata,

strata sets, and cosets; and the imprint of distinctive strata during pauses in deposition

further complicate the averaging process.

The averages for architectural elements developed from stratal estimates will have

spatial orientations which collectively describe anisotropy for the larger scale average.

The nature of strata boundaries and their organization into architectural elements will

yield significant anisotropy in many circumstances. However, Weber and others (1972)

discovered a reason for only minor anisotropy in the horizontal direction for trough

inclined strata in a channel floor sand architectural element within a channel architectural

element complex. The trough inclined strata sets are truncated and bounded by a

relatively finer-grained envelope on such a short spacing that water flow rarely finds a

continuous path through the occurrences of highest hydraulic conductivity. The volume
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average of the architectural element is therefore weighted heavily towards the finer-

grained inclusions. Therefore, it is important to consider all scales of elastic,

sedimentary structure when attempting to calculate averages for larger scale structures.

Hydraulic conductivity values can often be contrasted between elements based on

obvious contrasts in dominant grain size. However, actual values for the hydraulic

conductivity of architectural elements will require specialized field tests to support

reliable estimation. Inspection of the external forms and nested assembly of elastic,

sedimentary porous media indicates that field testing should be considered a significant

challenge. Two approaches are to:

1) collect many estimates representative of a smaller scales in the taxonomy

(strata) and average, or

2) test the architectural element as a whole, in isolation or in place.

The averaging to be accomplished in the first approach through assembly of stratal

hydraulic conductivity estimates. Such an approach is considered non-trivial at this time

because obtaining small scale estimates oriented with and across structure boundaries

requires elaborate drilling approaches or systematic excavation of a structure. For

example, core samples could be taken from oriented core in the strata of the architectural

element shown in Figure 4.1. A sufficient sampling of such a structure may require

thousands of core samples unless the structure clearly shows that a smaller number is

representative of the large number of strata.
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Figure 4.1 Testing an Architectural Element
to Estimate Hydraulic Conductivity
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The second approach, in-place estimation through the procedure discussed in

Chapter 5, has not been discussed before in the literature, but is an obvious route to

addressing the problems inherent in deriving the hydraulic conductivity of a elastic,

sedimentary porous media structure. In-place testing addresses the concerns of boundary

effects described later in this chapter. The water-level elevations within and around a

structure can be measured (see Figure 4.1), and used with available independent

estimates (e.g., an estimate from a radial flow test) to estimate hydraulic conductivity of

an architectural element. Isolated testing is only foreseen for laboratory models of

architectural elements since they typically are too large to excavate or seal off.

The estimation of hydraulic conductivity for scales larger than architectural element

by the approach of averaging strata-scale estimates is considered unmanageably complex.

The procedure described in Chapter 5 for estimating the hydraulic conductivity of

structures will be even more useful for scales larger than architectural element.

4.2.2 Field Studies of Hydraulic-Conductivity Variation

The findings of multi-scale field studies show that hydraulic conductivity (or

permeability) does vary between discrete elastic, sedimentary structures in the taxonomy.

In general, most investigators test and derive estimates of hydraulic conductivity on

relatively small scale and then statistically test for a difference in mean and or variance
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between groupings of estimates based on the extents of much larger scale clastic,

sedimentary structures.

Appendix E summarizes studies of hydraulic conductivity estimates based on

available testing techniques organized according to the taxonomy defined in Chapter 2.

The most useful of the studies reviewed in Appendix E are those where the investigators

use a minipermeameter to estimate air permeability in elastic, sedimentary structures

with spacings on the order of millimeters. Conversely, where the investigators are not

versed in identification of clastic, sedimentary structures, the groupings of hydraulic

conductivity measurements do not show distinctive moments and the results lead to little

insight.

The field studies reviewed in Appendix E are organized by testing

method/estimation technique:

• minipermeameter,

• core/core plug permeameter,

• radial flow, and

• uniform flow.

Sixteen studies using the mini-permeameter and 19 studies using core or core-plug

permeameter tests are reviewed in Appendix E and provide the most useful database at

present. Within each testing technique, the studies are further divided by depositional
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system. The descriptions provided by each author were used to assign the structures they

investigated to those of the taxonomy. Despite the variety of depositional systems and

structures investigated, review of the studies as a whole indicates that permeability

estimates have distinctive means and smaller variances when grouped and analyzed

according to location within elastic structures of the taxonomy.

The smaller the volume of investigation and the large the number of tests within a

structure, the more that distinctive groupings of permeability were found. The radial

flow and uniform flow tests investigated such large volumes compared to the volumes of

elastic structures noted by the authors that distinctive groupings were not observed.

4.3 Applicability of Darcy's Law and Hydraulic Conductivity

Accumulating observations indicate that there are associations of elastic sediments

with sharp spatial contrasts in grain-size distribution. Numerous instances exist of clay

laminations between sandy cosets, a gravel stratum filling the floor of a channel eroded

into clay, and alternating thin lamina of sand and clay in and adjacent to channel levees.

The large observed contrasts in grain-size distributions described here for elastic,

sedimentary porous media appear to be a great departure from the simplified laboratory

apparatus used by Darcy (1856) to empirically derive his famous Law. The validity of

Darcy's Law and the parameter hydraulic conductivity is investigated in this section.

Specifically, the applicability of models based on Darcy's Law is questioned for
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situations of the multi-scale, possibly very heterogeneous hydraulic conductivity

distributions found in elastic, sedimentary porous media.

Appendix D contains a review of the theoretical basis of hydraulic conductivity from

its first definition to recent research findings. The work summarized by Dagan (1989)

indicate that significant deviations from Darcy's Law only occur within a few pore

diameters of an abrupt change in the value of hydraulic conductivity. Deviations of this

size are relatively unimportant for the groundwater analyses typically conducted by

subsurface hydrologists.

A newer concept of relevance to evaluating Darcy's Law applied to a multi-scale,

possibly strongly heterogeneous porous medium is the finding that a more general

equation is necessary when data on the distribution of hydraulic conductivity are

incomplete. Specifically, conditional ensemble mean equations (Neuman and Orr, 1993;

Tartakovsky, 1996) address the content of information as well as the variability in space

of hydraulic conductivity. They consider a random distribution of hydraulic

conductivity with a lognormal distribution and exponential correlation function, but their

concepts are valid for small scale variability in a given domain. If information is

complete in defining the variation of hydraulic conductivity, then Darcy's Law and

hydraulic conductivity are appropriate for simulation of groundwater flow. When

information is incomplete, then inaccuracy in using Darcy's Law and an average

hydraulic conductivity is greatest near boundaries of the flow domain and for a period of

time after imposition of a new stress in the flow field. The boundaries of a given clastic,
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sedimentary structure, as it is in place, could be considered boundaries of a flow domain

when extending the recent work in conditional ensemble mean flow equations.

By increasing the knowledge of variability in hydraulic conductivity at various

scales, the use of sedimentary structures in the taxonomy will assist in reducing the

inaccuracy inherent in applying Darcy's Law based models of groundwater flow. Greater

accuracy in stochastic characterization could be achieved from identifying spatial

correlation functions and their domains of application which approximate the step-wise

and multi-scale variability of hydraulic conductivity in clastic, sedimentary porous media

(Jensen and others, 1996).

4.4 Summary and Discussion

From developments described in Chapters 2 and 3, a taxonomy is available from

which to identify sedimentary structures on a wide range of scales from typical data. The

relationship of hydraulic conductivity to sedimentary structures was established above in

this chapter, as was the continued viability of Darcy's Law based models employing

hydraulic conductivity to the magnitude of variability noted in elastic, sedimentary

porous media. With these foundations in place, it is appropriate to use the taxonomy to

identify discrete structures in any elastic, sedimentary porous media which may also be

considered discrete structures of hydraulic conductivity.
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Not only can such identification be accomplished, but it also constitutes a significant

advance in understanding the variation in flow of groundwater in elastic, sedimentary

porous media. The advance in understanding, compared to the current practice of using

only hydraulic data and estimates, comes from:

1) using an additional independent source of data (geologic),

2) using an independent set of rules for spatial association (genetic), and

3) creating and refining a cohesive hypothesis of local processes on multiple

scales.

There are several points to consider in using prototypes and genetic associations as

discussed in Chapter 3 to identify structures of discrete values of hydraulic conductivity.

One set of concerns involves having a sufficient density of data of sufficient quality to:

1) correctly identify structures,

2) assign identified structures to the correct scale in the taxonomy, and

3)	 identify structures of hydraulic conductivity variation significant for a

defined purpose.

This set of concerns plagues all subsurface studies no matter the approach they select.

For example, the identification of spatial correlation requires sufficient density and

quality of data to select the appropriate spatial correlation model. Data will need to be

collected to discern structure at the resolution required for analysis or prediction.
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Clastic, sedimentary porous media will require spatial correlation models which

accurately approximate the true, discrete, multi-scale variability with smooth functions.

A more conceptual concern has to do with the fact that grain-size distribution

variation also describes the discrete variation in hydraulic conductivity, but not the

absolute values of hydraulic conductivity in the discrete volumes so described. That is,

the taxonomy does not provide the actual values of hydraulic conductivity. A related

concern has to do with whether the variability in hydraulic conductivity between

structures at a given scale of discrete variation in grain-size measure are significant for

the intended uses of a model. For example, identification of architectural element-scale

structures may not result in sufficient improvement of a simulation to justify the effort

and expense compared to identification of architectural element complex-scale

structures.

These two concerns are addressed with a specific procedure described in Chapter 5.

The procedure separately reviews and applies independent estimates of hydraulic

conductivity to the taxonomy structures at each identified scale. The procedure then uses

available head and flow measurements to refine the estimates and provide quantitative

measures of the significance of variability of hydraulic conductivity at each scale. The

relative improvement afforded by identification at decreasing scales can be measured and

compared quantitatively by the procedure given in Chapter 5.
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CHAPTER 5

A PROCEDURE FOR USE OF THE TAXONOMY
IN ANALYSIS OF GROUNDWATER FLOW

A taxonomy was defined in Chapter 2 for identifying, organizing and discussing

elastic, sedimentary porous media over a range of scales of interest to subsurface

hydrologists. However, as discussed in Chapter 4, the nested hierarchy of structures

identified and organized from application of the taxonomy only defines where hydraulic

conductivity changes, not the values bounding the surfaces of change.

The procedure described in this chapter assigns the work of subsurface hydrology to

take up where the work of sedimentology leaves off The division of labor employed

here is sharp. Specifically, the subsurface hydrologist populates the hierarchy of

structures defined from the taxonomy with hydraulic conductivity estimates, refines the

estimates in the context of an observed flow system, and evaluates the usefulness of the

assembled groundwater flow model for analysis and prediction.

The hydraulic conductivity estimates derived from estimation techniques described

in Appendix E are called independent estimates in order to distinguish them from the

initial estimates for structures (a priori estimates) or the final estimates (a posteriori

estimates) refined by a formal parameter estimation algorithm in the procedure described

in this chapter.
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5.1 Objectives

The overall objective of this chapter is to describe a systematic procedure for using

the taxonomy in the analysis of groundwater flow. Specific objectives of the procedure

described in this chapter are to:

1) define quantitative measures for comparing the significance of hydraulic

conductivity variation at varying scales in a local nested hierarchy of

structures and for a defined purpose,

2) consider a variety of independent hydraulic conductivity estimate types in

the context of a local structure hierarchy, and develop initial or a priori

estimates for a parameter estimation algorithm, and

3)	 employ a formal method for quantitatively modifying an array of a priori

hydraulic conductivity estimates with a parameter estimation algorithm to

create an array of statistically optimal (a posteriori) estimates in the

context of an observed set of groundwater flow conditions.

Applying the procedure of this chapter to meet these goals will provide a framework

for future research and for immediate application to analysis of field sites where elastic,

sedimentary porous media are of interest.
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5.2 Previous Related Work

Groundwater flow models are currently operated on computers with sufficient

capacity to address hundreds of thousands to millions of calculation cells with varying

parameter values. Thus, detailed outlines of elastic, sedimentary structures can be

honored and zonation - the specification of a single parameter value to a group of

computational cells - can be applied to represent each structure with a single value of

hydraulic conductivity. Past approaches to representing spatially variable hydraulic

conductivity with zones are briefly reviewed in this section to provide a background for

description of the procedure which incorporates the descriptive/genetic taxonomy.

5.2.1 Zonation by Horizontal Layers

Layered zonation ("layer-cake") models have been the past standard in subsurface

hydrology (Weiss and Williamson, 1985) as well as in the petroleum industry (Haldorsen

and Damsleth, 1993). This zonation type is a natural outgrowth of the dominance of

litho-stratigraphie correlation in classical geology. To the extent that sequence-scale

structures have near-horizontal, planar boundaries, and that smaller-scale variation is not

of interest, this approach has merit and explains some past success in simulating

groundwater flow systems. However, as discussed in Chapter 3, review of accumulating

observations indicates that many scales of elastic, sedimentary structures do not have

horizontal boundaries or are not horizontally extensive (Miall, 1985).
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5.2.2 Mathematical Operations on Independent Estimates

Mathematical operations on independent estimates include: moving averages,

clustering, kriging, conditional simulation, and co-kriging and co-conditional simulation

of combinations of independent estimate types. Independent estimates are typically those

reviewed in Appendix E, but they may also be multiple regressions of several

parameters. Mathematical operations, particularly point kriging techniques, are widely

applied at this writing to interpolate or otherwise distribute independent hydraulic

conductivity estimates for input to a groundwater flow model.

Although not zonation techniques in a theoretical sense, application of the

mathematical operations leads to specification of model parameter values for finite (often

relatively large) computational cell volumes. Consideration of grid-block averaging

effects in numerical approximations of partial differential equations by finite differences

lead to the need for at least an 8 x 8 block of computational cells enclosing each distinct

hydraulic conductivity value (in two dimensions) in order to preserve the variance within

about 10% of the interpolated field in the flow approximation (Yeh and Mock, 1996).

Similar practices are needed in one and three dimensions, and for finite element

approximation.

The mathematical operations on independent estimates listed above require a

sufficient density of independent estimates with a support volume matched to the scale of

significant spatial variation (Jensen and others, 1996). Based on spectral sampling
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concepts (the Nyquist frequency), the support volume of the estimates should be smaller

than one-half the size of variation of interest (Beckie, 1996).

The contribution of the work developed here indicates that a more demanding

requirement should be imposed on a priori estimates created from mathematical

operations on independent estimates for elastic, sedimentary porous media. Based on

inspection of the structures organized in the taxonomy of Chapter 2 and shown to have

distinct hydraulic conductivity in Chapter 4, the support volumes of independent

estimates should be matched to the volumes and shapes of elastic, sedimentary

structures. Otherwise, the support volumes of independent estimates should be much

smaller than the structures of interest and the number of independent estimates should be

large enough to represent the structures present. The resulting mathematical operations

will then reveal the nested hierarchy of hydraulic conductivity structures known to

compose elastic, sedimentary porous media, and described by the taxonomy of Chapter

2.

5.2.3 Indicator Kriging/Conditional Indicator Simulation

Indicator variograms estimate the spatial distribution of probability of occurrence for

two characteristics in space. Indicator kriging and conditional indicator simulation

interpolate the probabilities of the two characteristics in space. The two complementary

and space-filling characteristics are assigned an indicator value of 0 or 1. Investigation
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of the properties of indicators and combined indicator-kriging/simulation methods are at

the forefront of research for flow models in both subsurface hydrology (Johnson, 1995;

Ritzi and others, 1995) and petroleum engineering (Dubrule, 1992; Rossini and others,

1994). Current applications typically recognize two hydro-stratigraphic units: aquifer

versus aquitard in subsurface hydrology or two litho-stratigraphie units: shale (or

dolomite) versus sand in petroleum engineering.

A related approach is that of Sun and others (1995) who employ a limited set of

driller's or USCS descriptions of drilling returns for kriging within defined layers and

then averaging hydraulic conductivity based on the assumption of strictly horizontal

layering. In essence, Sun and others (1995) are expanding the number of indicators. The

utility of driller's calls for the lithology of drilling returns is probably limited for genetic

association. However, expert review of a large body of especially meticulous driller's

descriptions can lead to delineation of elastic, sedimentary structures.

The disadvantage of indicators as employed to date is that the two-fold (or similar

small set) division ignores the structural information which allows genetic association.

That is, the current schemes group volumes based on average grain-size alone (driller or

USCS organization) which may have no genetic association.
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5.2.4 Clastic, Sedimentary Structures

The idea of using elastic, sedimentary structures to understand hydraulic

conductivity variation has intrigued a few researchers in subsurface hydrology, but it has

rarely been used in analyzing groundwater flow. This is attributed in Chapter 2 to the

lack of consistent terminology and identification of structures and scales of structures

relevant for subsurface hydrology found in the accumulating sedimentology literature.

Nevertheless, a major contributor in the advances in sedimentology, Andrew Miall,

remarked (1988):

[Petroleum] Reservoir modelers should attempt to divide a reservoir unit

into its component elements and use the bounding surface hierarchy to

examine each component separately in its correct scale context. A useful

improvement on current computer-modeling techniques may be to

develop the concept of grid blocks within grid blocks, with the size of the

nested blocks scaled to fit the scale of the component depositional

elements. The statistical variation of the critical parameters, such as unit

thickness and lateral extent, porosity and permeability (vertical and

horizontal), shale continuity, etc., can then be treated correctly.

Hidden in the closing paragraph of Maill's (1996) recent textbook is a similar call for the

application of his architectural element approach to hydrogeology, particularly

contaminant transport.
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The use of lithofacies (probably cosets in the taxonomy of Chapter 2) to assist in

groundwater investigations was introduced as early as the 1960's by Pettyjohn and

Randich (1966) for analysis of groundwater in glacial depositional systems. They

advocated plotting several vertical slices of lithofacies occurrence and overlaying the

results to more accurately estimate transmissivity and groundwater in storage.

Hall and Turk (1975) used delineations of depositional systems and "component

facies" to guide their analysis of flow and inorganic water-quality zonation in a Texas

aquifer system. A meanderbelt fluvial system and a wave-dominated delta system were

identified with several architectural elements in each. Transmissivity was noted to be

highest in the meanderbelt system's sand facies. Inspection of hydraulic conductivity

data from sparse pumping tests indicated distinct ranges for different architectural

elements.

Fogg (1986) built a three-dimensional model of a groundwater system in Texas. A

clear difference in hydraulic conductivity values between core samples from channel fill

(architectural element complex) sands and core samples from overbank fines

(architectural element complex) deposits was found from independent hydraulic

conductivity estimates. Six alternative arrangements of channel architectural elements or

layer vertical anisotropy were created and the resulting simulations were compared

qualitatively with the measured heads. Based on the qualitative comparison, it was

found that the interconnectedness of sand bodies had a strong influence on vertical flow.

Reviewed with respect to the taxonomy, Fogg (1986) was investigating the utility of
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incorporating what are commonly termed channel belts (architectural element complexes

within complex sets). Fogg (1986) notes a lack of sensitivity of head data to

interconnectedness and resulting vertical flow components and therefore cautions against

using model fit to head alone as the only measure of parameter reasonableness.

Researchers in petroleum engineering have described how to create model input

permeability arrays based on elastic, sedimentary depositional structures. Their success

prompted the procedure described later in this section. Hearn and others (1984)

introduced the "flow unit" concept for creating zonations of permeability in reservoir

simulation models. They define a flow unit as "a reservoir zone that is continuous

laterally and vertically, and has similar permeability, porosity, and bedding

characteristics". A hierarchy of sedimentary structures is the framework for defining the

flow units, but is not the only criteria. However, detailed interpretations of genetic

associations guide the delineation of the flow units. Flow units to Hearn and others

(1984) are not homogeneous, nor do they have unique permeability and porosity values,

but instead have distinctive ranges. Further, they note that flow units are not isolated but

are in communication. Comparison of the resulting simulations with field data indicated

fair agreement (Hearn and others, 1986), but the comparisons were not quantified.

Weber (1986) provides a seminal discussion of how a hierarchy of clastic,

sedimentary structures affects oil recovery and the need for incorporation of the hierarchy

in simulation models. Weber's colleagues, Van de Graff and Ealey (1989) emphasize the

hierarchy of scales of heterogeneity in permeability created by a hierarchy of elastic,



134

sedimentary structures and encourage petroleum reservoir modelers to take care in

determining which scale is of greatest impact for the predictions desired.

A follow-up to Weber (1986) is the paper by Weber and Van Geuns (1990) in which

specific strategies are provided for model grid and zonation development. Three broad

classes of sedimentary structures, typical of petroleum reservoirs, are identified that

assist in addressing a variety of depositional environments and architectural element

complexes. Specifically, Weber and Van Geuns (1990) categorize petroleum reservoirs

as "layer-cake", "jigsaw puzzle", or "labyrinth". The layer-cake is also the standard of

subsurface hydrology models (aquifers and aquitards) described above. Accurate

deterministic models of layer-cake reservoirs can be constructed from typical petroleum

well field densities. The jigsaw reservoir is one of interlocking structures. Dense data

allows accurate deterministic modeling of jigsaw puzzle reservoirs, otherwise stochastic

approaches may be needed. The labyrinth reservoir has generally unconnected sand

structures. The labyrinth reservoir requires such a high density of data to infer

deterministically that the stochastic approach is generally preferred.

A comprehensive demonstration of the flow unit approach of Hearn and others

(1984) with data from a petroleum reservoir is provided by Jackson and others (1991)

who found good results from defining flow units from genetic association of geologic

units, developing a resulting hierarchy of sedimentary structures, and compiling site-

specific relationships of the flow units to permeability and porosity. As in the work of
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Hearn and others (1986), qualitative agreement of simulations with historical

measurements was noted, but quantitative comparison was not attempted.

Sheibe (1993) and Webb and Anderson (1996) simulated groundwater flow and

advective transport with geometric representations of a fluvial point bar (one

architectural element), and a braided fluvial "system" (a stack of architectural element

complex sets), respectively. Both were synthetic data sets modeled closely after modern

systems studied by sedimentologists and a variety of assignment schemes for hydraulic

conductivity were attempted for structures ranging in scale from strata to lithofacies.

Since actual heads were not available for the synthetic systems, no comparison could be

made with measured heads or fluxes. Sporadic distributions of particle breakthroughs

were noted in both studies.

Lake and Mallik (1993) conducted simulations of flow and transport of petroleum

using a detailed permeability distribution measured on the (eolian depositional system)

Page Sandstone in northeastern Arizona (see Goggin and others 1988 for details). This

was held as the standard against which conditional simulations from limited data were

compared with little success, unless the conditional simulations were tailored closely to

the observed sedimentary structures. Since actual fluid pressures were not available for

the media, no comparison could be made with measured pressures or fluxes.

The use of elastic, sedimentary structure for specification of zones of hydraulic

conductivity with an algorithm for estimating hydraulic conductivity is provided by

Poeter and McKenna (1995). Hydrofacies (used without definition by the authors) are
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repeatedly simulated for a synthetic example with multiple indicators labeled: alluvial

fan, overbank fines, crevasse-splay sands, and two types of channel sands differentiated

by grain-size. Although their zones are meant to be elastic, sedimentary structures, they

mix scales to build a synthetic domain for theoretical analysis (depositional systems,

architectural element complexes and architectural elements). A parameter estimation

algorithm is applied to estimate hydraulic conductivity in 400 indicator simulations of

the hydrofacies. An individual simulation of hydrofacies is either accepted or rejected

for use based on the convergence of the parameter estimation algorithm to a set estimates

of hydraulic conductivity for the hydrofacies. The resulting culling process leads, in the

authors' opinion to a reduced set of realistic hydrofacies distributions and values. The

use of a parameter estimation procedure is a useful step in quantification, but the

selection of algorithm convergence is questionable. Convergence is not related solely to

the consistency of the model input hydraulic conductivity structure to the sedimentary

structure of a porous media. The lack of independent estimates of hydraulic conductivity

in the procedure in itself would lead to non-convergence or convergence to unrealistic

values (Carrera and Neuman, 1986b).

5.2.5 Summary of Past Zonation Approaches

Mathematical operations on independent estimates are attractive for assigning

hydraulic conductivity values to model zones because they can be applied without
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recourse to learning the terminology and methods of sedimentology or examining the

methods used to make the independent estimates. Limitations in using these methods, as

currently described in the literature, are evident when the nested hierarchical structures of

elastic, sedimentary porous media are compared to the volumes investigated by

independent estimation techniques (Appendix E). Demonstration of consistency

between volumes investigated by a prior estimation techniques and the structures of

interest should be added to applications of mathematical operations.

Attempts at incorporating elastic, sedimentary structures as flow units into flow

simulations have been encouraging, but not systematically quantified, in the petroleum

industry. Parameter estimation algorithms have recently been applied to test the

usefulness of a sedimentary structure for groundwater flow simulation, but the criteria for

usefulness require further analysis.

In general, published work along this line either did not evaluate and quantify the

incorporation of information from independent hydraulic conductivity estimates and

head/flow measurements, or did not benefit from the organization of the taxonomy

presented here. In the published attempts to date, a clear specification of terminology,

structures, genetic association of structures, and relevance to subsurface hydrology such

as provided by the taxonomy developed here would improve the work.
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5.3 Procedure Description

A new procedure for using the descriptive/genetic taxonomy in analysis of

groundwater flow is described in this section. In essence, the procedure takes each set of

structures identified in a location at a given scale, defines them to be de facto flow units

in the sense of Hearn and others (1984), applies a combination of quantitative methods to

populate the flow units with a priori hydraulic conductivity estimates, refines the

estimates with head and flow measurements from a historical period, and evaluates the

results of using the flow units to simulate historic conditions. Figure 5.1 presents a

simplified flowchart for information and processes in the procedure. The following is a

format for the procedure for applying the taxonomy of elastic, sedimentary porous media

structures in analysis of groundwater flow:

1. develop a geologic model with a nested hierarchy of sedimentary structures from

application of the taxonomy to the available geologic data (Chapters 2 and 3),

2. define the structures at each identified scale to be flow units (Chapter 4);

3. for each scale of flow units, inspect the locations of and volumes investigated by

available independent hydraulic conductivity estimates and from them assign a priori

estimates to the flow units, quantify the variation of independent hydraulic

conductivity estimates within and between the flow units selected for each scale;

4. inspect the available head and flow measurements within the context of each scale of

structures and select an historie period or periods for refining the hydraulic
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conductivity estimates, quantify the variation in head and flow measurements

within and between the flow units selected for each scale;

5. assemble a groundwater flow simulation of the selected historical period or periods

with each scale of sedimentary structures, separately run each scale simulation

under the control of a formal parameter estimation algorithm to systematically refine

the a priori estimates of hydraulic conductivity in each structure, subject to a

specified objective criterion;

6. review the results of the simulation and refinement process, if several scales are

analyzed, compare the statistical measures for each scale and select a scale of

structure variation which meets the needs to both: A) match heads and flows as

closely as possible, and B) minimize the variance of the refined (a posteriori)

hydraulic conductivity estimates.

Each step in the procedure is discussed in the following sections. The procedure is

distinct from previous groundwater flow modeling approaches in its integration of

sedimentology and quantitative subsurface hydrology. Baker (1978) noted that

reconstruction of the environment and controlling processes for a given deposit is one of

inductive reasoning (starting from a collection of individual observations and proceeding

to general statements). This process is counter in direction to the analysis of

groundwater flow which is one of deductive reasoning (starting from general principles

and proceeding to individual conclusions). Baker (1996) later refined his analysis of the
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logic employed by geologists and introduced the concept of retroduction with respect to

paleohydrology. Retroductive logic seeks specific causes for observed outcomes, based

on general principles such as theory and accumulated experience. This retroductive

process is adopted here for the identification of local causes of observed local outcomes,

based on general principles of theory and experience.

Difficulty in simultaneously applying logic in the opposing directions of geologic

analysis and hydrologic analysis may explain the previous lack of integrated application

of both reported in the groundwater flow modeling literature. Groundwater flow analysis

is conducted here deductively based on the general principles of hydraulic conductivity

variation derived from retroductive analysis of individual geologic observations. That is,

in the procedure presented here, the two-way flow of reasoning is first from geologic

observations to local causes of geologic variation, and then from the associated

assumptions of hydraulic conductivity variation to specific variations in head and flow

rate in space and time.

5.3.1 Geologic Model Development

Identification of structures in the taxonomy of Chapter 2 with typical data is

accomplished with the approach outlined in Chapter 3. A summary of the primary

sources of data for development of a geologic model is provided here. For additional

detail, the reader is referred to Appendix C.
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Regional studies, as conducted by the U.S. and state geological surveys in the United

States, form the basis of depositional system and depositional system complex structures

and their repetition in sets. Structural geologists observe and map surface exposures,

compare their observations with regional tectonic interpretations, and infer the extents of

sedimentary basins. Depending primarily on depth, the current topography may assist in

defining basin extents and characteristics. Structures within basins can best be inferred

from study of the following types of data.

Core is the primary data type for inferring elastic, sedimentary structure in the

subsurface. Stratification type and angles are inspected visually and stratum, strata set,

and coset structures are readily identified. Chapter 2 presents the definitions of these

structures commonly identified in core.

Second to visual inspection of core is down-hole imaging. The primary tools for this

are the many multiple resistivity tools: the dipmeter, formation microscanner, etc. Each

converts many directed resistivity measurements into what is essentially a photograph of

exposed bedding types and angles. The less sophisticated geophysical logs (e.g.,

resistivity, spontaneous potential, gamma, neutron) provide a reduced set of information

compared to down-hole images, but their variation with depth has been used successfully

to infer strata, strata set, and coset structures (see Galloway and Hobday, 1996, for

numerous examples).

Trailing core inspection and borehole geophysical measurements is the inspection

and description of drilling returns. The preferred form of drilling return description is by
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a geologist trained in sedimentology data requirements (Chapter 2) and in the operation

of drilling rigs and associated fluid handling systems. The angles of stratification are not

available in drilling returns, but systematic variation in grain size of returns can be

diagnostic of strata, strata sets, and lithofacies (see Galloway and Hobday, 1993; Walker,

1984).

The only reason that outcrops (actual or analog) are not the preferred data type when

they are available is that sedimentary structure varies in the often large distances between

the outcrop and the subsurface volume of interest. The processes dominant in a structure

or the structures themselves may vary between outcrop and subsurface. Where outcrops

are similar to the subsurface volumes of interest, the clearly visible structures of outcrops

can be photographed, inspected, and tested to any level of detail.

A final data type useful for directly imaging sedimentary structures in the subsurface

includes surface geophysical measurements, particularly GPR or high resolution 2-D or

3-D seismic. Recent work with GPR has been encouraging, showing individual

architectural element bounding surfaces, but its very limited depth range (30m) is a

significant limitation for many groundwater flow analyses. The work of Stephens (1994)

is an especially good test of GPR for architectural element identification.

Seismic reflection can reach much deeper than GPR (depending on the explosion

magnitude), but it requires large contrasts in density between the elements being

investigated (Weber, 1993). Olsen and others (1993) were successful in applying high-

resolution seismic reflection to define sequences and facies in a fluvial depositional
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system. The facies were volumes with a common shape of secondary reflection

(compared to sequence reflections) which probably makes them cosets in the taxonomy

of Chapter 2. Olsen and others (1993) were especially fortunate in that the presence of

the groundwater table at land surface at their site allowed for minimum attenuation of the

seismic waves.

5.3.2 Selection of Flow Units

In the tradition of Hearn and others (1984), but slightly modified, a flow unit is

defined to be a volume of porous medium in which the distribution of hydraulic

conductivity is sufficiently different from adjacent volumes to create a variation in head

and flow rate within a field of assembled flow units of a magnitude similar to the desired

resolution of a given groundwater flow simulation.

Previous works in subsurface hydrology infer the hydraulic significance of

sedimentary structures prior to their association between lithologie observations. The

new procedure defined in this chapter instead uses genetic principles and accumulated

observations within the context of a taxonomy of nested hierarchy of scales to associate

geologic observations in consistent structures on multiple scales without consideration of

hydraulic significance. The development in Chapter 4 supports the premise that grain-

size distribution variations are also hydraulic conductivity variations. The consequence

of this premise is that the sedimentary structures of a single scale in the hierarchy are de
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facto flow units. The flow units are the bases for evaluating available independent

hydraulic conductivity estimates and water-level elevation/flow rate measurements.

Definition of structures within each scale as consistent flow units represents a

fundamental step in this procedure

The two challenges in implementing this step are to:

• select a scale at which hydraulic conductivity variation is significant for the goals of

the groundwater flow analysis and

• assess the potential for multiple structures within a selected scale to have essentially

identical hydraulic conductivity values.

The first challenge can be addressed by repeating the procedure with flow units

defined on each of several scales and comparing the results. A preliminary significance

can be assigned to a scale of flow unit before analysis of a scale's structures in the

context of an observed flow system. This is done by selecting a range of scales with

spatial variation wavelengths bounding the wavelength of the desired resolution of the

groundwater flow simulation. For example, if resolution of the variability in head is

desired at the approximate wavelength of 100 m, then scales of structures bracketing this

value (say, available identified structure scales of 10-30 m up to structure scales of 1000-

3000 m would be selected).

A useful quantitative measure for comparison of flow unit scales in the context of an

observed flow system is the variance of the a posteriori parameter estimates. While the
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smallest recognized scale of structures may appear to be an attractive, Yeh and Yoon

(1976) point out that increasing the number of parameters to be estimated, beyond a

model-dependent limit, can lead to parameter estimates with unacceptably large

uncertainty. Thus, more data are required for the ever-decreasing scales of structures to

maintain a given level of parameter value uncertainty.

The second challenge noted above is addressed through statistical comparison of the

variance of independent estimates within and between the flow units defined at a given

scale and through analysis of the covariance of the a posteriori parameter estimates.

Although flow units as defined here are genetically related, the independent and a priori

hydraulic conductivity estimates of the individual flow units should have relatively low

covariance or they would not be distinct and satisfy the definition of a flow unit. The

potential is great in many elastic, sedimentary systems to repeat a depositional event or

group of events in different locations. This is the basis of recognizing architectural

element complex sets described in Chapter 2. For very close reactivation of a process

with consistent materials, essentially identical hydraulic conductivity estimates in the

defined flow units will result. This occurrence results in a relatively high covariance and

represents an opportunity to reduce the number of parameters to be estimated (i.e., one

value of hydraulic conductivity is representative of several flow units) and reduce the

variance of the estimate.
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5.3.3 Inspection and Quantification of Independent Estimates

The distinctive viewpoint of the procedure defined here is that each independent

hydraulic conductivity estimate is interpreted within the context of each consistent scale

of flow units derived from a genetic analysis of only geologic data. This is distinguished

from previous procedures of evaluating only the independent hydraulic conductivity

estimates to identify discrete zones of hydraulic conductivity (mathematical operations),

or evaluating the independent estimates in the context of inconsistent structures

associated without genetic consideration (hydro-facies or hydro-stratigraphy).

The purpose of considering independent hydraulic conductivity estimates in this

procedure is to define a priori estimates that are used to:

1. penalize consideration of differing values of hydraulic conductivity by a parameter

estimation algorithm, and also enhance convergence and reduce instability of a

parameter estimation algorithm, and

2. make the resulting estimates more representative of a variety of flow regimes.

To accomplish these ends, each a priori hydraulic conductivity estimate should

closely represent the appropriate average of the flow unit to which it is assigned.

Appropriate averaging is strictly related to volume, structure orientation, and flow regime

(see Appendix E). Comparison of the shapes of structures in the taxonomy defined in

Chapter 2 to the shapes of volumes investigated with typical independent hydraulic

conductivity estimation techniques reviewed in Appendix E indicates that available



148

independent estimates will rarely, if ever, exactly represent a sedimentary structure. In

addition, flow regimes of estimation techniques may be different from the flow regimes

of the flow units in place. This inconsistency is addressed by: averaging multiple

independent estimates within a flow unit, and by using independent estimates which

investigate a larger or different volume than the flow unit and specifying a variance for

the resulting estimate from the true average.

The parameter estimation algorithms in common use (see Appendix F for a review)

weight the a priori hydraulic conductivity estimates by a function of their (co)variances.

These (co)variances are developed from consideration of how closely the a priori

estimates define the hydraulic conductivity of the flow units. For example, a poorly run

test or an incorrect analysis procedure could lead to an erroneous estimate for the volume

affected by the test. Even with perfect estimation procedures, there is a difference

between the a priori hydraulic conductivity estimate and the flow unit's appropriate

average due to their different shapes, internal structures, volumes, and flow regimes.

These differences are allowed for in parameter estimation by considering variances and

allowing refinements to move away from a priori estimates.

Quantification of a priori estimates consists of:

1. univariate statistics of independent estimates for each flow unit in each scale, and

2. analysis of differences in distribution parameters for independent estimates between

the flow units and between scales.



149

These calculations are made with standard statistical packages separately from

groundwater flow simulations. Strong covariance between flow units and/or larger

variance within a flow unit than between flow units are used as a basis for combining

flow units in terms of parameter value (but not their spatial extents if the proposed

combinations are not adjacent).

5.3.4 Inspection and Quantification of Head and Flow Rate Measurements

Available measurements of heads and flow rates from a selected historical period are

interpreted for their location with respect to the flow units defined at a selected scale. A

portion of the historical record may be selected for further analysis based on efficiency,

greater data density, more complete coverage of measurements, etc. The inspection

consists of plotting water-level elevation or flow measurements and assigning individual

measurements to flow units on each scale.

Quantification of head and flow rate measurements consists of calculating univariate

statistics and comparing statistical measures within and between flow units. An

additional analysis for time-varying water-level elevation or flow rate data calculates and

compares measures of trend or variance in time within and between flow units.

The results of quantitative analysis of water-level elevation and flow rate data are

used to assign targets and a measure of how close the targets should be matched in a

parameter estimation algorithm. (Co)variances assigned to the water-level elevation and
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flow rate measurements also are used in a parameter estimation algorithm to provide

consistent magnitudes in objective criteria that combine comparisons with a priori

hydraulic conductivity estimates and water-level elevation/flow rate measurements (Hill,

1992).

It is clear that any weighting towards comparison with a priori hydraulic

conductivity estimates will worsen the classic model "fit" or comparison to the selected

historical water-level elevations. However, the water-level elevation measurements are

imperfect representations of the selected flow regime, and less so of a greater range of

flow regimes that may be of interest. Weighting comparisons toward a priori hydraulic

conductivity estimates provides a perspective more representative of a greater range of

flow regimes where hydraulic conductivity does not vary substantially with variation in

flow regime.

It should also be recognized that the water-level elevation measurements may differ

from those simulated by a model (as quantified by [co]variance) not just because of

errors in measuring the depth to water in a well and calculating the water-level elevation

in a well, but also because of a difference between the average of head in a

computational cell and the water-level in a vertical well with limited vertical openings.

Therefore, a perfect match to measured water-level elevations is not an appropriate goal.

A superior goal is to match water-level elevations within their range of variation for the

system and measurement device (well) at hand. The same is true of comparing

simulation results to flow rate measurements in a parameter estimation algorithm.
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5.3.5 Assembly of Groundwater Flow Models and Refinement of Estimates

A separate groundwater flow model is created for each scale of flow units (e.g.,

architectural element, depositional system, etc.) and a parameter estimation algorithm is

run for each under selected historical flow conditions. In essence, maximum likelihood

or weighted non-linear regression parameter estimation are used to refine hydraulic

conductivity estimates in each flow unit (unless some are combined as described above)

which lead to the closest comparison of:

1. water-level elevation/ flow measurements with model simulated heads/flow rates,

and

2. a priori hydraulic conductivity estimates with refined hydraulic conductivity values.

The approach for conducting a single run of a parameter estimation algorithm is

described in detail in Carrera and Neuman (1986c) or Hill (1992). Since a limited

number of scales are considered in a given domain in the procedure described here, the

automated repetition of parameter estimation is not considered valuable.

5.3.6 Review of Results and Selection of a Scale and Estimates

Since the flow units are based on a geologic model built from and honoring the

available geological data, the structures in each scale will typically match geologic data

to a consistent degree. However, if there is a great disparity in the data supporting
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different scales of structures, the scales with greater data density supporting their

identification should be preferred for defining flow units.

For scales with consistent geologic data support, the primary measures of the

hydraulic validity of flow units at each scale for simulation of groundwater flow are:

1. ratio of variance within flow units to variance between flow units for independent

estimates of hydraulic conductivity grouped by consistent flow units,

2. ratio of variance within flow units to variance between flow units for water-level

elevation or flow-rate measurements grouped by consistent flow units,

3. accumulated differences of simulated and measured water-level elevations or flow-

rates,

4. accumulated differences of refined (a posteriori) and initial (a priori) hydraulic

conductivity estimates, and

5. covariance of simulated water-level elevation/flow rates and of refined hydraulic

conductivity estimates.

The closer the historical period flow conditions are to the flow conditions projected

for the period of prediction, the greater the consideration of accumulated differences

between simulated and measured water-level elevations and flow rates. In any case, the

use of accumulated differences between measurements and simulated values is subject to

further examination of the other measures described. A set of flow units at a consistent

scale is accepted for use in prediction of analysis of groundwater flow if it is derived
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from a geologic model which applies the taxonomy of Chapter 2 to the available

geologic data and has the following characteristics:

1. the variation in independent hydraulic conductivity estimates and water-level

elevation/flow measurements is greater between flow units than within flow units to

a degree greater than for other scales of flow units,

2. the accumulated differences between a priori and a posteriori estimates of hydraulic

conductivity are smaller than for other scales of flow units,

3. the accumulated differences between simulated and measured water-level

elevations/flow rates are smaller than for other scales of flow units,

4. the covariances of the water-level elevation/flow rate simulations are smaller than for

other scales of flow units, and

5. the covariances of the a posteriori estimates of hydraulic conductivity are smaller

than for other scales of flow units.

The optimal trade off of the above selection criteria is a function of the available

data and the purposes to which the groundwater flow simulation will be put. Alternative

maximum likelihood criteria for discerning between alternative models are discussed and

used by Carrera and Neuman (1986c). Their primary contribution over the objective

function alone is that they penalize models with more parameters. The maximum

likelihood criteria can be considered as groupings of the above criteria.
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5.4 Summary and Discussion

The procedure described in this chapter makes use of the taxonomy of scales for

elastic, sedimentary structure by comparing groundwater flow simulations made with

each scale of structures to a historical period of observed heads and flows. Formal

parameter estimation algorithms are used to refine estimates of hydraulic conductivity

subject to initial estimates of hydraulic conductivity and to measurements of heads and

flow rates at points in the simulation domain.

Concerns with applying the procedure presented in this chapter include:

1) Geologic data may be insufficient to identify multiple scales,

2) Geologic data may be insufficient to identify specific structures,

3) Hydraulic conductivity variation may not be related to the local elastic,

sedimentary porous media structures,

4) Testing data may be insufficient to develop independent estimates of hydraulic

conductivity for each structure in each scale,

5) Water-level and/or flow rate data may be insufficient to refine the hydraulic

conductivity estimates in each structure in each scale,

6) The optimal combination of trade-offs among the criteria for selecting a scale of

structures after hydraulic analysis is not globally and uniquely defined, and
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7)	 The variability in data quality and quantity between scales will adversely affect

the choice between scales.

These concerns will be discussed below in the order presented above.

At most locations there will be as much geologic data as hydraulic testing data or

water-level measurement data (if not much more), since boreholes had to be advanced to

collect such data. In the rare instance that no data were collected during borehole

advancement, then the taxonomy and procedure will be difficult to apply. In most

situations where detailed groundwater flow simulations are required, the volume of

geologic data will be much greater than the volume of hydraulic data. The concern

remains about the sufficiency of the available data to define multiple scales and

structures within each scale. This is a site-specific concern. As stated in Chapter 3, the

taxonomy has some application to practically every site, since it describes globally valid

structures and provides a bridge to prototypes where data are lacking. In the experience

of the author, numerous sites of groundwater contamination remedial action, artificial

recharge and recovery, and in-situ mining have data density and quality sufficient to

derive benefit from application of the taxonomy and procedure developed here.

While it may be unclear at a specific site how the available independent estimates of

hydraulic conductivity locally support the concept from Chapter 4 that elastic,

sedimentary structures are also structures of distinctive hydraulic conductivity. It is

important to note from the work reviewed in Appendices D and E that available testing

techniques were not designed to investigate the shapes of elastic porous media. Also, it
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is unlikely that testing programs designed without the benefit of the taxonomy would

representatively test structures at scales of interest. For such sites, it is up to the

subsurface hydrologist to use the available hydraulic data with the formal parameter

estimation algorithm to derive the best possible estimates for the available historic data.

The use of hydraulic data, through a parameter estimation algorithm as proposed in

this procedure, is a unique and independent test of geologic interpretation. It is the

strength of the procedure. However, in the case where water-level and flow rate data are

insufficient to significantly refine the estimates of hydraulic conductivity for each

structure in each scale of interest, then the results of applying the procedure provide

quantitative food for thought about additional investigation and collection of geologic

and hydraulic data. For example, the values of hydraulic conductivity in three structures

will not be significantly refined as separate values if there are no available head

measurements within or near their adjoining boundaries. The resolution required of the

groundwater flow simulations will be the primary criteria in determining the scales for

which acceptable geologic resolution and supporting hydraulic data are needed.

The results of the procedure are quantitative criteria for each scale of structures. It is

true that the procedure does not proscribe an algorithm for selecting between trade-offs

in the criteria that will surely arise in practice. The multi-objective problem is left for

solution by site-specific weighting of each criterion, based on the objectives of a

particular study.
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The final concern of unequal data density and quality between scales also has a site-

specific solution. Some of the criteria address this concern, primarily the covariance

matrices for simulated heads flows, and refined (a posteriori) hydraulic conductivity

estimates. Criteria should be ranked for multi-objective selection so as to address

obvious disparities in the density and quality of data available between scales.

The concerns addressed in this section are typical of any modeling approach. The

procedure developed in this chapter provides for their evaluation and for taking action to

address them to maximum benefit. The benefits of the procedure appear to be substantial

in terms of making a systematic application of the best of hydraulics, system theory, and

geology. The example presented in the next chapter illustrates some benefits and

limitations of the taxonomy and application to analysis of groundwater flow with the

procedure.
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CHAPTER 6

APPLICATION TO A FIELD SITE

The previous chapters contain presentations of a new taxonomy, how to apply it to

typical geologic data, the relationship of elastic, sedimentary structures to hydraulic

conductivity variation, and a new procedure for using the taxonomy for groundwater

flow analysis. Concepts, arguments, and synthetic examples have been presented and

discussed along the way to illustrate points of general application.

6.1 Motivation

This chapter describes the specific application of the taxonomy and procedure to

analysis of groundwater flow in a sequence of sediments of the Tucson Basin in southern

Arizona. The application of the taxonomy to a site of groundwater contamination

indicates the challenges of working with common data types and densities, but also

shows the characterization provided by using the geologic data in a systematic way by

applying the taxonomy. The procedure provides for systematic use of the available

hydraulic data to quantitatively test the geologic interpretations based on the taxonomy.
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6.2 Site Background

The selected site is one of remedial investigation and action for contaminated

groundwater south of Tucson, Arizona. The remedial investigation, remedial action and

their associated hydrogeologic evaluations for the Air Force Plant No. 44 site are

described by Allen (1993). Remedial investigations and monitoring from 1981 to 1986

provided data for design, installation, and pilot testing of a extraction, treatment and

injection system in an area approximately 3 miles long and 1/2 mile wide. Inspection of

water-level and concentration measurements indicates a focus is appropriate on a limited

vertical interval (average thickness approximately 70 feet), called the upper aquifer zone.

This upper aquifer zone is wholly contained within a distinctive formation or sequence in

this taxonomy. Substantial natural heterogeneity, and a wealth of detailed drilling return

descriptions, water-level measurements, and constant-discharge aquifer tests for the

upper aquifer zone make this site a useful illustration of the procedures proposed in this

dissertation. The data were made available by the State of Arizona as public

information.

The nature of solute transport at this site is not addressed here as the purpose of this

illustration is to address improved analysis of groundwater flow. Extension of the

procedure to simulation of historical solute transport would provide yet another measure

of the validity of a set of flow units defined from application of the new taxonomy.
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The setting for this site is the Basin and Range Province of generally northeast

trending, elongate basins bounded by mountain ranges. The climate is arid and desert

vegetation predominates. The Tucson Basin, in which the site is located (Figure 6.1), is

filled primarily with clastic sediments to depths as great as 13,000 feet. Occasional beds

of extrusive igneous rocks are also present. The City of Tucson and surrounding

communities depend on groundwater for their water supply at this writing, although

recharge and limited direct use of surface water imported from the Colorado River are

being introduced.

The primary current study of geology for the Tucson Basin was conducted by the

U.S. Geological Survey (Anderson, 1987). Anderson (1987) refined earlier works and

plotted cross-sections and maps of surfaces bounding formations. These formations

(Fort Lowell, Pantano) and "Beds" (Tinaja) are basin-wide, elastic, sedimentary

sequences of the taxonomy defined in Chapter 2. Anderson (1987) not only defined

sequence boundaries, but also plotted four alluvial fan depositional systems (by

reconstructing their unique sediment source areas) (Figure 6.1) within two of the

sequences (Fort Lowell Formation and Upper Tinaja Beds).

In a summary analysis of geologic and hydraulic data focused on the vicinity of the

site by the USGS, Leake and Hanson (1987) applied the (then) preliminary work of

Anderson (1987) to interpret the upper aquifer zone as wholly contained within the Fort

Lowell Formation. Leake and Hanson (1987) present two cross sections to show their

correlation of geologic formations and hydrogeologic designations.
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A combination of stratigraphy and archeology was applied to an outcrop close to the

site by Waters (1988). Waters (1988) documents exposures of repeated channel cutting

and filling along the Santa Cruz River extending from the present back to 8,000 years

before the present by carbon dating. The outcrop exposures are about two to three miles

west of the site. Waters (1988) makes the case that the Tucson Basin has seen repeated

shifts from channel cutting to channel filling and back again. This study is relevant to

this work in that it indicates upward-fining trends in grain-size distribution, primarily

observed as accumulation of gravels in the channel bases, for sediments filling incised

channels of the Santa Cruz River. Such trends are also seen in sediments below the site

and are attributed to deposition by infrequent, large-storm events.

6.3 Geologic Model

From previous studies, depositional system complexes, sequences, and depositional

systems are identified for the vicinity of the site. From the site borehole data,

architectural elements are identified and grouped into architectural element complexes.

Sets of architectural elements and architectural element complexes are identified from

repeated stacking of these structures.
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6.11 Depositional System Complexes and Sequences

Review of the basin-wide USGS study (Anderson, 1987) indicates that the Fort

Lowell Formation is a single sequence scale structure with a lower bounding surface

identified by a sheet of chemical precipitation imprint. Figure 6.1 also contains a plot of

the base of the Fort Lowell Formation modified from Anderson (1987). This surface is

given the genetic interpretation that there was an extended, basin-wide pause in sediment

deposition during which substantial soil profiles developed. Such a pause and

development of a chemical precipitation imprint sheet is also occurring in the Tucson

Basin at this time.

The sequence is a stack of depositional system complexes in which minor lateral

shifting of depositional system boundaries and grain-size distributions are observed.

Sediments assigned to the upper aquifer zone are wholly contained in the Fort Lowell

Formation (Leake and Hanson, 1987). Therefore, the available geologic and hydraulic

data for the upper aquifer zone from the contamination investigations are representative

of a single sequence.

6.3.2 Depositional Systems

Depositional systems in the Fort Lowell Formation are evident in the plot of

distinctive mineral dominance in drilling returns from the Fort Lowell Formation and

from the next sequence down - the Upper Tinaja Beds (Anderson, 1987 - see boundaries
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of alluvial fan depositional systems in Figure 6.1). The sediments in the Fort Lowell

Formation beneath the site were deposited in the distal portion of an alluvial fan

depositional system originating in the Rincon and Taupe Verde Mountains to the east

and southeast and 10 to 20 miles distant from the site.

Another depositional system is likely in the large linear depression in the basal

surface of the Fort Lowell Formation (Figure 6.1). It appears that a large fluvial

depositional system is present in this regional depression in the base of the Fort Lowell

Formation along the west boundary of the site. Anderson (1987) submits this depression

is the location of the ancestral Santa Cruz River.

Attempts to infer depositional systems other than alluvial fan or fluvial for the Fort

Lowell Formation beneath the site were discontinued after comparing the associated

hypotheses with Anderson's (1987) work. That is, large scale playa or

lacustrine/palustrine depositional systems commonly associated with alluvial fan and

fluvial depositional systems could not be synthesized which were consistent with the

through-flowing drainage convincingly demonstrated for the Fort Lowell Formation by

Anderson (1987). Such alternative hypotheses are more appropriate for sediments in the

sequences below the Fort Lowell Formation (Middle Tinaja Beds) which were deposited

in a closed basin (Anderson, 1987).

There is some uncertainty as to the exact extents of the fluvial versus the alluvial fan

depositional systems beneath the site. To address this uncertainty, a plot of coset

dominance within the sequence of interest (Fort Lowell Formation) was developed
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(Figure 6.2) and inspected. Details of coset identification are provided in the next

section. Figure 6.2 is a plot of the dominant cosets coarser than silt.

Two arrangements of depositional systems were synthesized for the site data shown

in Figure 6.2. One arrangement, called the tributary hypothesis, is of two fluvial systems

merging beneath the site. Such an arrangement would have occurred if the ancestral

Pantano Wash merged with the ancestral Santa Cruz River beneath the site during the

time of the Fort Lowell Formation deposition. A second arrangement, called the

distributary hypothesis, is of an alluvial fan abutting the ancestral Santa Cruz River.

Such an arrangement would have occurred if a trench in the distal dispersal complex of

the fan backfilled with a distributary adjacent to the Santa Cruz River. The Santa Cruz

River would then carry away sediments delivered by the trench complex. Other

hypotheses were attempted, but did not conform to descriptions of fluvial and alluvial fan

systems in the literature, or did not conform to the accumulation surface (Figure 6.1) and

borehole data (Figure 6.2).

The two hypotheses are carried through the procedure together in the remainder of

this chapter. This situation of multiple, equally-likely hypotheses presents an

opportunity to pursue a unique capability of the procedure: to test competing geologic

hypotheses, developed solely from geologic data, with hydraulic data.
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6.3.3 Architectural Elements and Complexes

Within alluvial fan and fluvial depositional systems, a variety of architectural

elements are possible. The dendograms in Chapter 2 (Figure 2.7 for an alluvial fan

system and Figure 2.8 for a fluvial system) provide the potential architectural elements.

Literature descriptions reviewed included Miall (1985, 1996) and Galloway and Hobday

(1996) for prototype structures in fluvial systems, and DeCelles and others (1991) and

Fraser and Suttner (1986) for prototype structures in alluvial fan systems.

To identify architectural elements for either hypothesis (tributary or distributary), the

available geological data were separated to address only the Fort Lowell Formation

(sequence). Those data comprise detailed geologist's descriptions of drilling returns

totaling approximately 9,300 feet from 85 boreholes. Three sets of drillers' descriptions

of drilling returns from cable tool wells were also considered. Core data are preferred for

association, but were not available in this case. However, the utility of the taxonomy and

procedure is extended by considering only drilling return descriptions.

Since the water-level elevation data and independent estimates of hydraulic

conductivity needed for the procedure are only available from wells open to the upper

aquifer zone, consideration of data from each borehole was limited to the interval from

the vicinity of the 1986 water level down to either total depth or the estimated base of the

sequence of interest (Fort Lowell Formation). The average saturated thickness in 84
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boreholes penetrating the upper aquifer zone was 75 feet (standard deviation was 27

feet).

Figure 6.3 shows a typical graphic log prepared from the drilling return descriptions.

There is a consistent pattern of sand or coarser-dominated (coarse) intervals abruptly

separated by clay-dominated (fines) intervals. These patterns are consistent with

structures created by repeated entrenchment and back-filling.

The number of distinct coarse intervals at a borehole in the sequence ranges from 1

to 5 and typically is 2 to 3. This observation is consistent with a few major flood events

or of back-filling being concentrated on different trenches.

The average total thickness of coarse intervals within the saturated thickness of the

sequence was 38 feet (standard deviation was 21 feet). Therefore, coarse intervals make

up approximately half the saturated thickness of the sequence. The thickness of coarse

intervals increases to the west beneath the site. In many of the boreholes along the west

side of the site, fine intervals are a minor portion of the saturated interval.

Identification of architectural element structures by genetic association begins by

identifying strata/strata sets/cosets in borehole data. In this case, the descriptions do not

always distinguish between strata, strata sets, and cosets. The orientation of strata is also

not available from the drilling descriptions. In general, it appears that cosets are being

described by the geologists because they note "interbedding" (strata) as a subunit of their

descriptions.
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Seven distinct descriptions were repeated in drilling returns from boreholes at the

site more than other descriptions. These descriptions are the only cosets identified in this

work from the detailed drilling return descriptions developed by geologists. The seven

primary cosets are summarized in Table 6.1.

Table 6.1 Primary Cosets Identified from Borehole Data

Number Common Description Symbols

1

2

3

4

5

6

7

Clay with trace sand and gravel

Sandy clay, thoroughly mixed - not in alternating strata

Sandy, silty clay and fine sand - alternating lamina

Well-sorted very fine to fine sand with trace clay

Moderately-sorted medium to coarse sand and fine to
medium gravel

Poorly-sorted fine to coarse sand and
gravel to 5 cm

Poorly-sorted gravel in a matrix of sand

CL-1h

ML-bh

CL/SM-lh

SW-lh, bh

SP-(?)

SP-GP-(?)

GP-(?)

(The question marks indicate that the orientations of strata are not known)

These cosets are consistent with either alluvial fan or fluvial depositional system

structures described in the literature referred to above. In general, cosets 1 and 2 are

likely components of proximal/distal floodplain sheets or lobes, or channel

(abandonment fill) ribbons in fluvial depositional systems; dispersal complex sheetflow

lobes, proximal/distal trench floodplain sheets or lobes in alluvial fan depositional
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systems. Primary coset 3 is likely a component of a trench or channel margin levee

wedge or channel (abandonment fill) ribbons in either depositional system. Primary

cosets 3 through 7 are likely components of bars, dunes and sheets in feeder trenches,

distributary trenches, and channels.

Table 6.2 summarizes occurrence statistics for the primary cosets. Since primary

cosets 1 and 2 do not have clear lower boundaries with respect to the base of the

Table 6.2 Occurrence Data for the Primary Cosets

Coset Number Number of Average Standard
Occurrences Thickness (m) Deviation (m)

1

2

3

4

5

6

7

NA

NA

40

76

62

183

62

NA

NA

3.4

1.8

1.8

2.7

3.4

NA

NA

2.7

1.2

1.2

2.4

3.7

sequence beneath the site, they were not analyzed as to thickness. The most common

primary coset is number 6, and by a 3:1 margin. The dominance of coset 6 is consistent
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with the dominance of longitudinal bars of gravel and sand in braided fluvial channels or

trenches described in the literature referred to above. Primary cosets 3 through 7

consititute approximately half of the saturated thickness , on the average, but are

relatively thin and indicate broad, flat surfaces for deposition in channels and trenches.

The graphic logs for each borehole within the saturated sequence (see Figure 6.3 for

an example) were reviewed for common shapes (number and position of primary cosets 3

through 7) across the site. Within a given borehole, one primary coset is typically

repeated, while mixtures of cosets in a borehole are less common. Thus, a dominant

primary coset can be defined for each borehole, as was shown in Figure 6.2. However,

the detailed patterns of coset occurrence within each borehole were found to vary

systematically across the site. Common patterns recognized in graphic logs such as

Figure 6.3 were grouped and assigned to architectural elements by considering the

position of each common pattern within the extent of the hypothesized depositional

systems and the surface of accumulation for the sequence. Within each hypothesized

depositional system arrangement, architectural elements were identified and plotted in

Figures 6.4 and 6.5.

In general, the architectural elements shown in Figure 6.4 and 6.5 are fitted to the

patterns described for braided compound channels in the literature: bars and dunes

separated by the occurrence of simple gravel channel ribbons (primary coset 7). The

gravel channel ribbons constitute the framework around which the other architectural
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elements are organized. The sinuosity of channels and shapes of the other architectural

elements are taken from prototypes in the references given earlier.

There is uncertainty as to the continuity of the occurrences of primary coset 7. This

is addressed here by carrying three extents of continuity, and accompanying architectural

element interpretation, into the quantitative procedure applied later in this chapter. The

three extents of continuity considered are:

1. individual bars of coset 7,

2. isolated simple channel ribbons (or gravel bar complexes) of coset 7, or

3.	 fully interconnected simple channel ribbons of coset 7.

The isolated channel ribbons could also be interpreted as groups of gravel bars. Either

interpretation would result in the shapes tested here with groundwater flow simulations.

The interpreted locations of these three associations of coset 7 are shown in Figures 6.4

and 6.5.

The data do not provide sufficient coverage in areas dominated by channel/trench

margin and floodplain areas to support the commensurate detailed interpretation of

architectural elements in those locations. Therefore, the results of the procedure will be

more accurate in the channel/trench complexes than in the channel/trench margin

complexes or floodplain complexes. The channel/trench margin complexes are

represented only at selected locations as a single architectural element. The floodplain

complexes are known to extend to the north and south of the site based on drilling return
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descriptions from boreholes in a municipal wellfield to the south and contamination

investigations to the north. All floodplain complexes are represented as a single

architectural element.

Architectural elements were identified by assembly of architectural elements. The

architectural element complexes postulated under the tributary hypothesis include core

channel complexes, channel margin complexes, and floodplain complexes. The

architectural element complexes postulated under the distributary hypothesis include

trench complexes, trench margin complexes, and trench floodplain complexes.

6.3.4 Summary and Hypotheses

The geologic model for the site in this illustration grew to a set of six geologic

models. Because of uncertainty as to the extents of alluvial fan and fluvial depositional

systems within the limited site extents, two alternative hypotheses were developed:

tributary and distributary. Within each of these hypothesized associations of depositional

systems, architectural elements were identified from seven primary cosets which were in

turn distilled from drilling return descriptions. Uncertainty as to the association of coset

7 lead to the development of three extents of association and resulting architectural

elements. Two hypotheses with three variations of coset 7 continuity each gives a total

of 6 geologic models which have resolution down to the architectural element scale.
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The overall environment for deposition can be inferred from regional studies and the

interpretations described here for the site data. Near-vertical movements on normal,

basin-bounding faults to the east and south of the site created relief across which eroded

sediments where transported and deposited. A sustained pause in deposition resulted in

the development of chemical precipitation imprints on the land surface which is also the

base for deposition of the Fort Lowell Formation (a sequence in this taxonomy).

Sediment was transported down fans and along fluvial channels and deposited

primarily in the space excavated by periodic erosion. Initial deposition on fans may have

been as dispersal complexes, followed by entrenchment and later back-filling of the

trenches on the fan. The locations of active trenches likely moved across the fan. Two

to three episodes of channel/trench erosion and filling are apparent beneath the site

within the sequence of interest. The first sediments deposited in the eroded

channels/trenches were gravels and cobbles as large as 3.7 meters. Subsequent

deposition in a channel or trench was with smaller grain-size distributions and in the

external forms of bars, dunes, and sheets. Infrequent and large-scale erosion and

deposition events were the primary agents of sedimentation beneath the site within the

sequence considered.

The cosets dominated by clay (1 and 2) which comprise half of the saturated

thickness of the sequence were primarily deposited either as distal fan dispersal complex

sheets on the fan prior to entrenchment or as floodplain sheets in the fluvial system or on

the fan after entrenchment.
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6.4 Flow Unit Selection

As described in Chapter 5, the procedure calls for structures on a given scale of a

geologic model to be selected as flow units. In this illustration, the architectural element

scale is used for all application of the procedure, but it is applied to six separate geologic

models. The architectural element scale is selected for flow units because most of the

boreholes are distributed approximately two or three to an architectural element. The

water-level measurements collected in wells installed in these boreholes have spatial

variability at the scale of architectural elements and it is for this scale of variability that

resolution for simulation is of interest in this case.

Just as the development of the geologic models considered the lateral dominance of

cosets within the sequence (vertical aggregation), the definition of flow units is also

vertically aggregated for the sequence. This is consistent with the available hydraulic

data which are obtained from monitoring wells open to most of the saturated sequence,

or its full thickness. While architectural elements are strictly three-dimensional, the

situation of great areal extent of the sequence compared to its thickness and the

dominance by a single architectural element at most borehole locations leads to

simplification to 2-dimensional analysis in the sequence. As advanced in Chapters 2 and

3, the genetic association concepts are developed first before simplification is applied.

Vertically aggregated hydraulic conductivity is called transmissivity, and it is the

primary hydraulic parameter considered in this illustration. The numbered architectural
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elements in Figures 6.4 and 6.5 become zones of equal transmissivity in the application

of the procedure. Therefore, six groundwater flow models are built with flow units

(zones of equal transmissivity) directly derived from the architectural element structures

shown in Figures 6.4 and 6.5.

Assumptions were made as to the dimensions of the flow units representing the

architectural elements built from coset 7. Individual gravel bars are 91 meters (300 feet)

by 183 meters (600 feet). These dimensions were derived from assigning at least three

finite difference cells in any direction to a zone (to maintain the influence of a zone

against horizontal averaging in the code). Isolated channel ribbons were created from

connecting coset 7 occurrences into a zone 91 meters (300 feet) wide whenever they

were less than approximately 610 meters (2000 feet) apart. The 610 meter threshold

results in a useful length intermediate between individual gravel bars and connection

across the site. Fully interconnected channel ribbons were assigned across the site. For

isolated and full-interconnected channel ribbons, connections were made in a

downstream direction with respect to the base of the sequence, and with sinuosity typical

of braided rivers described in the literature.

Three flow units were assigned to each set of fully-connected channel ribbons. In

the case of the tributary hypothesis, the flow units are separated into above confluence,

confluence area, and below confluence (Figure 6.4) to address the variation in simple

channels caused by the different flow conditions in these areas. In the case of the
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distributary hypothesis, the flow units are separated into feeder trench, distributary

trench, and Santa Cruz River channels (Figure 6.5) by similar reasoning.

6.5 Groundwater Flow Model Development

For each geologic model, a groundwater flow model was developed. Each model

has the same grid, boundary conditions, and water-level elevations (point values). Each

model varies in the distribution of flow units used, and the initial (a priori) estimates of

transmissivity developed from the available independent transmissivity estimates.

6.5.1 Model Selection

The USGS parameter estimation model, MODFLOWP (Hill, 1992 and subsequent

unpublished updates to August 1996), was selected to conduct repeated simulations with

each model under the control of a formal parameter estimation algorithm. This selection

was made based on the availability of the code and its extensive testing and improvement

over the last 5 years. The author of the code provided the latest version and numerous

assists by e-mail.

The MODFLOWP code solves the groundwater flow equation by finite-difference

approximation. Although it can simulate transient conditions, MODFLOWP was used
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here to simulate steady groundwater flow. See Appendix F for a development of the

partial differential equations of groundwater flow.

The MODFLOWP code is represented by the authors as using nonlinear regression

to estimate parameters, the updated version has added features of the code by Carrera and

Heredia (1987), Invert-4, including use of full covariance matrices and calculation of

maximum likelihood criteria. As such, MODFLOWP can be considered a maximum

likelihood estimation code for groundwater flow models which in this case uses both

water-level elevations and prior transmissivity estimates. Covariance matrices for water-

level elevations and for prior transmissivity estimates in this case were diagonal. This is

consistent with the idea that the flow units have distinct properties. See Appendix F for

a discussion of parameter estimation using maximum likelihood.

6.5.2 Model Construction

Each model was set up with a uniform grid of 30.48 m (100 feet) square cells. The

dimensions of the grid are 180 cells in the east-west direction and 160 cells in the north-

south direction. The grid covers the site extents shown in Figure 6.1.

A single layer simulation was used based on the large areal extent of the sequence

beneath the site compared to its saturated thickness and the situation of water-level

measurements and independent transmissivity estimates being representative of the

saturated thickness of the sequence. The uniform grid spacing allowed simplified
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transfer of input data for grid cells, and kept the number of observation wells in a grid

cell to no more than one. Boundary conditions consisted of prescribed head along a few

areas where water-level contours (Leake and Hanson, 1987) were not perpendicular to

the model boundaries. These areas were in the northwest and southeast corners only.

The models of the distributary hypothesis also include prescribed head boundaries along

the western edge of the southern boundary to address inflow with the large fluvial

depositional system. The remainder of the boundary was set to no-flow conditions by the

model.

6.5.3 Evaluation of Independent Transmissivity Estimates

Prior estimates of transmissivity were calculated for each flow unit from available

aquifer tests. Two types of constant-discharge aquifer tests were conducted: 8 hour tests

of monitoring wells, and 24 hour tests of remedial action extraction or injection wells.

As an approximate measure, the radii of influence of the aquifer tests was estimated with

calculations summarized in Appendix E that assume homogenous transmissivity. The

calculations indicated that the radii investigated by the monitoring well tests (defined by

the radius to the 90% flux surface) ranged from approximately 150 meters (500 feet) to

1,000 meters (3,300 feet). Similar calculations for the extraction/injection well aquifer

tests indicated that the radius investigated (again defined by the radius to the 90% flux

surface) ranged from approximately 600 meters (2,000 feet) to 3000 meters (10,000 feet).

The volumes averaged are therefore larger than many of the flow units used in the
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models. However, there is a strong weighting towards heterogeneity close to the well

during an aquifer test (see Appendix E). The available aquifer tests result in large scale

Table 6.3 Statistical Analysis of Independent Transmissivity
Estimates Clustered by Flow Units

Tributary Hypothesis Distributary Hypothesis

Flow Unit Mean In T ln T Variance Flow Unit Mean In T In T Variance
(ft2/d) within within Flow (ft2/d) within within Flow

Flow Unit Unit Flow Unit Unit

2

3

4

5

6

7

8

12

13

14

18

19

20

8.1

8.4

8.0

7.9

8.3

6.8

8.8

9.4

10.1

9.6

6.6

9.1

9.6

0.19

0.38

0.01

0.13

0.01

0.12

0.06

0.07

0.01

0.08

0.01

0.54

0.65

2

4

5

6

8

11

13

18

19

8.2

7.9

9.0

8.5

9.8

6.8

9.9

6.6

8.9

0.29

0.12

0.17

0.78

0.01

0.18

0.18

0.01

0.38

Variance (1n) Between Flow Units: 1.1
Variance (1n) of Group: 1.3

Variance (1n) Between Flow Units: 1.4
Variance (1n) of Group: 1.3
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averaging, but with some weighting to near-well variations in transmissivity, if present.

Therefore, they are averages of transmissivity for the site. Any variation from the site-

wide average by the parameter estimation algorithm will bring the estimates closer to the

flow unit value. In any case, the parameter estimation algorithm modifies the initial

estimates to match simulated and measured water-level elevations. Starting an algorithm

from a site-wide average in each zone is not an unreasonable approach.

For flow units with two or more independent transmissivity estimates, the variance

of the independent estimates was calculated within each flow unit and between the

averages within the flow units. In theory, if the independent estimates clustered by the

flow units have significantly different transmissivity values, the variance between flow

units will be larger than within flow units. While there are few independent estimates

within each flow unit, the results of calculations summarized in Table 6.3 indicate the

flow units derived from the two hypothesized geologic models clearly result in improved

representation of variability compared to no clustering.

6.5.4 Evaluation of Water-level Measurements

The available water-level measurements were evaluated prior to use in the models.

The variation of water level with time was first analyzed to select a time period of

relatively steady conditions prior to start of intensive pumping and injection for remedial

action. Inspection of the available hydrographs for monitoring wells in the upper aquifer
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zone for the period March 1981 to March 1987 indicates that groundwater flow was in a

slowly varying mode. The first wells were installed in March 1981, but the ma] ority

were in place by 1982. Water level measurements were taken typically on a monthly

basis, but occasions of quarterly monitoring happened as well. During the six years,

water-level elevations in wells increased slowly and smoothly until about 1986 and then

began to slowly recede. Seasonal variations are not recognized in the hydrographs.

A recent period of essentially flat hydrograph behavior prior to commencement of

the remedial action was selected as representative of a steady-state flow system:

September 1986 to December 1986. Data from 50 wells open only to the sequence of

interest were evaluated for a representative steady-state value and for an estimate of

variance. Variance for these point values is assumed to be the spread in value caused by

selecting one measurement from a record that changes slightly in time and by slightly

different amounts at each location. For clearly flat hydrographs during the Fall of 1986,

the November or December 1986 measurement (whichever was taken) was selected. If

the data vary during the Fall of 1986, an average was taken, typically of 2 to 4

measurements as available. The resulting steady state water levels are typically within 1

foot of the December 1986 values used in reports to document conditions prior to

commencement of remedial action (Allen, 1993), but they lead to a smoother

interpolated surface since they minimize or eliminate a few slightly anomalous readings

taken in November - December. One anomalous (with respect to the moving average of
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the hydrograph) measurement occurred in about every other hydrograph at some point

during the six years, so they are considered uncommon in this data set.

Variance at each well was calculated from the available water-level measurements

during the 6 year period prior to commencement of the remedial action. This variance

includes the slow rise and fall noted before (a low frequency component) and very small,

non-periodic variations. The water-level measurements during the period April 1985 to

May 1986 were not included in the variance calculation if the effects of a pilot extraction

and injection test are recognizable in the hydrographs. The resulting standard deviations

range from 0.16 meters (0.52 feet) to 1.19 meters (3.91 feet), with most clustering closely

around 0.46 meters (1.5 feet). These were used directly in the model simulations to

control the parameter estimation algorithm. They form a diagonal covariance matrix for

water-level measurement.

For the tributary hypothesis, statistical evaluation by flow units indicated that the

variance of water-level elevations within flow units ranged from 0.14 to 0.93 meters

squared (1.5 to 10 feet squared), while the variance between flow units is 1.58 meters

squared (17 feet squared). For the distributary hypothesis, statistical evaluation by flow

units indicated that the variance of water-level elevations within flow units ranged from

0.24 to 0.99 meters squared (0.8 to 10.7 feet squared), while the variance between flow

units is 1.3 meters squared (14 feet squared). Thus, while clustering by flow units results
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in a smaller variance within than between flow units, the differences are not as large as in

the independent transmissivity estimates discussed in the next section.

The distribution of the selected steady-state water-level elevations is shown in

Figure 6.6. A sample of the uniform grid density (used for all models developed here) is

also given in the lower left corner of Figure 6.6 for reference. The grid has resolution

sufficient to address the variations in water-level elevation obvious in the center of

Figure 6.6. Flow units should be less than 1000 feet in size to create the variations in

water-level elevation seen here. Architectural element scale flow units are appropriate in

this case for simulating water-level variations noted in Figure 6.6.

6.6 Simulation Results and Analysis

Each of the six groundwater flow models, representing a geologic model with

architectural element scale flow units, was run with MODFLOWP. The results are

summarized and compared in Table 6.4 in terms of the following measures:

1. Sum of Squared Residuals ([S SRI Water-level Elevations Only)

2. Mean of Residuals ([MR] Water-level Elevations only)

3. Mean of Absolute Values of Residuals ([MAR] water-level elevations only)
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4. Sum of Squared Residuals (Water-level Elevations and Log Transmissivity)

5. Maximum Likelihood Criterion (MLC)

6. Aikake Information Criterion (AIC)

7. Extended Aikake Information Criterion (BIC)

The attributes of these measures are discussed in Carrera and Neuman (1986c). The

SSR and MAR measure the spread of the errors about zero. MR measures bias (i.e.,

systematic error). SSR for water-level measurements and initial transmissivity estimates

and MLC include the differences from the initial transmissivity estimates, considering

their variances. The AIC and BIC include the influence of the numbers of parameters

being estimated. In this case, the number of parameters being estimated is similar in all

cases, so SSR is as useful as AIC or BIC.

In general, it is best to have low SSR, MLC, AIC and BIC; and MAR and MR close

to zero. In addition, there should not be a large correlation between the estimated flow

unit transmissivities. Only the distributary hypothesis geologic models had correlations

greater than 0.85 between any two final transmissivity estimates for flow units. They

were 0.91 between flow unit 1 and flow unit 14 in all three cases. This is considered

minor for the complexity of the models involved. In general, the results of parameter

estimation are excellent in all cases. The square root of the average squared residuals for
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water-level elevations provides an approximate measure of the average error at a

measurement point in familiar units. It ranges between 2.3 and 2.5 feet in the six models

simulated here. There is little bias in either the estimated water levels or the flow unit

transmissivities.

Table 6.4 Results of Simulations

Geologic Model SSR MR (WL) MAR SSR MLC AIC BIC
(WL) (WL) (WL, 1nT) (WL,1nT)

Tributary
256 -0.15 1.66 281 392 428 468Individual

Gravel Bars
Isolated Gravel
Channels

255 -0.17 1.67 277 388 425 464

Fully-Connected
Gravel Channels

267 -0.19 1.75 297 408 444 484

Distributary
303 -0.11 1.76 399 515 553 595Individual

Gravel Bars
Isolated Gravel
Channels

274 -0.10 1.69 377 492 530 573

Fully-Connected
Gravel Channels

318 -0.13 1.78 423 538 576 618

Figure 6.7 presents a typical result from the simulation with MODFLOWP using the

procedure outlined in Chapter 5. The 45° line in (a) indicates a 1:1 correlation between a

simulated and a measured water-level elevation. Note how the application of the

parameter estimation algorithm moves the points closer to the 45° line. The even spread

of the weighted residuals (residual divided by its standard deviation) for both water-level

elevations and flow unit transmissivity estimates in Figure 6.7 indicates a lack of bias -

there is little persistent over or under estimation to indicate a problem with overall model

structure.
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The measures summarized in Table 6.4 indicate, with respect to groundwater

hydraulics, that the interpretation of isolated gravel channel ribbons for the coset 7

architectural elements leads to slightly better (2 to 11% lower by SSR [water-level

elevations and transmissivity estimates]) simulation results under the MODFLOWP

parameter estimation algorithm. The tributary hypothesis leads to better simulations

than the distributary hypothesis, as indicated by SSR (water-level elevations and

transmissivity estimates) being approximately 30% less for the tributary hypothesis than

the distributary hypothesis.

In this case, the difference between these competing geologic hypotheses is not

dramatic and simulation of this set of water-level measurements is not unreasonable with

any of the six geologic models. If further genetic analysis leads to preference of the

distributary hypothesis, it would not be an unreasonable choice for flow simulations.

However, analysis under this procedure for other groundwater flow conditions or

transport simulations may lead to greater spread between the geologic hypotheses and a

clearer winner.

What is important about this application is illustration of how the taxonomy is

applied and the procedure is carried out with real data. The basis for zonation is new and

quantification of geologic hypotheses through analysis with groundwater flow hydraulics

and optimized parameter estimates provides a powerful new measure. Prior use of

geologic data in groundwater flow models lacked the systematic application of a



taxonomy or did not systematically quantify the hydraulic validity of specific elastic,

sedimentary geologic structures inferred from the data.

193
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CHAPTER 7

SUMMARY AND RECOMMENDATIONS

In this work, the recent advances in sedimentology were reviewed for structures

useful for the analysis of groundwater flow. Recent advances in sedimentology provide

an extensive body of descriptions of such structures, but their organization on a broad

range of scales needed for groundwater flow analysis was lacking.

While prototype structure descriptions abound in the literature, distillation of

essential features is made difficult by the multiple scales of structures. The key to broad

applicability of structure descriptions was found to be focusing on relative positions in a

hierarchy, not absolute sizes.

A descriptive/genetic taxonomy is synthesized here which is useful for analysis of

groundwater flow on a broad range of scales. The taxonomy is a nested hierarchy of

structures. It is descriptive in that the external form and internal construction of each

structure can be observed, given sufficient exposure, and it is genetic in that structures

are associated by the genetic processes that formed them.

The taxonomy organizes all elastic, sedimentary porous media into five scales.

Structures on each scale are built from structures on smaller scales. Repeated deposition

of a structure in a scale results in a stacked set of structures.
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The advantage of genetic association over litho- or hydro-stratigraphie correlation

lies in the observation that descriptions of structures reported in the literature do not

support either of these two types of correlation as a general paradigm for associating

elastic, sedimentary structures. Genetic association also provides prediction beyond the

available data based on prototype external forms and internal structures.

An approach for using typical data to apply the taxonomy to local situations is

synthesized here as well. Smaller scale structures are associated between boreholes

within the context of larger scale structures, particularly depositional systems because of

their distinctive external forms and internal associations. Existing data densities may be

sufficient in many areas to identify the larger scales of structures. Excessive expense

may be required to identify structures on the smaller scales in some locations.

The effects of taxonomic structures on hydraulic conductivity were reviewed from

consideration of a stratum as a well-mixed sample of sediment, deposited at one time, as

a whole. A stratum has a distinct grain-size distribution characterized by probability

distribution moments. Variation in grain-size distribution also describes variation in

hydraulic conductivity. The complexity of observed assemblies of strata into larger scale

structures presents a major problem for estimating hydraulic conductivity of the larger

structures by simple formulas.

Instead of pursuing the further definition of simple formulas, a procedure was

developed for using the taxonomy in the analysis of groundwater flow which clearly

separates the work of identifying structures from the work of assigning hydraulic
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conductivity to those structures. ln this novel synthesis, geologic interpretations are

tested independently from geologic analysis with hydraulic analysis.

Since the complex averages of hydraulic conductivity for elastic, sedimentary

structures are unknown, and independent values of hydraulic conductivity (e.g., results of

analysis of radial flow tests) are themselves estimates, the comparison of geologic

structures benefits from statistically-optimal estimates of hydraulic conductivity. These

are found by a formal parameter estimation algorithm which considers the ability of

parameters in a model to reproduce measured water levels while maintaining proximity

to independent estimates.

For the purpose of illustration, the taxonomy and the procedure developed here are

applied to a site of groundwater contamination investigation. A set of geologic models

was hypothesized, then analyzed hydraulically, and found to be quite similar in their

hydraulic validity.

A list of work continuing from the developments here follows.

1. Field testing for hydraulic conductivity should be refined to consider the

volumes investigated with respect to the structures of the taxonomy

present at the test site.

2. Compilations of hydraulic conductivity values representative of

structures in the taxonomy should be compiled to provide a source of

estimates when hydraulic testing is not possible.
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3.	 Spatial correlation investigations should quantify the spectral

representation of the taxonomy.

4	 Stochastic approaches should pursue the nature of ensemble averages

through comparison of hydraulic conductivity estimates in specific

relative locations within taxonomic structures found at different sites.

5. Subsurface imaging should be improved to directly identify architectural

element structures in typical groundwater systems of interest.

6. The taxonomy should be refined through use and critical analysis by

subsurface hydrologists.
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APPENDIX A

MODERN SEDIMENTOLOGY

To understand the physical structure of sedimentary porous media, we turn to recent

developments from those scientists who focus their attention on sediments. According to

definitions in the Encyclopedia of Sedimentology (Lombard, 1978), sedimentology is

"the study of sedimentary deposits and their genesis". The consideration of genesis

allowed for recent advances in distilling observed structures down to essential features

which in turn could be categorized. The recently enhanced capacity to categorize

sedimentary structure provides for the contribution of this dissertation to the

identification of groundwater flow model structure. Consideration of genesis specifically

provided for further thought beyond mere pattern recognition in the sparse available data,

an idea promoted by Walker (1984).

Lombard (1978) goes on to say that sedimentology is "based on the observation of

the numerous and intricate features of soft and hard rocks in natural sequence, with the

goal of reconstructing their original environment in both a stratigraphic and tectonic

frame." Sedimentology is strongly influenced by uniformatarianism (a principle to be

discussed later in this appendix); was formerly qualitative, but is now more quantitative;

and depends on experimentation and mathematical expressions to help understand the

ancient record (Lombard, 1978).

Sedimentology can be thought of as a sub-discipline of stratigraphy, but stratigraphy

examines rocks of all types which are stratified, i.e., those which have recognizable
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boundaries between variations in observable features (Lombard, 1978). Because the vast

majority of recent advances related to fluid flow have been made with respect to the

structure of sedimentary porous media, this work will focus on the advances in

sedimentology rather than those in the more general field of stratigraphy.

This work will further focus on clastic sedimentary porous media prior to significant

alteration. The American Geological Institute defines elastic as "pertaining to a rock or

sediment composed primarily of broken fragments derived from preexisting rocks or

minerals and that has been transported some distance from their place of origin" (Bates

and Jackson, 1987). This eliminates carbonates from consideration, as they are chemical

precipitates. Detrital is an alternate term used by some for elastic sediments.

From the mid-1970's to the mid-1980's a vast array of publications represented a

movement by a group of sedimentologists to pull together and generalize the approach to

description of sediments: Fisher and Brown, 1972; Miall, 1978a; Galloway and Hobday,

1983; Walker, 1984; etc. Specifically, the works at that time focused on distilling the

essential features of modern sedimentary deposits. The goal was, and remains, to allow

transfer value to deeply-buried ancient deposits, and to highlight and encourage the

investigation and explanation of minor features which differ at a specific location from

the distilled essential features (Walker, 1984). An example of a recent unifying and

transferable contribution was that of Miall (1985) for fluvial systems.
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The importance of this recent development in sedimentology is that those describing

or predicting the subsurface structure of sedimentary porous media have a systematic

way of associating sparse geologic data to infer subsurface structure. This opportunity is

being pursued to an extent in the petroleum industry. This work has a goal of pursuing

this opportunity in a more general way for identifying the structure for groundwater flow

models as well, but considers the special interests of subsurface hydrologists.

To understand the recent advances in sedimentology applied in this dissertation to

groundwater flow, a background in sedimentology terms and principles is provided in the

remainder of this appendix. The literature of geology is vast, even to the extent that

individual disciplines within the science of geology have their own extensive dictionaries

of terms. However, explanation of a few selected terms and principles will assist the

reader to appreciate the emerging opportunities with respect to conditioning of

groundwater flow predictions.

There are two terms found in recent sedimentology works which are somewhat

unique: facies and genetic. Facies is a German term for face or aspect applied in Europe

to rock exposures in the early 1800's. The widespread adoption of the term facies for the

specific purposes of various disciplines of geology can lead to some confusion, so an

analysis of its definition is in order. Selley (1996) proposed in 1970 the idea that a

sedimentary facies is a mass of rock [subdivision of a geologic unit] which can be

defined and distinguished from others [neighboring facies] by its geometry, lithology,

sedimentary structures, paleocurrent pattern and fossils. He notes that a competing term,
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formation, is popular, but not helpful, since it is predisposed to looking for mappable,

tabular forms of regional (many kilometers) extent. Accumulating observations indicate

that the assumption that all regional sedimentary forms are tabular is an unnecessary

oversimplification. One usually appends a descriptive adjective to the term facies to

define the specific distinguishing criterion or criteria. Hence, the terms litho-facies,

hydro-facies hydrochemical-facies, etc.

Genetic is a term adopted non-rigorously by sedimentologists from biologists to

denote common origin (the genesis of the sediments, hence the adjective genetic). For

example, a genetic sand unit is composed only of a distribution of particles from similar

(or the same) source(s), transported and deposited by similar (or the same) physical

process(es).

Finley and Tyler (1986) link the concepts of facies and genetic by defining a facies

as "a three-dimensional body of rock having an environmental origin that can be inferred

from a set of characteristics including external geometry, internal geometry, sedimentary

structures, lithology, organic content, stratigraphic relations, and associated sedimentary

facies". They further define "lithogenetic facies" as the members of a set of assembled

facies deposited within a common depositional setting or environment.

Selley (1996) cautions against making environment a part of the facies definition,

because observations rarely change, but interpretations may. The conditions or

environment under which sediments were deposited may no longer persist, and thus must

be interpreted from a variety of observations. The separation of observations from



202

interpretations is analogous to the familiar practice of labeling news and commentary as

separate entities in broadcasting. The separation of observations from interpretation is

consistent with the ideas of Walker (1984) of working with sedimentary description such

that it provides for a framework for further thought. Note that Finley and Tylers' (1986)

definition of facies only states that one can (and should - but later) infer environmental

origin - the observations of characteristics, say in core or outcrop remain pure

description.

The genetic idea is attractive for associating sedimentary structures with similar

hydraulic conductivity values, since grain size, distribution, and sorting (along with

bedding) would be expected to be similar in "genetically-related" sediments (Sheibe,

1993). Hurst (1993), who appears to be leading research at the forefront of testing this

idea through minipermeameter and borehole geophysical measurements, indicates that

site-specific verification of the relationship between sedimentary architecture and

permeability is always advisable. The interpretations of the observations are used in

building predictions of sedimentary depositional structures away from or between

observations.

In the late 1700's, James Hutton developed and published a treatise called "Theories

of the Earth" (Hutton, 1795, as referenced in Miall (1978b)) in which he presented the

concept of uniformatarianism, which was novel for its day. Uniformatarianism simply

states that the processes at work and clearly visible at the earth's surface today have been

at work since the earth's origin. "The present is the key to the past" is a common
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restatement of this theory. Further, it implies that large accumulations of sediment can

result from what currently are seen to be imperceptibly slow processes operating over

very long periods of time (Miall, 1978b). For example, erosion of mountains and filling

of basins proceed now essentially as they always have. This does not mean that the rates

of the processes have necessarily been constant, but they do appear to have been

relatively similar to current rates (Leeder, 1978).

Charles Lyell advanced uniformatarianism from a fresh theoretical construct to a

guiding principle for interpretation of geology in his work "Principles of Geology"

(Lyell, 1830-1833, as referenced in Miall (1978b)). Lyell (1830-1833) punctuated his

discussions with extensive examples from field observations in Europe which did much

to lend credence to the concept (Miall, 1978b). Repeated applications of the principal of

uniformatarianism in the last 165 years at locations around the world have further

confirmed its acceptance as a useful theoretical construct. Acceptance of this principle

means we can apply an understanding of processes and geometries developed from

observing fully exposed modern systems to the partial exposures of ancient rocks.

The danger in applying observation of modern systems to ancient systems is that the

three-dimensional nature of sedimentary structures is poorly exposed for modern systems

(Miall, 1988). Evaluation of well-exposed ancient rock outcrops, as an integrated part of

the analysis, is helpful in expanding the perspective from modern systems.

Walther (1893; translation from Blatt, and others, 1980; as referenced in Selley,

1996) stated what has come to be known as Walther 's Law: "It is a basic statement of
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far-reaching significance that only those facies and facies areas can be superimposed,

primarily, that can be observed beside each other at the present time". Obviously

Walther accepted the principle of uniformatarianism since he applied current observation

to the ancient record. In essence, this observation by Walther applies to associations of

sediment types that slowly grade back and forth across a landscape. For example, lake

deposits found on top of beach deposits indicate that a lake and its beach once coexisted

in time.

Selley (1996) summarizes the phenomenon enshrined in Walther's Law as

"sideways sedimentation" and notes that the concept is not a counter proposal to the flat-

lying "event sedimentation" viewpoint. Instead, he notes that both occur, and that

recognition of this leads to concern for using lithologic boundaries as equal time surfaces

as is current fashion in seismic sequence stratigraphy (Selley, 1996).

Walther's Law does not allow for sudden changes in depositional environment,

which have been known to occur - sudden creation of a large lake by a volcanic flow, for

example, or variations in depositional environment caused by a substantial drop or rise in

sea level. Such occurrences are the basic premise of seismic sequence stratigraphy. Kept

strictly within proper context, Walther's Law can provide for inference of the lateral

occurrence of sedimentary rocks from their identification in vertical profile. The proper

context is a working hypothesis of the hierarchy of structures likely in an inferred

depositional environment.
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Hydrodynamics are modern quantitative rules for the physics of water and sediment

transport that constrain the internal structure and association between structures of

sedimentary porous media. The Navier-Stokes equations are the primary descriptive

tools for hydrodynamics. A mass balance for water and sediment combined with

relationships for mass transfer from or to solid surfaces form the foundation for these

analyses.

Weathering, erosion, transport, and deposition are convenient subdivisions of the

hydrodynamic journey of rock from solid exposure to final resting place which are being

increasingly quantified by sedimentologists. Selley (1996) differentiated between the

environments for erosion, equilibrium (transport), and deposition. While our focus here

will be on depositional environments, it is useful to understand the context of a

depositional environment.

Weathering is the hydrodynamic process of breaking massive rock at the earth's

surface to particles which can be moved, primarily by water, but also by wind or gravity.

Weathering is primarily attributed to mechanical disintegration and chemical

decomposition (Lutgens and Tarbuck, 1982). Removal of confining pressure, expansion

and contraction in response to temperature fluctuations, frost wedging of water in cracks,

and the rooting of plants all contribute to mechanical disintegration (Lutgens and

Tarbuck, 1982). A primary form of chemical decomposition of rock is the selective

dissolution of substituent minerals in a massive rock body (Lutgens and Tarbuck, 1982).
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The more chemically resistant minerals are thereby isolated from the matrix. The soil

zone is an active site of mechanical, chemical, and biological breakdown of rocks.

Erosion or denudation is the hydrodynamic removal of sediment particles from a

surface. Since this can be viewed as a transport phenomenon, it is prudent to define a

break between erosion and transport. Erosion can be defined as that sediment transport

that moves relatively uniformly over surfaces and can be described by a diffusion-type

model. Once channels are reached, fluvial-type transport begins, which is then

considered separately (for example application, see Slingerland and others, 1994).

Transport of sediment from the sites of weathering to the sites of deposition is of

great interest to sedimentologists. A variety of processes carry sediments and their

presence is manifest in the various "depositional" environments. Straight, braided, or

meandering rivers; sheet floods on an alluvial fan; a prevailing pattern of wind transport;

etc., are examples of the variety of transport processes considered. Comparison of field

observations with laboratory and mathematical simulations of these processes indicate

that the physics of sediment transport processes are relatively well understood at this

time (Etheridge and Schumm, 1978; Tetzlaff and Harbaugh, 1989; Wold and Others,

1993; Slingerland and others, 1994).

The end of the line for transport, deposition of sediments is the primary interest of

subsurface hydrologists meaning to infer the hydraulic conductivity structure of a

sedimentary porous medium. Once the processes are considered in detail, it becomes

clear that the separation of transport from deposition can be somewhat arbitrary. For
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example, river systems commonly have sediments in storage, deposited only for a time

between storm events which scour and move the deposits along again. This is the reason

that Selley (1996) prefers the concept of equilibrium over the concept of transport.

Based on this recognition, transport and deposition are most efficiently considered

together for the unique depositional environments to be discussed later.

Diagenesis is a term for all of the physical and chemical alteration processes acting

on sediments (up to, but not including metamorphism) after their deposition (Pettijohn

and others, 1987). This term was first used by von Gumbel (1888, as referenced in

Pettijohn and others, 1987) so its recognition and application has a long history.

Compaction, bioturbation (burrowing by plants and animals), and brittle and ductile

deformation are typical physical diagenetic processes. Precipitation, dissolution and re-

crystallization are typical chemical diagenetic processes.

The importance of understanding diagenesis is in separating the properties of a rock

due to its deposition from the properties due to later action. Pettijohn and others (1987)

note that the primary diagenetic processes (and resulting effects) include: calcium

carbonate precipitation (pore reduction), silica precipitation (pore reduction), formation

of clays from the sand grain material (pore blockage), and compaction with burial (pore

reduction). All of these features develop relatively continuously with increasing time, so

their development can be reconstructed simply from the magnitude of their occurrence.

Tectonics are differential movements of rock masses that are observed at various

scales. Local tectonics are typically the manifestation of the larger scale, plate tectonics.
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The shapes and timing of development for sedimentary basins are strongly controlled by

faulting. The Basin and Range Province of the southwestern United States is an example

of differential movement (down-dropping of basin floors) caused by extension of the

western United States (release of a large scale force) as the Pacific Plate went from

directly colliding with the North American continent to sliding alongside it. Subsidence

of basins as sediments accumulate (called lithospheric flexure) can also be a local

reaction of the continental crust to the increasing weight imposed by deposition on a

location (Slingerland and others, 1994). The relief of topography created by tectonism is

an important controlling factor on erosion, transport, and deposition (Leeder, 1993).
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APPENDIX B

CLASSIFICATION SCHEMES FOR
CLASTIC, SEDIMENTARY POROUS MEDIA

The goal of the taxonomy developed in this dissertation is to identify and define

hydraulic conductivity variations on a range of scales. A variety of published

classification schemes were reviewed prior to developing the taxonomy proposed in this

dissertation.

With the concept in mind that discrete scales of variability in a geologic property or

characteristic can often predominate within a continuous spectrum of variability at a

specific site, this appendix pursues characteristics for differentiating structures at a

specific site. Mineral content, texture and testing/measurement scales, by themselves,

are found here to be insufficient for inferring hydraulic conductivity at the resolutions of

typical predictive conditions. Sedimentary structures of grain size variation, constructed

from available geologic data and understanding of depositional processes, are proposed

as superior structures for associating sparse data and identifying hydraulic conductivity

variations.

Volumes Associated with Distinctive Mineral Content

Pettijohn and others (1987) organize the mineral types of sediments as: the detrital

minerals (created "[from] afar" - silica minerals; feldspars; micas, chlorites and clay
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minerals; heavy minerals; and mixed mineralogy rock fragments); chemical minerals

("made in place" - carbonates, sulfates, sulfides, phosphates, iron silicates and oxides,

and zeolites); and organic matter. There is a relationship between mineral types and

texture in that softer or more soluble minerals will neither resist abrasion nor persist as

far along the transport pathways as harder or less soluble minerals (Pettijohn and others,

1987). In addition to transport persistence, the size of particles will similarly be affected

by mineral composition.

Mineral content may significantly affect groundwater quality in some locations, but

rarely will mineral content significantly affect hydraulic conductivity. Hydraulic

conductivity is strongly controlled by pore-size distribution and much less so by the

mineral composition of the grains. Pore-bounding wall roughness, determined by

mineral content, could have a significant effect on hydraulic conductivity when the

magnitude of the variations in wall extent are similar in magnitude to the size of the

pores, but this effect will be neglected in searching for differentiating characteristics in

this work. Although discounted here in general as a differentiating characteristic,

mineralogy can serve as a supplemental guide to the source of sediments collected from a

borehole and as such can strengthen association of sparse data points into sedimentary

structures.
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Volumes Associated with Distinctive Texture

Pettijohn and others (1987) provide the classical view of sediment texture as

including shape, roundness, surface features, grain size, and fabric; but also including

texture-dependent properties such as bulk density, sonic transmissibility, and

permeability (and therefore also hydraulic conductivity). Grain size and grain-size

distribution (sorting) have been the primary tools of hydrogeologists in estimating the

hydraulic conductivity of aquifers (Davis and DeWeist, 1966; Shepard, 1989) These

tools were refined from earlier works in the petroleum industry (Krumbein and Monk,

1943).

A pervasive problem in using grain-size distribution to infer hydraulic conductivity

is summarized succinctly by Shepard (1989) who notes that classic texts report very

broad ranges of hydraulic conductivity for general types and sizes of sediments. Shepard

(1989) found improved correlations (narrower spread about a best fit line) for data sets

segregated into what he called "consistent" groups. The nature of the consistency is

unclear from the text, but the figure showing Shepard's improved results indicates the

grouping was by distinct sedimentary depositional systems. The potential extensions of

Shepard's relations of median grain size to permeability via sedimentary depositional

environments seems to have been temporarily lost in that the most recent related work

(Alyamani and Sen, 1993) returned to attempting to improve correlations through

incorporation of more statistical measures, rather than segregation of data by depositional

system.
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Penijohn and others (1987) provide a comprehensive compilation of texture

measures, including size statistics (central tendency, maximum, bimodality, sorting,

skewness, and kurtosis), shape descriptors (sphericity, roundness, and rollability), surface

texture, textural maturity (degree to which clays are removed, remaining grains are

sorted, and then rounded), and fabric (ways in which grains are put together to make an

aggregate). Pettijohn and others (1987) say that a maximum of environmental

information is derived from collecting samples from and computing statistics separately

for single beds or sedimentation units (deposited under constant physical conditions).

They dismiss grain-size to permeability relationships and return to the original

formulation of the Kozeny-Carman equation which depends on specific surface exposed

to fluid per unit volume of solid and effective porosity, rather than grain-size (Pettijohn

and others, 1987). Their conceptual basis is improved, but, in practice, a grain-size

measure is invariably used to estimate the specific surface area.

Texture will come to the fore as a primary distinguishing characteristic for defining

lithology associated with hydraulic conductivity structure used in this work, but only as

long as it is tied to recognition of sedimentary structures and development of a cohesive

depositional hypothesis on multiple scales. Texture discussions without sedimentary

structure recognition or depositional hypothesis are, in general, dismissed in this work as

inferior for reliably inferring hydraulic conductivity variation for groundwater flow

models.
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Volumes Associated with Field Investigation/Measurement Methods

A common, current classification scheme for volumes of sediments in the petroleum

industry is by the volumes investigated by "measurement" methods: thin sections, core

plugs, whole cores, well tests, seismic, etc. The volumes sampled or affected by testing

are used as a framework for identifying the variation of the resulting permeability

estimates. An entire conference on petroleum reservoir characterization was organized

by one such classification system (Lake and others, 1991) summarized in Table B-1.

Table B-1 Reservoir Characterization II Presentations Organization
(Lake and others, 1991)

Scale Description

Microscopic several hundred grain or pore diameters; usually analyzed as networks or
through microscopes.

Mesoscopic bed boundaries, stratification types, and any other small scale features;
usually investigated with geophysical borehole logs

Megascopic begins at inter-well spacing and goes up to the well-field dimensions;
usually investigated with surface geophysics
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Hurst (1993) presents a summary list of scales of investigation, based on the flow unit

concept (Hearn and others, 1984; Ebanks, 1987a) and the list of scales presented by

Haldorsen (1986) and summarized in Table B-2.

Table B-2 Scale Classification Scheme of Haldorsen (1986)

Scale Description

Microscopic a geological thin section. Relative to a core plug, its volume is 10 -2 .
(Haldorsen (1986) ties this scale to that of an aggregation of mutually
ouching grains)

Macroscopic a borehole geophysical log investigation interval, typical cross-sectional
dimension lm by 2m; relative to a core plug, its volume is 10 5 . (Haldorsen
(1986) also ties this scale to that investigated by testing of core plugs).

Megascopic a calculation cell in a simulation model, typical area 150 m by 300 m and
sical thickness 5 m; relative to a core plug, its volume is 10 10 .

(Haldorsen (1986) ties the scales of these cells to portions of beds or
formations)

Gigascopic a well test, typical radius 300m, typical thickness 50m; relative to a core
plug, its volume is 10 12 (Haldorsen [1986] ties the scales of these tests to
groups of entire beds or formations)
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The megascopic scale is associated with cells in a simulation model, departing

somewhat from the organization by measurement method. A primary point of the

authors is the tremendous disparity between the scales leads to challenges in comparing

data from each scale. Hurst (1993) notes the lack of continuity caused by the situation

where the fluid flow equations are formulated at the macroscopic scale, but solved at the

megascopic scale. This is the classic problem of extending Darcy's experiment to larger

scales of heterogeneous sediments. Hurst (1993) recommends the collection of many

high-resolution permeability estimates to identify the scaling relationships for each

volume of interest.

Worthington (1991) approached the classification scheme from the perspective of

"natural" scales of assumed homogeneity. These natural scales of homogeneity of the

rock are tied by Worthington (1991) to the measurement methods (e.g., core plugs and

borehole geophysical logs) shown in Table B-3.

Table B-3 Worthington's Classification Scheme (1991)

Scale Description

Pore heterogeneous rock fabric (a few grains)

Core Plug homogeneous rock fabric (a core plug)

Stratum heterogeneous strata (one coset or a whole core)

Bedding homogenous strata (breaks in borehole geophysical logs)
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The idea here appears to be that averaging at larger and larger scales leads to effective

homogeneity. This idea is consistent with that of Anderson (1989) in pursuing

identification of an internally homogenous hydrogeologic facies.

That heterogeneities in hydraulic conductivity can be effectively defined at scales

investigated with the available techniques (thin section, core plug, whole core, borehole

geophysical log, or well test) implies that the techniques were designed to test for

heterogeneity. This was probably not the case. There is no reason to conclude that the

discrete volumes investigated with these techniques should correspond to the hydraulic

conductivity variation volumes of interest for a particular predictive use. In this work,

sedimentary structures in the proposed taxonomy are proposed as an alternative for

identifying the structure of hydraulic conductivity in sedimentary porous media.

Volumes Associated with Flow Simulation Models

This approach is tied to solutions of the groundwater flow equations. The field of

subsurface hydrology is the primary source of this set of classification schemes. Dagan

(1986) seems to follow the petroleum industry while looking at the scales on which the

flow equation is solved. Table B-4 summarizes Dagan's (1986) classification scheme for

porous media.
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Table B-4 Dagan's (1986) Scales for Subsurface Hydrology

Scale Descristion

Pore a few interconnected pores (Navier-Stokes Equations)

Laboratory Darcy's apparatus or whole core permeameter tests (Darcy's Law)

Formation also called the "local field", is a piece of aquifer, as wide and long as its
full thickness (Three-dimensional mass continuity and extended Darcy's
Law)

Regional the full lateral and vertical extents of an aquifer or aquifer system (Three-
dimensional, or vertically averaged [two-dimensional], mass continuity
and extended Darcy's Law)

Weiss and Williamson (1985) worked with layer divisions in groundwater flow

models of regional aquifer systems. Essentially, they start from abrupt changes in

borehole electrical resistivity logs, but then also look to the variations in vertical head

gradients to define the numbers of layers needed to simulate those gradients. This

approach could obviously be extended to the gridding needed for horizontal gradients as

well. The idea that all sedimentary structures are horizontal to sub-horizontal leads to

conceptual simplifications which do not address the three-dimensional nature and lateral

discontinuity of many sedimentary deposits (Miall, 1985).

The dependence of the geological model on the assumptions of the numerical model

as described here appears to be the reverse of a preferable approach. This work proposes

that the geologic structure should be conceptualized (and quantified) in three dimensions.

After that, the relationship of the three-dimensional sedimentary structure to the
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requirements of the numerical flow simulation model (e.g., vertical averaging in layers)

should be evaluated separately.

Volumes Associated with Sedimentary Structures

As noted above, this work proposes a taxonomy of structures as a basis for inferring

the structure for hydraulic conductivity distribution. A few classification schemes of this

type for reservoir simulation, limited to the studies of interest, have been developed. The

existing schemes are reviewed here, starting with those more oriented to petroleum

reservoir simulation and progressing to those developed purely by sedimentologists.

Weber's (1986) scheme is much closer to realistic structure than that of Hearn and

others (1984), and incorporates the results of sedimentary depositional, diagenetic, and

tectonic processes. Weber ignores how data are collected, but maintains a focus on

structures that in his experience affect petroleum recovery. The genetic unit idea is

implemented but only at one scale. "Distinctive permeability" should be elaborated upon

for practical application. Weber's scheme also roughly follows the order of investigation

and description followed for a specific petroleum reservoir.

Weber (1986) developed a hierarchy of types of heterogeneities starting from

consideration of classic sedimentology, but refined for the perspective of the petroleum

industry. Table B-5 presents a synopsis of Weber's (1986) classification scheme.
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Table B-5 Weber's (1986) Heterogeneity Types

Type Description

1 Faults. They can be sealing, semi-sealing, or non-sealing. Typical sizes of
the bounded sediments are 1-10 km in plan view and 100's m in thickness.

2 Boundaries between genetic units. Typical sizes of the bounded sediments
are 100's m in plan view and 10's m in thickness

Zones of distinctive permeability within the genetic units. Typical sizes are
10's m in plan view and 10's m in thickness.

Baffles (e.g., shales, calcrete horizons) within the genetic units. Typical sizes
are l's - 10's m in plan view and l's - 10's m in thickness

Sedimentary structures (e.g., laminations and cross-bedding features).
Typical sizes are 10's - 100's mm in plan view and 10's - 100's mm in
thickness.

Microscopic pore types and interconnections (e.g., heterogeneity, texture,
mineralogy). Typical sizes are 10's - 100's 1.tin in plan view and 10's - 100's
.irn in thickness.

Fractures. They can be tight or open and of variable aperture and roughness.

Two organization schemes developed entirely for fluvial depositional systems are

those of Leeder (1993) and Jackson (1975). These authors are familiar with the needs of

the petroleum industry, but maintain a focus on the sedimentary structures. Leeder's

(1993) scheme emphasizes the basin as a basic unit, has three scales and differentiates

between axial (fluvial deposition processes) and transverse (alluvial fan type processes)

structures within the basin. Leeder (1993) emphasizes the need for a holistic approach to

understanding and predicting deposition - all scales should be considered, not just the
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one of primary interest. Forces causing obvious changes at the larger scales lead to

influence and control on the forces working at smaller scales (see Table B-6).

Table B-6 Leeder's (1993) Fluvial Classification Scheme

Scale Descriltion

Microarchitecture Associated with "sandbody time" (10 2 - 103 years); controls on these
structures include channel type, bedforms, the hydrograph and
sediment load; processes include bankfiill scour, incision/aggradation,
and migration/avulsion. The focus is on sedimentary structures in
channels.

Mesoarchitecture Associated with "interval time" (10 3 - 106 years); controls on these
structures include tectonics, climate, base level, and compaction;
processes include subsidence rate, slope changes, migration/avulsion,
and incision/aggradation. The focus is on the arrangement of channels
in the axial fill.

Macroarchitecture Associated with "basin time" (106 -10 8 years); controls on these
structures are tectonic; processes include subsidence style and rate.
The focus is on the relative arrangements of axial versus lateral fill.

Leeder is primarily looking at sandbody occurrences in a basin setting.

Macroarchitecture determines the difference between axial and transverse oriented

depositional processes. Mesoarchitecture determines the arrangements of channels

oriented axially within the basin. Microarchitecture determines the sedimentary

structures within channels. A division between exterior (climatic and tectonic changes)

effects and interior adjustments is drawn about through the mesoarchitecture scale.

Jackson (1975) developed a classification for fluvial deposits based on events and

their cumulative actions as summarized in Table B-7.
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Table B-7 Jackson's (1975) Fluvial Classification System

Scale Description

Microforms Created by turbulent variations in the turbulent boundary layer; typical
forms include laminations and ripples.

Mesoforms Created by one dynamic event, and are lithologically homogeneous; typical
examples include scroll bars, trough sets, mud drapes, and cross
stratifications; others - Miall (1985) - call these lithofacies.

Macroforms The cumulative effect of many dynamic events over 10's to 1000's of years;
a typical example would be a point bar complex; others - Miall (1985) -
call these architectural elements.

Of the classifications schemes found in the literature, those which start from

sedimentary depositional structures are considered here to be the most useful.

Unfortunately, they do not address a broad enough range of scales, nor do they

specifically consider structures of greatest interest to subsurface hydrologists. An

attempt at generalization, extension, and sifting with respect to the interests of subsurface

hydrology has been made by Koltermann and Gorelick (1996).

Koltermann and Gorelick (1996) is an ambitious summary of many works, but the

classification scheme for scales (Table B-8) does not consist of interlocking building

blocks. Indeed strata appear on many scales and nomenclature from sedimentology are

mixed among the many scales. Tying a testing approach to each scale constrains the

scheme in the same way the petroleum schemes are constrained: they deem the testing

methods to be matched to the volumes of the sedimentary structures, and therefore to

precisely match the variations in hydraulic conductivity. Understanding the sedimentary
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Table B-8 Sedimentary Heterogeneity Classification Scheme

of Koltermann and Gorelick (1996)

Scale Description

Pores . collection of grains; measured with thin section or hand
lens; described by sedimentary texture measures;
I ydraulically tested with mini-permeameter

Flow Regime Features "Primary sedimentary structures": ripples, cross-bedding,
'luting laminations; observed in core plug, hand sample or
outcrop; hydraulically tested with core plug permeameter

Stratigraphie Features "Abundance of sedimentary structures", stratification type,
pward fining/coarsening; observed in outcrop, borehole

lithologic or geophysical logs; hydraulically tested with single
ell "non-pumping tests"

Channels Channel geometry, bedding type and extent; observed in
outcrop, borehole lithologic or geophysical logs; hydraulically
ested with local, short-term pumping or tracer tests

Depositional

Environments

Multiple facies, facies relations, morphologic features;
observed in maps, cross-sections, seismic profiles;
I ydraulically tested with long term pumping or tracer tests

Basins Basin geometry, stratal geometries, lithofacies discontinuities,
1 egional facies trends; observed in maps, cross-sections,
seismic profiles; hydraulics affected by "shallow crustal
sroperties"

depositional processes leads to the conclusion that testing methods are not well matched

in general to sedimentary structures.
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Summary

The following is a synthesis of findings of this appendix:

1. the classification schemes of subsurface hydrology could be substantially

improved if variability in hydraulic conductivity were understood at a specific

location before approximate solutions to the groundwater flow equations are

selected,

2. the classification schemes of petroleum engineering could be made much more

useful to subsurface hydrology if the volumes investigated by testing were

matched to the volumes of discrete changes in permeability, and

3.	 the classification schemes of sedimentology could be made much more useful to

subsurface hydrology if the available descriptions of structures could be

efficiently amalgamated to represent variation across a large range of scales of

structures.
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APPENDIX C

COMMON DATA TYPES FOR
CLASTIC, SEDIMENTARY

POROUS MEDIA

In applying a general approach for genetic association of the elastic, sedimentary

structures in the new taxonomy, the range and nature of selected common data types is a

constraint. The common data types derived from investigations of clastic, sedimentary

porous media are presented and discussed in order of decreasing relative volumes of

investigation. Strengths and weakness of each data type for identifying structures in the

proposed classification scheme are evaluated, and areas for suggested improvements are

identified.

Data types commonly available for discerning clastic, sedimentary structures as a

task in typical subsurface hydrology investigations include (in order of decreasing scale

of investigation):

• visible local topography/physiography,

• outcrops and constructed exposures,

• surface geophysical measurements,

• well-testing measurements,

• borehole-drilling and geophysical measurements,
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• drilling returns inspections,

• core inspection and measurements, and

• thin-section inspection and measurements.

There are gaps in the spectrum of volumes investigated between the scales of data

types listed above. Some of the more notable gaps are between: 1) well testing

measurements and borehole drilling and geophysical measurements, and 2) core

inspection and measurements and thin section inspection and measurements. In addition,

some data types do not provide direct observation of elastic, sedimentary structure (e.g.,

well testing), making for additional gaps in the spectrum of scales being observed at a

site. All of these gaps leave the potential for difficulty in the association of structures.

Each data type is discussed below with respect to the elastic, sedimentary structures

that can be recognized. No globally-valid relationship is present between the scales of

investigations of common data types and the scales of elastic, sedimentary structures

since the data types are constrained by man-made mechanisms for sampling. The

purpose of this section is to derive from a sieving of the available techniques the

potential for observing the structures in the new taxonomy.
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Local Topography/Physiography Inspection

Local topography is considered here to include features ranging from less than 1

mile to hundreds of miles in size and commonly resolves features at the depositional

system or depositional system complex scale. Topographic maps, aerial photography,

and field mapping surveys are the primary tools used for evaluating local topography and

physiography. Inspection of local topography can indicate the boundaries of current

depositional system complexes and the exposed sources of sediments to them. The

usefulness of local topography becomes more limited for evaluating clastic, sedimentary

structures as the age and depth below land surface increase.

A more important use of local topography is in the study of modern depositional

systems for use as prototypes (i.e., analogs), via uniformatarianism, for ancient, deeply

buried systems. For example, alluvial fan-fluvial systems of relatively young mountain

ranges and basins in Alaska and Canada (see Miall, 1978 and Walker, 1984) provide a

giant laboratory for observing depositional systems in the midst of creation. The erasing

effect of erosion and the limited three-dimensional view provided by current topography

limit the usefulness of this data source. This data type often serves as a supplement to

other data types.
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Outcrop and Constructed-Exposure Inspection

Outcrops and constructed exposures (e.g., road cuts and excavations) of elastic,

sedimentary porous media offer the opportunity to continuously view the associations of

elastic, sedimentary structures, as they are, in place. Much of the advances made in

sedimentology in recent decades have resulted from the inspection and evaluation of

ancient rock outcrops and comparison with modern depositional systems (North and

Prosser, 1993).

The analysis of outcrops as analogs for deep subsurface elastic, sedimentary

structures has been a primary recent research approach of the petroleum industry (Flint

and Bryant, 1993). The locations of the analogs may be geographically close, as in the

exposed deltaic sand bodies near Yorkshire England selected as analogs for similar

formations in North Sea oil fields (Dreyer and others, 1990), or they can be

geographically distant, as in the case of eolian sandstone outcrops in Arizona as analogs

for a North Sea gas reservoir (Weber, 1987). While analogs are specific volumes

matched for a single analysis, prototypes are distillations of numerous observations and

interpretations available for general application.

The primary scales of structures identified in outcrops are strata, strata sets, cosets,

and architectural elements. In some situations, larger scale structures can be inferred

from careful geologic mapping of surface outcrops and constructed exposures. Variation

in grain-size is the primary visual characteristic used to discern elastic, sedimentary
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structures in outcrop. Strata sets are a primary feature observable in outcrops and used to

infer flow directions and changes in flow regime (lithofacies units). However, strata set

type alone is not always diagnostic of depositional environment, requiring joint

evaluation with other observations (Davis, 1983). This joint analysis is precisely the

essence of genetic association within a nested hierarchy of elastic, sedimentary structures

proposed here for use.

The outcrop or constructed exposure obviously provides for exhaustive sampling

and measurement of properties with portable instrumentation. Where numerous canyons

cut deeply into the subsurface, as in the Roda Sandstone of Spain (Helbig, 1994) or the

escarpments of the Rio Grande in New Mexico (Davis and others, 1993), multiple

subparallel outcrops can be studied and a detailed three-dimensional structure can be

assembled.

One drawback to the study of outcrops is that the effects of deep burial (compaction

and chemical alteration, etc.) may not be retained with uplift, while the effects of

weathering may alter the properties of the outcrop compared to that of a buried material

(Stalkup, 1986). Removal of some thickness of the exposure prior to testing may

alleviate some of these confounding influences (Jacobsen and Rendall, 1991).

Acceptance of the analog idea is primarily supported through accumulation and

distillation of essential features from an ever-increasing number of scientific studies of

modern depositional systems, ancient exposures and detailed subsurface studies.

Uniformatarianism and the observation of only a handful of essential elastic, sedimentary
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forms in modern depositional systems around the world are the two primary driving

forces for pursuing analog studies. This work is just beginning. Mayer and Chapin

(1993) compared an extensive subsurface data set with an outcrop data set, via

hypotheses of depositional environments and processes, to show the differences that

develop between subsurface and outcrop exposure. The equivalents of borehole

geophysics (particularly gamma ray and dipmeter) are being measured on outcrops, and

mini-permeameter measurements of core and outcrop are being compared in detail to

assess the potential differences (Bryant and Flint, 1993).

Surface Geophysical Measurements

Common surface geophysical measurements include:

• ground-penetrating radar (GPR),

• seismic,

• resistivity,

• gravity, and

• magnetic.

GPR holds special promise for the purpose of imaging architectural elements, but its

depth of penetration is limited to about 30 meters below ground surface for most

common clastic, sedimentary materials (Stephens, 1994). Gawthorpe and others (1993)
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demonstrated the ability of GPR to image details of fluvial point bar architectural

elements in Montana. Huggenberger and others (1994) did the same for fluvial "braided

pool and channel" deposits (architectural element complexes) in Switzerland. Both

studies developed the greatest detail in images above 10 meters below ground surface

(b.g.s.). The sensitivity of GPR to water content also makes it a useful tool for imaging

the water table, as was done extensively around a landfill in Massachusetts in the study

by Johnson (1987).

Surface seismic measurement has been a staple of petroleum exploration for several

decades (Dohr, 1981). A source of acoustic waves is generated with anything from a

hammer strike on a metal plate to explosions of charges of dynamite. Resourceful use of

earthquake energy is another option. The depth of investigation is related directly to the

strength of the source (Ayers 1989a). Two methods, refraction and reflection, differ

primarily in the approximate angle of incidence. Both methods depend on a model of the

subsurface materials, typically layered and homogeneous with respect to acoustic

impedance (or sonic transmissivity), to interpret the results (Ayers, 1989a). Substantial

data processing (e.g., filtering [convolution], deconvolution, amplitude reconstruction,

etc.) provides improved results and clearer interpretation (Dohr, 1981). Olsen and others

(1993) describe a promising application of seismic profiling to identification of

groundwater structures in which correlation with borehole geophysical measurements

was applied. Interpretation within the context of the taxonomy developed here would

have added to the study of Olsen and others (1993).
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Vertical profiles of acoustic reflecting surfaces have been the primary product of

seismic studies, but 3-D seismic has been gaining in popularity since its first commercial

application in 1975 (Robertson, 1991). The resolution of seismic, especially three-

dimensional seismic, is impressive enough (at least with respect to imaging depositional

systems) to cause Selley (1996) conclude that:

"... the seismic method is a very important tool for diagnosing the

depositional environment of a sedimentary facies. In many cases, it may

be all that is required. The seismically mapped shape may make the

environmental interpretation so obvious that no well need be drilled to

provide lithological or other data to complete the diagnosis."

Experience with seismic and GPR images indicates that interpretation is based on a

catalog of observed sedimentary structures. This is so because there are so many

reflections and only a few are clustered around breaks in elastic, sedimentary structures.

It appears from petroleum applications that seismic is most useful for identifying

depositional system and depositional system complex structures. Seismic has had its

greatest successes in imaging turbidite fans, and in locating natural gas trapped in sand

channels isolated in shales (Weber, 1993). Weber (1993) notes that seismic can image

individual sand bodies when they are encased in shale (to provide maximum contrast in

acoustic impedance) and when they are relatively homogeneous and have a minimum

thickness of 15-25 m. Robertson (1991) notes that in general, 3-D seismic (50 to 100

foot square grids) typically is used to map the gross, controlling elements of a
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[petroleum] reservoir, but that minor variations in 3-D seismic data sometimes correlate

with real geologic variations.

Robertson (1991) also presents the results from Greaves and Fulp (1987) of

monitoring an enhanced oil recovery test with repeated 3-D seismic imaging. He

attributes the strong imaging to the creation of gases since the process was one of oxygen

injection and combustion. Weber (1993) also noted the strong imaging of trapped gases

in the subsurface (see above). The contacts of loose elastic, sedimentary deposits with

lithified elastic, sedimentary rocks (basin boundaries) are also typically visible in

seismic measurements (Ayers, 1989a), but these can also be investigated with magnetic,

gravity, and resistivity methods.

Seismic (even at high resolution) typically does not have the resolution to identify

architectural elements or smaller scale elastic, sedimentary structures, unless unusual

conditions create strong acoustic contrasts within depositional systems. It appears most

useful for delineating the outlines of depositional systems or depositional system

complexes, when the acoustic impedance contrasts are appropriately large.

Surface resistivity measurements have been used in groundwater investigations to

delineate the contact between loose sand and gravel layers and underlying bedrock, to

estimate the hydraulic conductivity of a layer of sand and gravel, and to delineate the

continuity of an extensive clay layer (Kelly, 1977). Two electrodes are placed on the

surface, current is run through them, and the resistivity measured. As the spacing is

increased, the depth of investigation increases. The variation in apparent resistivity with
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electrode spacing is typically assumed to correlate with the variation in formation

resistivity with depth (Ayers, 1989b).

The primary limitation of the resistivity method is that it only detects vertical breaks,

and then only as smooth transitions on curves. As with seismic, resistivity interpretation

requires a model, typically a layer-based model with homogeneous resistivities. The

boundaries of basins, systems tracts, and depositional systems would appear to be the

primary targets of surface resistivity surveys, and then only to depths of 100m or so. The

outlines of architectural elements and smaller scales structures have typically not been

reported as clearly imaged by surface resistivity measurements.

Gravity surveys are primarily used to detect lateral variations in the gravity field of

the earth. The gravity method, as applied from the surface, provides a strongly integrated

measure of the materials beneath the measurement stations, so most elastic, sedimentary

structures can not be clearly distinguished (Dohr, 1981). The lateral gravity variations

have greatest usefulness in detecting the base of sedimentary basins, especially where

loose elastic, sedimentary deposits overly dense, igneous, metamorphic, or sedimentary

rock.

Magnetic surveys (which can be conducted from aircraft) are used to detect lateral

variations in the local magnetic field of the earth. Bodies of rock can affect the magnetic

field in various ways (Dolu, 1981). Materials of distinctive magnetic properties are

distinguished as anomalous readings. Not surprisingly, magnetite concentrations are

easily detected. The primary application of magnetic surveys is the detection of faults
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and, in conjunction with gravity surveys, the inference of faults in the rocks underlying

loose accumulations of sediments. The locations of faults can be used to infer the shape

and timing of pulsed discharges of sediment in alluvial fans. As such, magnetic surveys

are more of a supplemental tool than one that can directly image elastic, sedimentary

structures.

Of the surface geophysical methods, GPR and the highest resolution seismic hold

the greatest promise for imaging architectural elements and coset structures. These two

methods were selected in the EC study for further development and work at higher

resolution (Helbig, 1994). The remainder of the methods can assist in the imaging of

depositional system complex boundaries, and occasionally, depositional systems.

Well-Testing Measurements

Well testing measurements are limited in this discussion to 1) hydraulic testing

(single well and cross-hole, hydraulic head drawdown and flow measurements), and 2)

seismic (cross-hole measurements). Both types of measurements are of travel of a

response for tens to thousands of meters away from the well or wells.

Although the presence of lateral boundaries can sometimes be inferred from

hydraulic well testing measurements in multiple observation wells, positive identification

of the boundaries or their shapes is rare (Ehlig-Economides, 1990). The primary

impediment to imaging elastic, sedimentary structures from well testing measurements is
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the imposition of radial flow by the testing arrangement. In this writer's experience,

except for occurrences of arrangements of blocks with very strong contrasts of hydraulic

conductivity (perhaps several orders of magnitude), the hydraulic head drawdown surface

typically spreads away from the well in a remarkably concentric fashion. Changes in

drawdown patterns reflecting changes in bulk hydraulic conductivity can typically only

be interpreted with respect to radial distance from the well. However, the clastic,

sedimentary structures being pursued would not be expected to be circular, or centered

on the pumping well.

Variation in the bulk hydraulic conductivity derived from application of Darcy's

Law to data from a well test would be expected with distance from the well, as greater

and greater volumes are "sampled". For example, Neuman and Orr (1993) indicate that

the harmonic mean of a statistically homogeneous population of blocks would prevail

near the well and close to boundaries, while the geometric mean would prevail far from

the well or boundaries.

Measurement of the variation of flow rate along well openings can provide

important clues to the vertical variation in elastic, sedimentary structure. The impeller

flowmeter is one of the most popular tools for measuring the change in velocity (specific

discharge) in a well while it is pumping, and brine injection and subsequent tracking with

fluid resistivity logging is a close second (Bennett and Patten, 1960). Ronen and others

(1991) provide a comparison of impeller flovvmeter measurements and multilevel (point-

dilution-based) samplers for vertical profiling of what are described only as interbedded
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sands and clays on Mobile, Alabama. The specific discharge to the well is the property

derived by either method and the results of the two approaches correlate well. Taylor

and others (1990) compared straddle-packer, grain-size analysis, electrical conductivity,

natural flow (artificial fill) methods, acoustic (Stoneley) wave attenuation, and single-

well electrical tracer tests for wells at this same test site. Methods which incorporated

the addition or removal of fluids were judged best for evaluating hydraulic conductivity

by Taylor and others (1990).

The impeller (or other, such as heat-pulse) flowmeter appears to be the best current

technique for developing vertical profiles of specific discharge within a well and its

results compare well with the results of multi-level slug testing and tracer testing (Molz

and others, 1989). The difficulty in using specific discharge profiles from wells to infer

the shapes on elastic, sedimentary structures is that only one dimension is sampled. The

potential is greatest for imaging the upper and lower boundaries of architectural

elements, lithofacies or sublithofacies, but only after their identification and association

with a depositional system by other means with geologic data.

Like hydraulic measurements during well tests, cross-hole seismic has the potential

for identifying the upper and lower limits of architectural elements, lithofacies, or

sublithofacies. Cross-hole seismic is primarily a transmission- (refraction-) type

seismic, so its strength is accurate velocity identification rather than geometry (Rubin

and others, 1992). Under appropriate circumstances, cross-hole seismic can detect sharp

lateral boundaries of these same structures, since it can integrate seismic travel lines at a
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variety of angles. One problem with using the information gained from cross-hole

seismic investigations is that the acoustic velocities of very fine- (e.g. silts) and very

coarse-grained (e.g. gravels) facies are similar (Rubin and others, 1992).

The usefulness of hydraulic or seismic measurements in wells is greatest for

identifying the upper and lower extents of architectural element, coset, and strata set

structures. However, these same structures must be identified, and tied to a depositional

environment, by another method with geologic data.

Borehole Geophysical Measurements

Borehole geophysical measurements have been an important part of petroleum

reservoir characterization (Schlumberger; 1972, 1986) and groundwater investigation

studies (Keys, 1989). Primary characteristics measured in borehole logs include:

• borehole diameter,

• fluid temperature,

• resistivity,

• spontaneous potential,

• sonic or acoustic velocity,

• gamma ray activity or attenuation, and

• neutron attenuation.
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Specialized derivatives of the above methods include:

• lateral and spherically-focused logs,

• induction,

• microformation scanner,

• dipmeter,

• formation density, and

• thermal decay time.

A common characteristic of the borehole geophysical measurements is very high

resolution (as small as 1 meter), but very limited lateral extent of investigation. If other

methods are used to define architectural element, coset, strata set and strata structures,

then borehole geophysics are useful for determining their upper and lower extents in a

borehole. Dips can be diagnostic of a stratum, strata set, or coset when other data on the

depositional system are available to limit the field of choices.

An exception is the case of geophysical "signature" of elastic, sedimentary rocks.

Finley and Tyler (1986) describe the interpretation of lithofacies from the shapes of

spontaneous potential and resistivity logs - "blocky" log sections are strandplain sands,

"upward fining" log sections are fluvial channels, "serrate" log sections are levee and

floodplain deposits, and "upward coarsening" log sections are interpreted as crevasse
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splays. The depositional environment emphasis and the local systems tract context

assisted Finley and Tyler (1986) in making these interpretations.

Correlation of interpretations from well to well can be difficult, and the ability to

discern structures in three-dimensions in much more limited than with even outcrop

studies. The preponderance of borehole data at most sites, compared to other data types,

leads to a preponderance of two-dimensional section and vertical sequence

interpretations of clastic, sedimentary structures that can be incorrect or misleading

(Miall, 1985). The transfer of shapes from appropriate three-dimensional analogs is key

to proper associations of sparse data points.

Another source of useful data includes collection of hydraulic head levels with depth

and analysis of water samples from specific depths. Similar in spirit to the ideas of

Weiss and Williamson (1985), the distribution of hydraulic head and water quality may

indicate vertical variations in the hydraulic conductivity of a groundwater system. This

information does not in and of its self assist with the discernment of clastic, sedimentary

structures, but is a supplementary source of hydraulic flow indicators. Flow rate logging

(see the previous section) is likely superior to measurements and comparisons of heads

or water quality in inferring the vertical variation in elastic, sedimentary structures.
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Drilling Returns Inspection and Measurement

When a borehole is advanced by any current method, the volume of material

removed is returned to the surface. These returns contain information about the

structures penetrated by the borehole. Descriptions of drilling returns constitute the

primary source of data on sedimentology available at most locations.

Since the structure of strata are destroyed by the drilling process, the variation in

texture of the returns is key to identifying elastic, sedimentary structures. For example,

repeated fining upward sections in a log of drilling returns can, in context, indicate

turbidite depositional system features such as lobes and lobe swarms. This idea is

analogous to the geophysical signature idea discussed above for geophysical logs.

Clastic, sedimentary structures at the coset, strata set, and strata scales are interpreted

from inspection of the variation in texture of drilling returns, especially as described by a

trained geologist.

Core Inspection and Measurement

Both whole core and core plug analysis has been the primary investigation tool of

petroleum reservoir engineers. The cores or core plugs are commonly collected on

regular spacing from new boreholes and tested with a permeameter apparatus (like

Darcy's) to estimate permeability. Increasing use is being made of computer
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tomography, based on X-ray measurements to investigate structures in whole cores,

extended to observation of fluid displacement tests (Ringen and Hove, 1987).

One of the most important opportunities presented by collection of whole core is the

chance to visually inspect the core and observe tell-tale elastic, sedimentary structures.

Many elastic, sedimentary structures at the coset, strata set, and strata scales have

diagnostic shapes. Featureless sand in sections of core would be expected for strandplain

or marine depositional systems, but not in fluvial depositional systems. Varves or

biogenic inclusions may indicate a lacustrine depositional system.

A variety of tests can be run on whole cores or core plugs, including visual

observation, bulk density, porosity, grain-size distribution, particle densities, and

chemical tests. These tests can assist in interpretation of coset, strata sets, and strata scale

structures (Keelan, 1982).

Inspection of whole core is probably the primary tool for identifying coset, strata

sets, and strata scale structures in the subsurface, and for inferring elastic, sedimentary

depositional systems. Its only rival is inspection of outcrops and constructed exposures.

A close second to core inspection is inspection of the variations in measurements by

micro-resistivity tools (formation microscanner, dipmeter, etc.) which can allow

observation of cross-bedding nearly as useful as core.
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Thin-Section Inspection and Measurements

The chief interest for subsurface hydrologists in thin section analysis is positive

identification of rock type. Stratum scale structures are most clearly observed, but the

influences of larger scale depositional and especially diagenetic processes can be seen

under certain conditions.

Recent work by Ehrlich and others (1991) has achieved some success in predicting

permeability at the core plug scale from thin section analysis. The thin sections are

oriented with laminations (strata structures) and petrographic image analysis identifies a

typically small number of pore "types". Subsequent testing of the individual pore types

by mercury intrusion results in pore throat to pore type relationships. A modified bundle

of tubes model (after Hazen-Poiseuille) is then used to calculate permeability and

electrical conductivity (due only to the pore space). The viability of the model under

general conditions has not been tested. Note that Ehrlich and others work first

segregated the data by elastic, sedimentary structure before applying a relationship of

texture to permeability, as was recommended here.

Summary

Field data are typically collected which can allow the inference of depositional

system complex to stratum scale. As with the geostatistical approach, a sufficient density

of data collection locations is needed to tightly constrain the possible set of structures at
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each scale. Depending on the required predictive resolution and the geology of the

selected location, collection of the data required to recognize structures in the proposed

taxonomy may or may not be economically feasible.

The primary data types that allow inference of architectural elements, coset, strata

set, and stratum scale structures (the building blocks of structures of interest to

subsurface hydrologists) are:

1. outcrops and constructed exposures,

2. inspection of whole core,

3. borehole geophysical measurements (particularly dipmeter, and other multiple

integrating micro-resistivity tools), and

4. inspection of drilling returns.

To a lesser extent, surface seismic and GPR can allow identification of architectural

element and coset scale structures.

This limited set of tools and the great expense of obtaining these types of data makes

the identification of a hierarchy of elastic, sedimentary structures at any site a major

challenge. A number of sedimentology and petroleum reservoir studies using these data

types are accumulating to indicate the idea has merit for subsurface hydrology studies.
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APPENDIX D

THEORETICAL CONSIDERATION
OF HYDRAULIC CONDUCTIVITY

This appendix presents a review of the concept of hydraulic conductivity with a

particular emphasis on understanding the concept when applied to heterogeneous media.

The concept of hydraulic conductivity (and its use in Darcy's Law-based models of

groundwater flow) is found to be valid when it varies in a step-wise or discrete way.

Therefore, the concept of hydraulic conductivity is sufficiently robust for application to

the multiple scales of discrete structures described in accumulating observations and

organized in the taxonomy developed in this dissertation.

A variety of techniques exist for estimating hydraulic conductivity. An independent

estimate is defined here as an estimate made with a technique other than a groundwater

flow model. Examples include minipermeameter tests and radial flow tests. A prior

estimate is defined here as an initial estimate specified for a zone in a groundwater flow

model that are later refined by parameter estimation. Prior estimates are derived from

independent estimates. Appendix E reviews the various estimation techniques and the

effects of elastic, sedimentary structures.
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Classical Definition of Hydraulic Conductivity

Hydraulic conductivity is classically defined as the specific discharge per unit

hydraulic gradient (Bear, 1972). More specifically, hydraulic conductivity can be

considered the empirical, local coefficient of proportionality between the local driving

force for water flow (the negative gradient of hydraulic head: - Vh) and the resulting local

specific discharge of water flow (or specific flux, q). As such, it is rigorously defined

only for a volume of porous medium tested in isolation by water flow (e.g., as in a

laboratory column). In a sense, isotropy and homogeneity are enforced in a laboratory by

neglect of anisotropy and heterogeneity. The condition of hydraulic conductivity being

local means that flow conditions surrounding the volume of definition or investigation

for hydraulic conductivity do not affect its value. The characteristic of being local is also

enforced by the test conditions. The consideration of local becomes relevant when

multiple volumes are considered simultaneously, as in a heterogeneous medium.

Davis and DeWeist (1966) note that hydraulic conductivity is a coefficient which

depends on both porous medium and fluid properties. Specifically,

K = —r k ,
II

(D-1)

where k is the [intrinsic] permeability of the porous medium (for a Newtonian fluid),

y is the weight density of the fluid (mass density, p, multiplied by the gravitational

acceleration, g), and ii is the fluid viscosity. In this work, it will be assumed that the
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groundwater flow systems of interest are host only to water with dilute dissolved

chemical concentrations under isothermal conditions. So, while hydraulic conductivity is

strictly a property of matrix and fluid, for the applications considered here it is a constant

linear transformation from permeability which is strictly a property of the matrix. This

work will discuss hydraulic conductivity and permeability interchangeably as the

literature of subsurface hydrology (which uses hydraulic conductivity) and the literature

of petroleum engineering (which uses permeability) are reviewed.

How Hydraulic Conductivity is Used in Groundwater Flow Analysis

As applied in groundwater flow models, hydraulic conductivity is used to control the

local specific discharge (flow) of groundwater by spatial variation in value. Mass

continuity is imposed by groundwater flow models simultaneously on the resulting

distribution of specific discharges. Storage coefficient and boundary flows also exert

control on groundwater flow, but the storage coefficient has a relatively narrow natural

range and boundary flows can be posed primarily in terms of hydraulic conductivity.

Despite the seemingly daunting task of specifying complex spatial distributions of

hydraulic conductivity, applications of groundwater flow models with estimated

hydraulic conductivity have been numerous and often of acceptable accuracy for the

prediction or analysis of complex groundwater systems.
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Hydraulic conductivity can be viewed as a process parameter - a conceptual valve or

throttle - rather than as a physical parameter. In practice, hydraulic conductivity is not

measured in the sense of distance, area or mass (physical parameters). The distinction

between process and physical parameters in the context of model calibration is developed

by Sorooshian and Gupta (1995). Hydraulic conductivity is estimated so that its value

satisfies the model of a flow process selected to simulate the system of interest. Based

on this practical definition of hydraulic conductivity, the next section turns to

understanding the robustness of hydraulic conductivity under the range of conditions that

occur in elastic, sedimentary porous media.

The Origin of Hydraulic Conductivity: Darcy's Experiment

Henri Darcy's experiment and resulting Law (Darcy, 1856) comprise the first

published statement of the constitutive relationship between heads and flows in porous

media. Darcy's apparatus was a cylindrical column 2.5 meters high and 0.35 meters in

internal diameter. Gratings and screens held 4 different sand columns, 0.58 to 1.71

meters in length, in place for 4 separate experiments. The volumes investigated were

therefore between 10 2 and 10 -1 m3 .

Darcy measured flow rates and head differences and noted a somewhat consistent

ratio between these two quantities. The constant of proportionality is what we now call

hydraulic conductivity. However, Davis and others (1992) analyzed data from Darcy's

first experiment as a demonstration of a model validation strategy and found that,
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because the residuals between the model predictions and experimental results were

correlated (increasing semi-variance was noted over increasing lags in the magnitude of

the hydraulic gradient), the model was invalid for that experiment.

French and German engineers conducted numerous tests in the late 1800's that

yielded similar results to those of Darcy (reviewed in Slichter [1899]). Under the

direction of Oscar Meinzer (Meinzer and Wenzel, 1942 ) the U.S. Geological Survey

(USGS) opened a testing laboratory and conducted numerous tests in the 1920's and

1930's to further investigate Darcy's Law. The USGS tests imposed gradients much

lower than those investigated by Darcy, but more in line with those found in natural

groundwater systems.

Meinzer and Wenzel's (1942) conclusion was that Darcy's Law is more appropriate

at lower velocities, specifically those at which laminar flow prevails. When Davis and

others (1992) applied their validation tests to the data from the USGS studies of the

1920's and 1930's, Darcy's Law was found to be "not invalid". Davis and others

concluded, like the USGS, that Darcy's Law is acceptable - "good enough" - for many

engineering applications.

Davis and others (1992) noted that the semi-variogram of the error residuals for

Darcy's Law in his first experiment increases with increasing flow rates, and that his

experiments were conducted at gradients (and resulting velocities) much higher than

those of the USGS. These observations indicate that Darcy's Law performs more poorly

as specific flux rates/velocities increase and supports Meinzer and Wenzel's (1942) tie of
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applicability of Darcy's Law to the predominance of laminar flow conditions. Similar

limits on the applicability of Darcy's Law are prescribed by Bear (1972). At higher

velocities, inertial terms become important and at very high velocities turbulence sets in.

Inertial terms and turbulence are not addressed by Darcy's Law.

Through all the carefully-controlled laboratory testing, Darcy's Law stands

essentially unaltered as the constitutive relation for laminar flow in most, if not all,

existing groundwater flow models.

Revisiting Darcy's Law from Physical Principles

Given that some concern is appropriate about an empirical law and its adequacy

under more general conditions than a laboratory column, it is appropriate to reconsider

Darcy's Law from a physical standpoint. Of particular interest is the use of Darcy's Law

for conditions that vary substantially from the available historical conditions selected for

calibration of a groundwater flow model.

There are several analyses of porous media flow, based on physical principles, that

have been published during the decades since Darcy's experiment. A few are selected

here to demonstrate that Darcy's Law can be considered to have a physical basis and

extend its credibility beyond the laboratory column.
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Drag or Energy Dissipation

Dagan (1989) notes that derivation of Darcy's Law follows from the linearity of the

Stokes (slow viscous) flow assumptions (which neglect inertial terms) applied to the

Navier equations. This theoretical reasoning was first presented by Matheron (1967) and

explains the applicability restrictions for Darcy's Law to laminar flow conditions noted

by Meinzer and Wenzel (1942). Dagan (1989) describes the approach of writing

equations of momentum conservation at the microscopic level and then averaging them

over the porous medium to derive volume-averaged equations. In doing so for a single,

homogenous and incompressible fluid Dagan (1989) finds:

where h is the volume-averaged total hydraulic head for water, p is mass density, g is the

gravitational acceleration, 0 is porosity, and D is the volume-averaged drag per unit

volume of porous medium. Bear (1972) presents a summary of the definition of drag

from the fluid mechanics literature applied to porous media to derive permeability. Drag

is defined by Bear (1972) as the component in the direction of the relative velocity of the

vector sum of normal and tangential surface forces, integrated over the surface providing

the drag. Equation D-2 states that there is a balance between the driving force for flow

(left-hand side) and the drag per unit volume of porous medium per unit weight of fluid

(right-hand side). The head, or available potential energy per unit weight of water, is

completely dissipated as viscous friction in driving the water through the porous medium
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and thereby creates a drag on the solid surface area oriented in the direction of motion

(Bear, 1972). The concept will be most helpful when looking for the relations of

physical parameters to hydraulic conductivity.

Substituting Darcy's Law into the previous equation, we get a new viewpoint on

hydraulic conductivity:

'GI K =
( D \

(D-3)

\pg 0) 

which indicates that hydraulic conductivity is the ratio of specific discharge to the drag

per unit volume per unit weight of water. This is a physical, intuitively satisfying

viewpoint on hydraulic conductivity.

Another viewpoint, presented by Dagan (1989), is that of energy dissipation in

porous media. Instead of averaging the microscopic momentum equations he averages

the microscopic energy equation to show:

E=q•Vh	 (D-4)

where E is energy of flow per unit weight of water per unit volume dissipated by viscous

stresses and q is the vector of discharge per unit area cross-sectional to flow._

Substituting Darcy's Law into the above equation, Dagan (1989) presents yet

another view of hydraulic conductivity:
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K= 
 E 
(Vh) 2

(D-5)

Equation D-5 states that hydraulic conductivity is the ratio of viscous energy dissipation

to the square of the hydraulic head gradient. This is a somewhat less intuitive viewpoint

on hydraulic conductivity.

Both the drag and energy dissipation viewpoints on hydraulic conductivity appear to

be generally applicable to laminar flow in arbitrary, heterogeneous, clastic, sedimentary

porous media and indicate that the use of hydraulic conductivity to relate driving force to

flow rate in arbitrary imposed viscous flow regimes is appropriate. This is because the

boundaries between elastic, sedimentary structures (e.g., strata, cosets, etc) in such

porous media are likely not so abrupt as to significantly disrupt the dissipation of energy

(or drag).

Dagan (1989) notes the special situations that might arise which are contradictory to

this development:

1. significant non-linear inertial terms,

2. a moving solid matrix, or

3. a non-uniform average velocity field.

There are empirical relations for extending Darcy's Law to significant inertial terms and

for a moving solid matrix, but the need for these is rare in groundwater flow models.

The effect of a non-uniform average flow field is of special interest where heterogeneous
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hydraulic conductivity is being considered. Darcy's Law is typically applied to a single

consistent support volume for hydraulic conductivity, head gradient, and flux. These

quantities are invariably spatially averaged to arrive at the single consistent support

volume. When Darcy's Law is applied individually to an assembly of volumes with

differing flow properties, boundary variations develop at their contacts. Dagan (1989)

summarizes his analyses (and that of others) of this phenomenon and concludes that the

deviation due to non-uniform flow affects only a few pore scales around each boundary,

and can be safely neglected for most analyses.

Another consideration, presented by de Marsily (1986), is that very slow flow in

very fine-grained porous media (clays) can depart from Darcy's Law due to the

significant influence of adhesion forces near the solid surfaces bounding very small pore

spaces. Simulation of flow in such media is not addressed here.

Dagan (1989) concludes from a substantial body of porous media and fluid

mechanics literature that Darcy's Law has a physical basis which allows for its

application to the non-uniform velocity fields developed by strongly heterogeneous

hydraulic conductivity fields. The primary limit on Darcy's Law is to stay within

laminar (or slow, viscous) flow regimes and to take care in spatial averaging. Later it

will be found that the averaging under conditions of incomplete information is the key

challenge in using smaller scale independent hydraulic conductivity estimates to evaluate

larger scale flow volumes.
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Tortuosity

Another approach to hydraulic conductivity is to consider the tortuosity of a pore

network-defined flow path. We start from a conceptual model of porous media as a sum

of microscopic (pore scale) flow paths. Bear (1972) summarizes the Hagen-Poisseuille

physical analog for a porous medium, created from a conceptual bundle of tubes and the

Navier-Stokes equations:

q— N
zd 2 pg dh

128 ,u ds
(D-6)

where d is the diameter of one tube, N is the number of tubes per unit cross-sectional

area, and s is length along the tubes. With a porosity defined as:

1 2

0 = N 71- (-
2 

, (D-7)

q5 d2 /32 plays the role of permeability in a Darcy-type law. Ways of making the law

more realistic are described by Bear (1972) and include summing discrete variations of

tube diameters along the flow paths and integrating with respect to a continuous pore-

size distribution. An alternative concept, called tortuosity, simply recognizes that the

lengths of the flow paths (s) are longer than the outer dimension along the flow direction

of the bulk volume (1) being investigated. So tortuosity can be expressed as:

d s
2 = 	

dl
(D-8)
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The more tortuous the path, the lower the permeability, irrespective of total porosity.

This approach to hydraulic conductivity is conceptually attractive in that it explains the

low hydraulic conductivity of clays despite their high porosities. However tortuosity is

also difficult to measure and would be expected to vary with flow regime.

Another attractive feature of the tortuosity perspective is that it is amenable to

analysis using the tools of percolation theory and fractals. Percolation theory deals with

a network of connections. Its applicability to porous media is obvious, but an interesting

result is that once about one half of the connections at random are closed off (this value

depends on the nature of the connections) the overall permeability goes to zero (Korvin,

1992). This point is called the percolation threshold.

Korvin (1992) resurrects the tortuosity idea as a means of bringing the power of

percolation theory to bear on solving a peculiar problem in petroleum reservoir

engineering. The problem is that, in using previous models to estimate permeability

from porosity, the drop of permeability to zero for clay fractions greater than 15% in a

porous medium with non-zero porosity can not be reproduced. Korvin (1992) begins his

derivation from the common petroleum reservoir correlation equation between 4:1 and

permeability of Walsh and Brace (1984):

1 3 (1/ 2 1
k = —0 —  ,--;

b	 As) I--
(D-9)
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where b is an empirical constant between 2 and 3, V is bulk volume, As is specific

surface area. He modifies this equation by defining a hydraulic radius,

V
RHYD =	 5

As
(D-10)

which is the ratio of the pore volume to the wetted area. This leads to the equation:

	lD2	 1k =  HYD  A .

	b 	 7-2
(D-11)

While the hydraulic radius representation can also be thought of as related to drag,

Korvin (1992) notes that specific surface area (AsN) will likely not have the clear

threshold he was seeking.

Conversion of the Darcy flow problem at the pore network scale to a percolation

problem (a network of connections) and incorporation of concepts of fractal dimensions

for the pore path lengths leads to the following equation:

R 2	9 (P Ps)l
'EX

k— HYD Ø 1O
bi- 20 	(1— pc )PEx

for p p;	 (D-12a)

k = 0 for p otherwise	 (D-12b)

where p is the fraction of connections between pores which are open, pc = 1.5/Z (the

percolation threshold), Z is coordination number of the grain configuration (average

number of connected pore throats), b = 2, 2-0= 4, and PEX is a percolation exponent. The

fraction of connections which are open, p, is explained by Korvin (1992) as a
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relationship between grain size, porosity, and concentration of clay in the pores. Z and

PEX are fitted empirically for sediment types, and the relationship provides good results

on sandstone samples available to the author. Z ranged from 2 to 6, while PEX ranged

from 0 to 6.

In effect, the hydraulic radius term used by Korvin (1992) addresses the drag

highlighted by Dagan (1989), but an additional term is included to address the closing off

of pores by blockages. However, blockages viewed in total for a bulk of porous medium

larger than the pore network scale could also be viewed as an additional, effective drag

arising from the concentration of blocking particles. Although equation D-12a has many

fitted parameters and is just as empirical as Darcy's Law, the percolation idea developed

by Korvin (1992) and its initial success in estimating permeability at the pore network

scale lend credence to the idea that the hydraulic conductivity of Darcy's Law has a

robust physical basis. There does not appear to be a stumbling block to extending this

idea to larger scales than the pore network or to the multiple scales of discrete structures

of elastic, sedimentary porous media described in the taxonomy of this dissertation.

Concentration of Solids

Allen (1985) worked extensively with the ideas of forces brought to bear by fluids

on particles. His interest was sediment deposition. He noted the close resemblance

between the testing device for fluidized beds used by chemical engineers and the
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subsurface hydrologist's permeameter. Fluidized beds are beds of granular material with

fluids passed upwards so as to maximize contact (surface) area. At the point where the

granules are just floating apart from one another (fluidized) the surface area available for

contact with fluids is at its maximum and chemical and physical reactions will also be

maximized. Combining the equation for the pressure discharge relation of a fluidized bed

and Darcy's Law, he derived an expression for permeability by considering the discharge

at which the bed fluidizes and equated that with the discharge of Darcy's Law. At low

Reynold's Numbers, he derives:

k —

 1 (1 — Chin )" d 2

18
(D-13)

where Chni is the limiting concentration of solids in a given packing arrangement at

which they just touch as fluidization commences (a measure of sorting); n is an exponent

equal to 4.65 at low Reynold's number, and d is some mean grain size. Allen (1985)

notes the exponent on Chm is greater than the exponent on d, though the exponents make

permeability sensitive to both.

Both factors, average pore opening size and concentration of solids, can be related to

drag on the fluid flow. Allen (1985) argues for their separation by noting the

experimental findings of Krumbein and Monk (1943) and von Engelhardt and Pitter

(1951) on synthetic sand mixtures: for a constant mean grain diameter permeability

decreases with decreasing sorting (increasing solids concentration). While probably

most helpful for predicting permeability from grain size data, Allen's (1985) derivation
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is consistent with permeability being a function of average drag on fluid and therefore

lends further credence to a physical basis for permeability in general.

Summary of the Physical Basis of Darcy's Law

Although there may be competing ideas about the best approach for extending

Darcy's Law to heterogeneous systems, the physical principles inferred above for flow in

porous media indicate the concept is robust. That is, for laminar flow regimes of water

fully saturating the pores, the flow rate will be proportional to the driving force imposed.

The proportionality has to do with resistance to flow, or drag, which can be usefully

rearranged into a coefficient called hydraulic conductivity and used to predict flow from

driving force. In the laminar flow range of velocity it is reasonable to estimate this

hydraulic conductivity for a selected volume of porous medium by fitting the value

which best reproduces the head gradients and flow rates.

Since hydraulic conductivity is merely a drag or energy dissipation measure, and

drag in slow viscous flow regimes can be continuous through boundaries of discrete

volumes of unique kinematic porosity, heterogeneity itself is not an apparent limitation

on the general application of Darcy's Law. However, the conditional ensemble mean

flow theory of Neuman and On (1993) indicates that not knowing the variation in

hydraulic conductivity perfectly does limit the applicability of Darcy's Law.
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Extension of Darcy's Law to Heterogeneous Systems

The extension of Darcy's Law and the associated hydraulic conductivity to three-

dimensional, heterogeneous groundwater flow description presents a difficult challenge

which is a common theme of current research in the petroleum and subsurface hydrology

fields. Extension of Darcy's Law and its hydraulic conductivity to three dimensions is

typically accomplished by formulating hydraulic conductivity as a tensor and averaging

over the porous medium at varying scales (de Marsily, 1986; Bear, 1972). Directional

variation in the value of hydraulic conductivity also arises from volume averaging (

Lake, 1988).

The need to allow hydraulic conductivity to change in value and orientation with the

selected model makes the representation of hydraulic conductivity as a process parameter

desirable. From this perspective, the empirical, fitting concept of Darcy (1856) can be

carried forward to more complex flow regimes through parameter estimation based on

water levels and prior hydraulic conductivity estimates by the maximum likelihood

approach of Carrera and Neuman (1986a, b, c). Davis and others (1992) point out, after

testing Darcy's Law for validity, that the question more relevant than validity, especially

when one recognizes a hierarchy of heterogeneity, is "whether the model [and its

required input parameters] is adequate for its intended use". This idea is at the heart of

the application of maximum likelihood parameter estimation discussed in Appendix F.

The limitation on this idea, of course, is that the resulting optimal hydraulic conductivity
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distribution is most representative of the flow conditions of the regression. The greater

the magnitude of ignored heterogeneity, the less general the regression results are.

A large number of approaches are being investigated at the present time for

transforming hydraulic conductivity at one scale to another scale. While it may seem

natural to group all such approaches as volume averaging approaches, Wen and G6mez-

Hernândez (1996) make careful distinctions, noting that the terms equivalent, block,

effective, and upscaled for hydraulic conductivity are more appropriate than average

because hydraulic conductivity is not an additive entity. They further reserve effective

for its strict stochastic definition as provided by Neuman and On (1993). Effective

hydraulic conductivity is strictly applicable to the ensemble mean of equally probable

realizations of flux (q) and head (of which the gradient is taken- V(h)). Paleologos and_

others (1996) find that the effective hydraulic conductivity is deterministic for scales

large enough that (q) and - \7(h) are directly related to an acceptable tolerance, while_

effective hydraulic conductivity is a random variable at smaller scales. When effective

hydraulic conductivity qualifies as deterministic, it also qualifies as a representative

elementary volume (REV) (Paleologos and others, 1996).

This work seeks a hydraulic conductivity distribution which best reproduces a

selected set of historical data. The resulting hydraulic conductivity values for specified

zones would appear to qualify best as equivalent hydraulic conductivity values as defined

by Matheron (1967): the hydraulic conductivity value for a fictitious homogenous
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volume which passes the same flux of water as the heterogeneous volume. Just as the

results of analyzing aquifer tests qualify as equivalent hydraulic conductivity values, so

would the results of maximum likelihood-based parameter estimation codes for

distributed groundwater flow models.

The typical question in application is: how can a number of relatively small scale

equivalent hydraulic conductivity estimates be combined to produce a larger scale

equivalent hydraulic conductivity estimate. This question is particularly relevant with

respect to parameter estimation when comparing prior hydraulic conductivity estimates

to the zones specified for model input hydraulic conductivity. Most approaches assume

one "measurement scale" (Darcy's column or core) size and look for an analytical

procedure which operates only on the measurement-scale independent hydraulic

conductivity estimates to produce one "numerical grid block scale" size estimate.

Most approaches also attempt to derive a different value of hydraulic conductivity

for each computational cell to enhance the representation of variability. However, there

is no need to define a different hydraulic conductivity value for every computational cell.

Even in the case of homogenous parameter domains, the grid size in numerical analysis

schemes is typically based on accuracy and stability requirements and the required

predictive accuracy of the numerical simulation.

That groups of computational cells will have a single value of hydraulic conductivity

arises even in the stochastic (continuum) approaches. For example, harmonic averaging

of adjacent grid block values in finite difference simulators leads to the need for several
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grid points per zone of defined distinctive hydraulic conductivity to minimize the

smoothing effect of the averaging and preserve the effect of heterogeneities.

Another problem arises for those stochastic approaches which work with continuous

representations of hydraulic conductivity and assume that each measurement scale

independent hydraulic conductivity estimate represents a point. Review of the results of

field tests of elastic, sedimentary porous media provided later in Appendix E indicate

that much of the variability in hydraulic conductivity may be at relatively small (stratum)

scales, smaller than common testing procedures used to develop independent hydraulic

conductivity estimates. The resulting understatement of variance caused by the

smoothing of the independent estimation technique has important consequences for

application of the stochastic approach with typically available independent parameter

estimates.

Whether approaching a problem from a deterministic or stochastic viewpoint, the

key point is correctly identifying the effect of the smaller scale variability on simulation

at a relatively large scale predictive resolution. The nesting of numerous scales presents

an additional challenge.

The following discussion presents and evaluates upscaling, pseudo-functions, and

conditional ensemble mean effective hydraulic conductivity approaches to the problem of

transforming hydraulic conductivity between scales. These are considered as alternatives

to the overall approach proposed in this work and to their usefulness in comparing prior
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hydraulic conductivity estimates to maximum likelihood estimates of hydraulic

conductivity for specified zones in a groundwater flow model.

Pseudo-functions

One way of thinking about transforming hydraulic conductivity from one scale to

another is that of Lake (1990). He notes that pseudo-functions are any operation on flow

parameters to change scales. The dispersivity parameter of the advection-dispersion

equation is a classic pseudo-function from Lakes's (1990) viewpoint. It is a factor

addressing the ignorance about velocity variations at scales smaller than a model's

hydraulic conductivity variations (Neuman, 1993).

The parameters in groundwater or petroleum flow simulation models of stratified

(layered) systems, horizontal (Kh ) and vertical (Ky ) hydraulic conductivity, are

recognized by Lake (1990) as classic pseudo-functions. Cardwell and Parsons (1945)

first showed how the limits of effective hydraulic conductivity can be derived from

averages of available data:

E (Khi bi )
Kh 	

b
(the arithmetic average parallel to layering)	 (D-1 4a)
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E (Icy , b,
	 (the harmonic average perpendicular to layering) (D-1 4b)

KV, 	Zb,

where b i is the thickness of the ith layer, and ICh, andK v, are the horizontal and vertical

hydraulic conductivity values for the ith layer, respectively.

Lake (1990) makes the point, often overlooked in spatial averaging, that pseudo-

functions assume vertical equilibrium. In practice, vertical equilibrium for a petroleum

reservoir means that the vertical head gradients and fluctuations are negligible and that

horizontal flow only need be considered. The sole consideration of horizontal flow is the

hydraulic approach invoked by subsurface hydrologists in analyzing extensive aquifer

systems (Bear, 1979).

The real power of pseudo-functions comes into play when multiphase flow is

considered and pseudo-relative permeability, pseudo-capillary pressure, pseudo-

dispersion coefficients, and finger factors can appreciably simplify petroleum simulation

requirements (Lake, 1990). The assumption that hydraulic conductivity is also a local

entity is inherent, but not addressed, in Lake's (1990) work.

Vertical equilibrium is measured by Lake (1990) with an effective length-thickness

ratio (or relative characteristic travel time) term, RL:

RL = (D-15)
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where L is the total length of the domain and b, is the total thickness of the domain. Lake

(1990) notes that if RL is large, then head fluctuations in the vertical direction decay

much faster than those in the horizontal direction, the heads rapidly become similar

across the vertical, and vertical equilibrium applies. On the other end of the spectrum, if

just one layer is impermeable, K 	 zero, so is RL and vertical equilibrium does not

apply. The larger the value of RL, the more applicable the assumption of vertical

equilibrium.

For conditions of anisotropy within the layers being averaged by arithmetic and

harmonic means under the vertical equilibrium assumption, Kasap and Lake (1989)

developed relations between the smaller and larger scale hydraulic conductivity tensors

for cross-bedding in subhorizontal layers of sand. The result is a pseudo-permeability.

Lake (1990) notes a more general term, transverse equilibrium, which is the state in

which the head gradients perpendicular to the direction of flow being considered are

negligible. This condition is necessary for the local upscaling procedures to be discussed

later. For example, when transforming hydraulic conductivity estimates from smaller

scale to the larger scale of a block (see next section), the head gradients are taken

perpendicular to the block's faces. The transverse equilibrium assumption is clearly

evident in most of the upscaling procedures developed to date and summarized in the

next section. Arbitrary orientations of head gradients are not consistently addressed in

many of the upscaling methods described to date, though they attempt to repeat the

calculations for orthogonal vectors.
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Where the transverse equilibrium assumption and the related assumption of strictly

local (Darcy's Law) flow are appropriate, pseudo-permeability values can be useful. For

complex situations, complex block shapes and resulting interactions of flow may need to

be addressed in estimating equivalent hydraulic conductivity values for the blocks. The

maximum likelihood method can be applied to models with arbitrary complexity and

determines hydraulic conductivity values which reproduce historical behavior in a

statistically optimal manner.

Upscaling

Wen and Gèmez-Hernândez (1996) provide a useful and comprehensive overview

of averaging approaches collectively called "upscaling". Upscaling is the popular

petroleum term for one approach to volume averaging described in the previous section.

Wen and Gellnez-HernAndez (1996) provide an overarching definition of upscaling which

includes simple averaging:

( 11 f q („ (u)du = —K 	IV h(u)du
v v — 	 __v v vv	 )

(D-16)

where V is a fixed block support volume, ga, is the specific discharge vector at a

fixed measurement support cell (co), u is a position vector within the block, and Vh,, is

the gradient of head in the measurement cell co. The measurement cell scale hydraulic

conductivity values (IS,,) are related to the local (measurement cell) gradient by Darcy's

Law as well:
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q =—K Vlia,	 (D-17)co	 --co

The authors state that upscaling has the objective of obtaining "a description of

hydraulic conductivity spatial variability at the numerical [block] scale that reproduces

some average behavior of the hydraulic conductivity field at the measurement [cell]

scale". The applicability of maximum likelihood parameter estimation to reproducing

the average behavior of the flow system is not addressed by the authors but is pursued in

this work.

Increasingly complex developments of upscaling are presented by Wen and G6mez-

Hernândez (1996), starting with local techniques (simple averages, power averages,

renormalization, anisotropy and stream tube techniques) and continues with non-local

techniques (simple Laplacian, iterative Laplacian, Laplacian at measurement scale

throughout the aquifer, Laplacian with skin, Laplacian with periodic boundary

conditions, analytical, method of moments, and energy dissipation methods). Laplacian

refers to solution of the steady-state groundwater flow equation.

A separate class of techniques deforms the grid to minimize either the variance of

hydraulic conductivity in a block or the variance of specific discharge within a block.

Direct simulation at the block scale is considered in closing, though the authors see it as

a daunting task. Wen and Gèmez-HernAndez (1996) conclude that a key advancement

provided by work in upscaling has been the recognition that boundary conditions to flow

for individual blocks being considered will affect the values of hydraulic conductivity
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appropriate for the blocks (although the work of Neuman and On (1993) already showed

this formally) and will require special care in an upscaling procedure. The authors state

that the current line of research pursues definition of block geometry as an integral part

of the upscaling procedure. The approaches described are developed for general

application but no mention is made of elastic, sedimentary depositional structure.

One important outcome of the volume averaging process is the development of, or

changes in, the directional nature of the hydraulic conductivity tensor (anisotropy) as

hydraulic conductivity is transformed from one scale to a larger scale ( Lake, 1988).

Lake (1988) notes that this effect arises from the variation of spatial correlation at

different scales. A combination of small volumes with isotropic hydraulic conductivity

can lead to a larger volume with anisotropic hydraulic conductivity. Interconnectedness

is a popular term in the petroleum industry for a related phenomenon. Water "follows

the path of least resistance" and interconnections of relatively higher hydraulic

conductivity volumes will lead to a preferred flow vectors. Fogg (1986) found this effect

in deterministic simulations of groundwater flow with elastic, sedimentary depositional

structures and Silliman and Wright (1988) also found this effect in stochastic

percolation-based studies of cubes of porous media. The more advanced upscaling

procedures make progress towards allowing for variation in anisotropy as upscaling

proceeds, but many still enforce alignment with a Cartesian grid and most do not allow

for development of arbitrary orientation of anisotropy as upscaling proceeds.
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The research presented in Wen and GOmez-Hemàndez (1996) provides insight with

respect to the variation of hydraulic conductivity in blocks of two different scales.

Problems identified by the authors primarily have to do with the proper specification of

block geometries and boundary conditions for those blocks. These problems are

addressed directly with the approach presented in this work. Additional challenges for

the improvement of upscaling are discussed below.

The current implementation of upscaling depends on a two-scale (or at most three

scale) definition of all groundwater flow systems, and assumes the measurement scale for

all sites is the core or packer/slug test scale. The presentations of Chapter 2 indicate that

a nested hierarchy of dominantly-expressed scales are to be expected, at least in elastic,

sedimentary porous media. There is no reason to think that the volumes of investigation

associated with cores or packer/slug tests are appropriately matched to the locally

dominant scales of elastic, sedimentary depositional structures. Evidence from field tests

to be discussed later in this chapter indicates that core data do not unambiguously

measure the variability of hydraulic conductivity in general clastic, sedimentary porous

media. Therefore, the implementation of upscaling as pursued at the present may not

have a firm physical basis. Specifically, the inferred geostatistical parameters for the

available hydraulic conductivity estimates may be inappropriately determined for the

hierarchy of dominant scales present at a particular site and they may not represent the

variability present. Also, a variety of independent estimates may be available with

varying support volumes.
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Upscaling starts with filling the domain of interest with statistically generated,

measurement-scale hydraulic conductivity values. The ability of geostatistics to predict

such a huge number of values in a realistic manner is questioned for any practical

database of hydraulic conductivity estimates, as alluded to in the previous paragraph and

as stated by Fogg (1986). The ability of geostatistical approaches to simulate a hierarchy

of realistic elastic, sedimentary depositional structures is also yet to be demonstrated.

The meaning of the block values resulting from upscaling from these predictions is then

also subject to question.

Perhaps the most surprising omission of the upscaling school is a lack of

consideration for heads measured at the site of interest. Upscaling sometimes uses

boundary conditions from the site and then perturbs them to address a range of

possibilities. It is unclear how these boundary conditions reflect measurements from the

site. Using a wide variety of contrived boundary conditions may appear to make the

resulting upscaled hydraulic conductivity values more robust, but their development will

require more thorough analysis to ensure that robustness follows. The availability of

head measurements within the domain allows for imposition of a strong constraint on the

distribution of hydraulic conductivity values, but this benefit is ignored in the upscaling

approach.

Returning to the statement of objective for upscaling, it would appear that what is

pursued by upscaling is reproduction of average, observed flow conditions.

Consideration of geologic data and physical relationships in sediment deposition is also
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lacking in the upscaling approach as it deals solely with measurement scale hydraulic

conductivity estimates to address the entire domain of interest.

As an alternative to upscaling as currently implemented, this work proposes

maximum likelihood parameter estimation of hydraulic conductivity values for blocks of

highly complex shapes and sizes consistent with a hypothesis of the depositional

environment and associated processes. This approach works from a hierarchy of locally

recognizable elastic, sedimentary depositional forms and processes, rather than assuming

that the one scale of a hydraulic testing procedure is appropriate. However, sufficient

head measurements are needed at each scale to effectively estimate values for the locally

dominant scales of hydraulic conductivity structures.

This work asserts that the maximum likelihood approach directly provides the

equivalent block hydraulic conductivity values pursued by the upscaling school. The

principles of upscaling may, however, be of value in developing an approach to relating

independent hydraulic conductivity estimates at varying support size to the model input

hydraulic conductivity values estimated by maximum likelihood based on water-level

measurements and prior estimates.

Spatial Filters

Beckie and others (1994) take the view that the operation of transforming hydraulic

conductivity from one scale to the next is a spatial filtering operation. They begin by
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defining "universal" dynamics as those which can be described and simulated at larger

scale without explicitly resolving smaller scales, i.e., resolved dynamics are insensitive to

unresolved dynamics. The effects of smaller scale dynamics are addressed in lumped

form in phenomenological parameters. Non-universal dynamics must be explicitly

represented because they are affected by large scale forcings, boundary conditions, and

the domain geometry.

Beckie and others (1994) work in the spectral domain to demonstrate the

identification of universal and non-universal dynamics. The variations of a quantity can

be represented as frequencies and transformed to the spectral domain for evaluation.

This is a basic concept used by Gelhar (1993) in his developments in stochastic

subsurface hydrology. Beckie and others (1994) submit that when there is a sufficiently

large spectral gap between clearly separate dynamics, then the convolutions of the

separate dynamics will be zero. Convolution is a precise mathematical representation of

interactions of processes on a hierarchy of scales, whether they be linear or non-linear.

Indeed the convolution of Green's functions is at the heart of the non-local flow and

transport developments of Neuman and On (1993) and Neuman (1993).

The application of Darcy's Law at scales larger than the laboratory column is a

useful application for the ideas of Beckie and others (1994). Darcy's law is a product of

terms which leads to non-linear interactions of dynamics. Products are more easily

addressed in the frequency domain where convolutions can be represented by

convolutions. The dynamics of interest are fluxes on a hierarchy of scales. The universal
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dynamics are those that are clearly separated by a spectral gap from their nearest spectral

neighbors. In terms of flux variations imposed by hydraulic conductivity variations,

those hydraulic conductivity variations with spectrally-separate frequencies will not

interact significantly (convolution integrals will be zero) in producing observed fluxes.

The routine neglect of pore network scale variations in hydraulic conductivity is probably

supported by this idea in many circumstances.

Beckie and others (1994) note that Neuman (1994) found some universality in the

variability of hydraulic conductivity. As Neuman (1994) notes, the actual values for

hydraulic conductivity variability at a specific site vary about the universal law like

points about a regression line. Likewise, Beckie and others (1994) note that the

groundwater flow model is universal as typically used, but its appropriate application at

any one site depends on site-specific data for hydraulic conductivity. Appropriate

application of Darcy's Law then depends on a spectral gap between the hydraulic

conductivity distribution used for model input and smaller scale hydraulic conductivity

variations.

With respect to a hierarchy of elastic, sedimentary depositional structures, the extent

to which they have separate hydraulic conductivity variation "frequencies" in space

determines the extent to which one can develop robust (applicable to a wide range of

flow conditions) equivalent hydraulic conductivity values at a specified scale in the

hierarchy and ignore smaller scale variability. For a selected domain and desired

simulation resolution, these conditions may allow the neglect of the variability at, say the
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stratum scale. If the interactions between the scales are significant, then the interactions

should be addressed by explicitly representing hydraulic conductivity variation on both

scales.

An alternative is to use non-local conditional ensemble mean flow theory. Beckie

and others (1994) note that when statistical methods (such as maximum likelihood) are

used and the ergodic assumption is accepted, then in effect, it is assumed that there is a

spectral gap between the resolved hydraulic conductivity structure (ensemble means) and

the random, but correlated, unresolved fluctuations.

Beckie (1996) goes further to propose spatial filters to transform hydraulic

conductivity estimates from one scale to another. They are convolution integrals of the

form:

OM(x)= le s (x')G,,,,(x — x')dx'	 (D - 18)

where Os is a parameter defined on a relatively small support scale (S) and em is a

parameter defined by an estimation technique (M scale). G is the filter function which

operates on the M scale to transform to the S scale. The same could be used for general

relations between any two scales in a hierarchy.

Beckie (1996) uses the mathematical formalism of spectral theory and convolution

to investigate the situation of using a measurement [independent hydraulic conductivity

estimation] process to estimate hydraulic conductivity in a field with a defined small

scale variability for eventual use in a model with various sized grid blocks. He provides
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the important reminder that the Nyquist sampling theorems indicate large scale

measurements can only resolve larger scale variability, and that if one attempts to resolve

smaller-scale variability, artificial periodicities can be identified as true variability - an

error called aliasing.

Beckie's primary contribution is highlighting the spectral gap and its relation to the

convolution integrals. This has important consequences for evaluating the robustness

(range of applicability) of equivalent hydraulic conductivity values estimated by

maximum likelihood from a selected historical data set. The role of non-local flow

theory is emphasized by Beckie's (1994, 1996) developments.

Non-local Groundwater Flow by Conditional Ensemble Mean Equations

The latest advances in non-local analysis of groundwater flow are provided by

Shlomo Neuman and his co-workers at the University of Arizona. The theory for steady

flow was presented in Neuman and Orr (1993). Tartakovsky (1996) extended that work

to transient flow. In general, their findings indicate that:

1. if hydraulic conductivity is homogenous, then a independent estimate on any support

volume suffices for the infinite domain and Darcy's Law may be appropriate, or

2. if hydraulic conductivity is heterogeneous, then its distribution must be perfectly

known throughout a finite simulation domain in order to use the local Darcy's Law.
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They rigorously define an effective hydraulic conductivity ( K ) for conditions under
--=--- e

which the residual flux (the interactions of unresolved hydraulic conductivity

fluctuations) is Darcian (local). There must exist a symmetric, positive definite tensor,

K(x) , with eigenvalues smaller than that of the ensemble mean of the true hydraulic

conductivity tensor, and independent of the ensemble mean of the head and its gradient

which satisfies:

EW = K-(Lc)v( h(.20 )
	

(D-19)

If such conditions exist, then the ensemble mean of the fluxes and the gradient of the

ensemble mean of the head are related by an effective hydraulic conductivity:

(qW) = — i c e V(*))	 (D-20)

where the effective hydraulic conductivity is given by:

Ke (20 = (K(x_))I — x-= (x)	 (D-21)

For transient flow, there is a relaxation time in which the effective hydraulic

conductivity also varies. The effective hydraulic conductivity applies strictly to the

expectation (mean) of the ensemble of equally likely realizations of flux and head. If the

ergodic assumption applies to the fields of hydraulic conductivity, Q, and h, then the

effective hydraulic conductivity can be applied to a sufficiently large volume of porous

medium. Essentially this means that if the hydraulic conductivity variation at the scale of

interest is investigated to sufficient degree, then the unresolved fluctuations will be
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negligible and so will their interactions through the flow equations. This view is

consistent with that of Beckie (1996 ) described in the previous section and explains the

success of trial and refinement - calibrated models for prediction: sufficient data were

collected to resolve hydraulic conductivity at the desired predictive resolution and

unresolved hydraulic conductivity fluctuations were at too small a scale to have

significant influence on simulated heads.

Summary of Extensions of Darcy's Law to Heterogeneous Systems

The pseudo-function approach for transforming hydraulic conductivity from one

scale to another is a more thorough development of the harmonic and arithmetic

averaging idea, but adds a measure of when application is appropriate. A few extensions

for angular features of cross-bedding have been developed. Recognizing the

assumptions inherent in this approach is the key to its appropriate application.

Upscaling is more general than the pseudo-function approach, but is still limited to

working between full data arrays on two scales, does not consider available head data,

and lacks comprehensive handling of boundary conditions for specified zones or blocks

and arbitrary anisotropy.

Spatial filtering and consideration of universal/non-universal systems brings to bear

the power of integral processes and recognizes the need for scale splitting in the spectral

domain when deciding on the appropriate application of a local Darcy's Law. The
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concept of scale splitting in the spectral domain has probably been inherent in decisions

about the use of data in models, but it has typically not been recognized or stated with

mathematical formalism.

The conditional ensemble mean (non-local) approach to solving problems of

moderate to strong heterogeneity is the most current and general approach for describing

a site-specific groundwater flow regime. It addresses the amount, density, and quality of

information available. However, it is also the subject of current research and

improvement and has only been applied through approximations to uniform flow and

stationary log-normal hydraulic conductivity fields. Because of the current need to

address non-uniform flows in non-stationary and not necessarily log-normal hydraulic

conductivity fields, this work pursues the immediate benefit of fitting hydraulic

conductivity, through (the local) Darcy's Law, for heterogeneous systems, which would

be strictly in violation of the findings of non-local flow theory.

The maximum likelihood approach applied here is intended for systems where the

density of available data is relatively large and the heterogeneity that is not explicitly

represented in the hydraulic conductivity zones is relatively small. Thus, it applies local

Darcy's Law flow equations where the non-local flow theory indicates such application

acceptable.

In essence, this work is answering the question: If enough data are collected to

define several scales of elastic, sedimentary structures and to estimate hydraulic

conductivity values at those scales, what benefit could there be to a predictive model of
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groundwater flow? The maximum likelihood approach proposed here places a great

emphasis on the use of available head and flow measurements and prior hydraulic

conductivity estimates in a complex geometry and under the forcing of a complex

distribution of sinks and sources in a groundwater flow system. Sufficient density and

quality of such measurements is assumed. Sufficient geologic data are needed to

recognize structures and support identification of a limited set of geologic models for a

specific site. These requirements are analogous to the practical implications of the

assumption of ergodicity with respect to the stochastic approach.

Beyond improving the estimation of parameters for Darcy's Law-based groundwater

flow models, information on the elastic, sedimentary structures that control groundwater

flow would also be of value to the ongoing development of non-local flow theory. Non-

stationary non-local flow models can benefit from a structure for the defined variation in

hydraulic conductivity. Conditioning via cokriging of non-local flow models could also

be customized within hierarchies of clastic, sedimentary depositional structures.

Summary of Theoretical Evaluation of Hydraulic Conductivity

Darcy's experimental Law defines an empirical hydraulic conductivity which also

has a physical basis and can be extended to heterogeneous porous media. Since

information on the distribution of hydraulic conductivity in a heterogeneous system is

imperfect, the correct equation for flow, as provided by conditional ensemble mean flow
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theory, is strictly non-local. That is, the unresolved hydraulic conductivity variations

will affect the flow throughout the domain. Fortunately, the distance over which the

variations have significant effect is limited and related to the degree of heterogeneity of

the system.

For systems in which elastic, sedimentary depositional structure can resolve

hydraulic conductivity variations such that unresolved variations make insignificant

contributions to convolutions of interactions in head variability, Darcy's Law is

appropriate. The understanding of elastic, sedimentary depositional structure helps

provide a basis for inferring the degree of heterogeneity that may be present throughout

the domain, and to constrain the range of likely hydraulic conductivity variations at

specific locations where hydraulic conductivity estimates are lacking.

Developments in pseudo-functions and upscaling have potential usefulness in

developing independent hydraulic conductivity estimates for relatively large zones from

relatively small scale independent hydraulic conductivity estimates.

It is clear that independent hydraulic conductivity estimates are most appropriate for

the typically simplified flow conditions for which they were calculated. Extending the

parameter estimation to complex systems does not change this limitation. The upshot is

that if a distribution of equivalent hydraulic conductivity values is estimated based on

historical flow system measurements, then the applicability of those values for prediction

depends on the similarity of the predicted flow regime to the historical flow regime, the



heterogeneity of the system, and the extent of information available for defining that

heterogeneity.
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APPENDIX E

ESTIMATION TECHNIQUES
FOR HYDRAULIC CONDUCTIVITY

AND THE EFFECT OF CLASTIC,
SEDIMENTARY STRUCTURES

A variety of techniques exist for estimating hydraulic conductivity. An independent

estimate is defined here as an estimate made with a technique other than a groundwater

flow model. Examples include minipermeameter tests and radial flow tests. This

appendix reviews the various techniques and uses the taxonomy of Chapter 2 to

understand the volumes each investigates. Many summaries of the various independent

hydraulic conductivity estimation techniques and their interrelationships found in the

petroleum literature are catalogs of methods and warnings of the effects of scale. Little

is available to guide the use of independent hydraulic conductivity estimates from a

hierarchy of scales in numerical simulations of groundwater flow.

Nowhere is the dependence of hydraulic conductivity on the selected model more

obvious than in considering the many techniques for making independent hydraulic

conductivity estimates. If Darcy's Law is accepted as an adequate relation between head

gradients and flows at a specific site, the empiricism of hydraulic conductivity's

definition from Darcy's experiment leads to the circular logic of needing to define the

parameter hydraulic conductivity to apply a groundwater flow model, yet the model itself

defines hydraulic conductivity. Under these difficult conditions, it seems prudent to at

least demonstrate that the hydraulic conductivity selected for a predictive model will lead
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to simulation as close as possible to that observed in the field. This perspective explains

the interest in parameter estimation procedures by the field of subsurface hydrology in

general and the direction of this work along the lines of the mathematical formalism of

maximum likelihood in particular.

The available hydraulic conductivity estimation techniques are categorized here as

direct and indirect methods. Direct methods are model-fitting or inverse methods: input

hydraulic conductivity values for an assumed model are fitted such that simulated heads

and fluxes match those observed. Darcy's experiment and radial flow aquifer tests can

be viewed as classic examples of model-fitting techniques. Indirect methods seek to find

a correlation between hydraulic conductivity and other variables. Two types of indirect

methods are apparent: those which relate hydraulic conductivity to fitted parameters of

parallel processes in porous media (electrical current, sound or radiation propagation),

and those which relate hydraulic conductivity to geologic characteristics. In either case,

the objective here is to see what can be said about the independent estimate techniques

when their associated models and volumes of investigation are compared with elastic,

sedimentary depositional structures in the taxonomy presented in Chapter 2. For each

estimation technique, the following analysis is provided:

1. How is the technique performed?

2. What characteristics would the hydraulic conductivity values be expected to

have from theory?



285

3. What has been found in published field studies using this technique?

4. What can be said about hydraulic conductivity within the hierarchy of clastic,

sedimentary depositional structures?

5. (for the indirect techniques) What is the correlation and what are its impacts

on the estimation of hydraulic conductivity?

6. How should hydraulic conductivity values estimated with this technique be

used in the maximum likelihood parameter estimation process?

Direct Independent Estimate Techniques for Hydraulic Conductivity

Direct independent estimate techniques for hydraulic conductivity are familiar to

subsurface hydrologists and typically form the basis of interpolation and inference of the

structure of model input hydraulic conductivity by the stochastic method. This section

will discuss selected direct independent estimate techniques for hydraulic conductivity

with respect to clastic, sedimentary depositional structures. The scale of investigation of

each technique forms an ordering in this discussion, from smallest to largest:

• minipermeameter (probe permeameter) techniques,

• core/core plug techniques,

• radial flow test techniques, and
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• uniform flow test techniques.

The taxonomy developed in Chapter 2 is used as a basis for evaluation. For each

technique, the range of typical magnitudes and shapes of the associated volumes of

investigation are compared to those of the elastic, sedimentary structures described in

Chapter 2. Where applications are available as examples of similar comparisons, they

are summarized and reviewed.

Minipermeameter Techniques

Use of the mini- (or probe) permeameter was developed by researchers affiliated

with the petroleum industry in the early 1950's, expanded widely during the 1980's, and

continues to expand at this writing. The minipermeameter is extremely simple and

rugged and works by injecting nitrogen gas into the surface of a sample of porous media

and measuring flow rate and pressure. With these data, a modified form of Darcy's law

is used to calculate permeability:

PQPi k
a

 — 

aG(p —1, 02 )/2
(E-1)

where ka is nitrogen permeability in Darcies (D), ,u is nitrogen viscosity in centipoise, Q

is nitrogen flow rate in cm3/s, p, is measured flow pressure in atmospheres, pa is

atmospheric pressure in atmospheres, a is the internal radius of the probe tip in

centimeters, and G is a geometric factor (Dreyer and others, 1990).
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The estimated ka from the minipermeameter is calibrated to permeability by testing

synthetic or natural standard core plugs. Natural standard core plugs are checked by X-

ray tomography for internal structure, and if they are found to be visually uniform, they

are accepted. The volume investigated by a minipermeameter depends slightly on the

permeability of the sample material, but more so on the inside and outside diameters of

the probe contact with the rock. Many reported volumes of investigation ranges closely

about 1 cm3 . Hartkamp-Bakker and Donselaar (1993) used a typical minipermeameter

that investigated a cube 4 mm on a side in their particularly detailed investigations. This

is compared to the volume investigated by the standard-sized core plugs (about 60 cm 3 ),

with which the minipermeameter instruments are calibrated (Dreyer and others, 1990).

A number of investigators prefer to work directly with the normalized flow rates

instead of the Darcy's Law-based permeability calculation. The results of either have

been found to be closely comparable in terms of variability.

The volume investigated by the minipermeameter would appear to be most closely

matched to the volumes of structures of the stratum scale. Individual lamina (small

discrete strata of sand) are routinely tested by the minipermeameter techniques.

Unconsolidated sand core has been tested with success (Eijpe and Weber, 1971; Weber

and others, 1972). The method is very fast, nondestructive, and reproducible, leading to

sampling efforts in the 1,000's to 10,000's of samples on a rock face or along a core.

The core or outcrop samples can be cut and sampled in various orientations to investigate

anisotropy at small scale.
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Proponents of the minipermeameter note its ability to characterize the variability of

permeability and allow informed decisions about upscaling or averaging. Although the

minipermeameter does not seem to have a peer for investigating permeability variability,

the point is not to use the minipermeameter to take measurements throughout the

reservoir. Access to the bulk of the subsurface for testing is currently quite limited. It is

most efficient to characterize variability in selected elastic, sedimentary depositional

structures and transfer the information to other occurrences of the elastic, sedimentary

depositional structures. To accomplish this, the geologic data are used to identify elastic,

sedimentary depositional structures on a hierarchy of scales in the taxonomy and support

the transfer. Identification of cyclic or repeated occurrences of a volume with distinctive

hydraulic conductivity characteristics allows significant cost savings through this transfer

approach.

Much can be learned by subsurface hydrology from the recent applications of the

minipermeameter in the petroleum industry. The following are condensed results of

selected applications of the minipermeameter. The applications are to analog outcrops

and to continuous core from boreholes. Four studies are presented for shelf depositional

systems, 4 studies are from delta depositional systems, 5 studies are presented for fluvial

depositional systems, and 3 are presented from eolian depositional systems. Thus we

have a fair spread of systems to evaluate.
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Shelf Depositional System Studies

Hurst and Rosvoll (1991) sought to quantify the significance of elastic, sedimentary

features on fluid flow by comprehensive testing of continuous core from boreholes in the

Jurassic Fangst and Bat Groups of the Norwegian continental shelf Core samples were

of shelf sandstones with less than 2 to 10 % mica and light consolidation. Five cosets

were identified from core: large-scale cross-bedded, small-scale cross-bedded,

horizontally bedded, massive, and heterolithic. Within the 2 cross-bedded cosets, 3

strata sets were identified: tabular, wedge and trough cross-bed sets. Within the

heterolithic cosets 3 strata sets were identified: flaser, wavy, and lenticular arrangements

of sand and shale. Individual sand strata were investigated. Over 15 m of core, grids

comprising 16,000 minipermeameter tests were run. Spacings within the grids were 2

mm to 5 mm, compared to the thicknesses of the strata ranging from 4 to 12 mm. The

different cosets had distinctive mean values for permeability and typically, but not

always, the permeability values were approximately log-normally distributed.

Permeability values varied independently of mean grain size. Statistical testing

(ANOVA) showed that most of the variance (80%) in permeability is found within

individual beds compared to the variance between them. They attribute the variation in

the grain size and sorting of each stratum of sand to slight variations in the distribution of

energy in each event. They found for these shelf sandstones that in order to estimate the

mean to within -F\- 25%, sampling would need to occur at a spacing of 6 - 10 mm; to

estimate the mean to within -F\-- 5%, sampling should be conducted at a spacing of 1 - 5
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mm. Minipermeameter measurements are therefore needed to characterize permeability

variation of strata sets, but core plug permeameter tests are still needed to extend

characterization to larger volumes and calibrate the minipermeameter. Collection of core

plugs for Hassler sleeve permeameter testing on 1 foot intervals clearly is insufficient for

characterizing permeability variation as the sampling smoothes and potentially aliases

(see Beckie (1996)) the true permeability distribution. Testing in various orientations of

cut core detected statistically significant anisotropy at the strata scale. Hurst and Rosvoll

(1991) see strata sets as visually distinctive and homogenous because of grain size and

sorting derived from a depositional event. Despite visual homogeneity, there is greater

permeability variability within strata than between adjacent strata. They conclude that

what has been termed "homogeneity" in practice would be better defined in terms of a

mean and a variance.

Hurst (1993) makes a case for use of minipermeameter by contrasting the resolution

of its tests with that of core plugs in 2 shelf sandstone examples. The first example

evaluates 1.7 m of core from a coarsening upward sandstone sequence with limited

cemented horizons. Six core plugs were tested by permeameter and the results show a

step change in permeability with apparently random variations about the step function

shape. The lower two values were between 1 and 2 milliDarcies (mD) while the upper 4

values ranged between 60 and 300 mD. When 170 minipermeameter tests were run on

the same core, a smooth distribution of permeability through the core plug values

consistent with visual core description was found. Three cemented intervals were
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detected as well. The second example was from 1.7 m of an unidentified shaly sandstone.

The core was through alternating beds of sandstone and shale ranging in thickness from 2

mm to 200 nmi. The enclosing 30 m interval was tested in the standard approach with

gamma, formation density, and neutron porosity on 150 mm intervals and core plugs

tested from 300 mm intervals. Five parallel transects of minipermeameter measurements

were run on the 1.7 m of core on 50 mm spacing. The minipermeameter tests show a

two order-of-magnitude variation missed by the borehole geophysics and the core plug

analyses. An obvious aliasing occurs due to the frequency of the standard core

permeameter measurements, i.e., an incorrect periodicity would be inferred for the 1.7 m

interval. The problem here is identifying the unit as a shaly sandstone rather than

recognizing the stacked strata of alternating sand and shale with large variation in

permeability.

Hurst (1993) further asserts a case for using the minipermeameter with an example

of core from a shelf, coarsening upward sequence (an architectural element or coset scale

structure). A short section of core (1.3 m) was investigated by 6 core plugs, tested by

standard Hassler sleeve permeameter. The two deepest values were between 1 and 2

mD, the other four values ranged between 60 and 300 mD. The geometric mean of the 4

upper values is 180 mD, and they appear to be randomly distributed about the average.

There is no apparent correlation between grain-size and core-plug scale permeability.

Minipermeameter tests conducted at about every 0.01 m are consistent when they are

coincidental with the core plug locations and reveal relatively smooth transitions
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between their permeability values. However, comparison with a mean grain-size

distribution indicates a close correlation between mean grain size and permeability from

the more complete minipermeameter data set. Relatively greater clay content and calcite-

cemented lenses correlate closely with local decreases in permeability. Most

importantly, many of the permeability values in the upper interval range between 700

and 800 indicating the geometric mean of the core plug data is not useful in this

circumstance. Local variations in permeability of up to a half order of magnitude

indicate a small scale variation not expected from visual inspection.

Corbett and Jensen (1992, 1993) tested core from boreholes in the Jurassic Lower

Brent Group's Etive and Rannoch Formations of the oil-producing Statfjord field

beneath the northern North Sea. Core was from shelf sandstones. The Etive formation

cored at this location is a set of stacked channel fills in a channel architectural element.

Trough cross-bed sets are the principal coset. Planar cross-bed sets and bottom sets are

also cosets. The Rannoch Formation cored at this location is a set of high-energy storm

deposits - low angle cross-bedded sand cosets and low-energy shoreface rippled

heterolithic cosets. The core had only minor cementation. On 12 m of core (4 m of

Etive [10% was sampled] and 8 m of Rannoch [also 10% was sampled]), 8000

minipermeameter tests were run. Grids were either coarse (10 mm along core, 20 mm

across) or fine (2 - 5 mm down and 2 - 5 mm across). Core plugs were also taken at 300

mm intervals for Hassler-sleeve permeameter testing as is standard practice. Individual

sand beds (laminations) were 1 - 10 mm thick. The results show a strong correlation of
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permeability to cosets. The minipermeameter tests shows much greater variability than

the core plug tests. Distinctive means and coefficient of variation (standard deviation

divided by arithmetic average - Cv) were found for the various cosets. The mean

permeability was highest and Cv was lowest for the low-contrast cross-bed sets. The

mean permeability was lowest and the C, was highest in the bottom set of trough cross-

bedding and in rippled heterolithic sets. The permeability values of cosets were either

approximately log-normally distributed or approximately root-normally distributed.

Specific pdfs could not be tied to cosets or to C. The lowest variation, as measured by

Cs,, was associated with the highest energy architectural elements. This is attributed to

the enhanced sorting provided by higher energy. Variability of the less variable units

remained unchanged with increasing density of measurements, while variability

continued to increase with increasing measurement density for the more variable units.

The primary controls on permeability were interpreted to be grain size in the Etive

Formation and mica content in the Rannoch Formation, both of which are tied here to

depositional energy. They propose the consistent use of C,, for groups segregated by

cosets and (based on substantial testing) defend its use despite the correlation and skew

noted in the distributions. They further review similar studies and found confirmation

for the relationship of permeability variation with depositional energy and associated

sorting.
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Delta Depositional System Studies

Weber and others (1972) investigated a relatively shallow and recent (Holocene)

example of a delta-plain distributary channel to develop relationships of small-scale

permeability values to larger-scale permeability values based on elastic, sedimentary

structure. One non-meandering (braided to straight) channel left by the Rhine River

near Leerdam in the Netherlands was investigated. Numerous borings were advanced

across the buried channel and continuous core was obtained. The channel was composed

of trough-cross-bedded cosets, and planar cross-beds and bottom bed set cosets.

Overbank fines architectural elements bound the channel. Mud drapes between trough

cross-bedding units were expected but not found. The channel is about 137 m wide, up

to 4 m thick, and asymmetrical in cross section. Minipermeameter measurements were

run every 30 mm on the unconsolidated core from 10 boreholes (approximately 500 in

total). Core recovery was excellent - greater than 90 percent was recovered and appeared

undisturbed. Planar cross-bed sets had higher and wider ranges in permeability value (15

- 200 D), while the bottom sets had narrower and lower ranges in permeability value ( 10

- 30 D). Arithmetic averages along each borehole indicate a smooth decrease in average

permeability value from approximately 74 D at the channel center to 40 to 50 D at the

channels edges. In this case, permeability varies in a manner predictable from the shapes

of elastic, sedimentary depositional structures. Grain size is closely related to elastic,

sedimentary depositional structure and permeability. Structures are repeated and their

dimensions and permeability values repeat as well. This allows for simple averaging
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techniques developed and described by Weber (1972). The results of the averaging

techniques as applied to a finite difference model were compared to measurements from

two radial flow tests within the channel with good results.

Weber (1986) continued his work on recent distributary delta-plain deposits in a

channel created by the Rhône River. The channel is 200 m wide, has a maximum

thickness of approximately 10 m, and is asymmetrical in cross section. The channel was

divided into active, partial abandonment, and abandoned channel fill units. Overbank

fines architectural elements bound the channel. Minipermeameter were run every 10 mm

on approximately 500 mm of core which sampled 2 trough cross-bedding units with two

planar cross-bed sets and 2 bottom sets. The permeability values in the planar cross-bed

sets ranged from 13 to 15 D while the bottom set permeability values ranged from 10 to

12 D. Weber (1986) compares this work with his other experience in noting that

unconsolidated channel deposits have very low permeability contrasts compared to

consolidated channel deposits. That is, diagenesis has the effect of creating enhanced

permeability variability. It appears from the data presented in Weber (1986) that

permeability distributions are determined by elastic, sedimentary depositional structure at

the coset scale in the unconsolidated channel architectural element he investigated.

Dreyer and others (1990) used the minipermeameter to investigate the variability of

permeability in three outcrops northeast of Yorkshire (England). The deposits sampled

were from the Jurassic Ravenscar Group, Saltwick and Scalby Formations - delta plain

sandstones - considered a useful analog to the Ness Formation of the Brent Group ( a
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North Sea oil reservoir). In particular, low sinuosity delta-plain distributary sand

channels ( a complex of architectural elements) were studied. These channels formed

ribbon-like lenses of sand in a stabilized humid environment. Additional architectural

elements identified were active phase channel "in" fills, partly-active phase channel

infills, and passive-phase channel infills. Six cosets were identified: large scale cross

beds, massive parallel beds, medium scale trough cross beds, smaller trough cross beds

with clay drapes, thin ripple laminations, and thin parallel beds. Grids of

minipermeameter measurements were taken on the three outcrops totaling 537 tests.

Spacings in the grids ranged from 30 to 150 cm horizontally and 10 to 50 cm vertically.

Testing of the cosets resulted in organization by 5 classes of distinctive permeability.

The classes were "similar values clearly separated from the rest". Statistical testing

using t- and F- tests lead to acceptance of 4 distinctive classes of permeability. The Cv

decreases with mean permeability in the classes examined here Profiles of permeability

were examined for the ability to correlate the permeability classes between wells. They

concluded that horizontal spacings of less than 1 5 m were needed to correlate the

interlocking, ribbon-like sand cosets. A depositional environment of fluctuating

discharges and repeated scouring explains the shapes observed at this location.

Variograms for permeability had ranges of 2 - 3 m in the direction of the current and less

than 2 m in other directions, supporting the conclusion that 1.5 m spacing was needed for

correlating these cosets. Clastic, sedimentary depositional structure defined permeability

structure well at the coset scale at this site. Cosets have distinct permeability ranges.

Locations of cosets within the architectural elements are predictable, as are their shapes
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and permeability distributions. The permeability values are highest in the top of the

active channel fill structures, which would make the center 2/3 of the channel the

location of highest permeability. A three-dimensional perspective is needed to develop a

geologic model of these deposits

Jacobsen and Rendall (1991) also studied the Jurassic Ravenscar Group of the

Scalby Formation, but the outcrop they investigated was near Scarborough (also near

Yorkshire England). The lowermost Moor Grit member of the Scalby Formation was

studied. The portions of the outcrop investigated were 60 to 120 m long and 5 to 6 ni

high. They classified the deposits as fluvial-deltaic and identified two depositional

systems. In the multi-story braided river network depositional system, four cosets in two

groups were identified: LEN1 and LEN2 are two large-scale cross-bedded cosets

separated by HET, an overbank fines coset; and BIG, a giant cross-bedded coset. In the

meandering river fluvial depositional system, they identified two cosets: LN, a lateral

accretion bedding coset and LNB, a crevasse-splay coset. Among the various cosets,

they identified 8 strata sets. Their approach to the strata sets is that they were not tied to

the depositional environment hypotheses of the cosets, but instead were based purely on

visual description. Specifically, they call the cosets "genetic" and the strata sets

"descriptive". Minipermeameter test grids were tailored to the strata sets and

approximately 500 tests were run in total. The test grid spacings were 2000 to 15000

mm in the horizontal and 100 to 250 mm in the vertical. Core plug samples were

collected for Hassler-sleeve permeameter tests at 10% of the minipermeameter test
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locations. The correlation of minipermeameter and core plug permeameter permeability

values was best between 500 and 2000 mD, too high at lower permeability, and too low

at higher permeability. Distinctive mean permeability values were found for the cosets.

The cosets with the highest mean permeability values had the lowest Cv values. The

permeability values showed no correlation with the descriptive strata sets as defined here.

Diagenesis, as investigated with thin section analysis by XRD and SEM, indicates that

quartz cementation is lowest in the highest permeability and in the thicker permeability

architectural elements. The permeability values were typically higher in thicker

sequences. In summary, permeability is related to "genetic" cosets, but not to purely

"descriptive" strata sets. Although not discussed by Jacobsen and Rendall (1991), these

results underline the need to tailor interpreted divisions by genetic relations through a

consistent depositional environment hypothesis, and use of the taxonomy proposed here.

Fluvial Depositional System Studies

Davis and others (1993) conducted minipermeameter testing of multiple outcrops to

infer the relationship of elastic, sedimentary depositional features on the spatial

correlation structure of permeability. They worked on the unconsolidated Pliocene-

Pleistocene deposits of the Sierra Ladrones Formation in west-central New Mexico. The

fluvial deposits were emplaced in a drainage system similar to that visible today. In a

single depositional system, they identified two channel (CH-I and CH-II), 1 paleosol (P),

and 1 overbank fine (OF) architectural elements in the tradition of Miall (1985). Six
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cosets were identified in CH-I, 10 cosets were identified in CH-II, 3 cosets were

identified in P and 4 cosets were identified in OF. They collected approximately 400

minipermeameter tests. Clearly different mean permeability values were found for each

architectural element by Student-t evaluation. The lateral and vertical continuity

estimated from visual delineations of the architectural elements compared closely with

the horizontal correlation scales for permeability (approximately 60 m) and the vertical

correlation scales for permeability (approximately 1 m). The horizontal orientations of

the primary anisotropy trends in the variogram for permeability are not orthogonal but

they are clearly subparallel to drainage orientations. The sample spacing was not

sufficiently dense to test the same features of the cosets.

Hartkamp-Bakker and Donselaar (1993) investigated the variability of permeability

in an outcrop of the Tertiary T6rtola [alluvial] Fan in the Loranca cratonic basin of

central Spain. An isolated point bar architectural element (in a fluvial depositional)

system approximately 100 m long by 6 m high was located and 1096 minipermeameter

tests were conducted within one of the point bars; another 69 were conducted across the

contact between two point bars. Within a meandering to braided river fluvial depositional

system, they identified a point bar as a lateral accretion architectural element with trough

cross-beds, mud drapes, bottom sets and rippled planar bed cosets. Foreset (planar cross)

strata (beds) and bottom-set strata (beds) comprise the cosets This investigation

addressed the permeability variations for individual strata and cosets. The mud drape (a

stratum) between the 2 point bars had a distinct range of permeability values (0.1 D to 10
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D. Within the point bar, the poorly-sorted bottom sets (deposited in a domain of vortex-

mixing currents) had permeability values of 0.5 to 7 D, while the well-sorted foresets

(deposited in a domain of avalanching sand grains) had permeability values ranging from

5 to 17 D. The investigators concluded that grain size and sorting are clear indicators of

permeability in this depositional system, and that mud drapes and the contacts of foresets

and bottom sets would serve as controls on fluid flow (baffles). Further analysis of

mineralogical data from this outcrop by Hartkamp and others (1993) indicated that:

average pore size in thin section analysis was a better predictor of permeability than

porosity, and the ratio of carbonate to quartz grains in thin section was a better predictor

of permeability than porosity.

Kerr and others (1993) investigated the Oligocene Frio Formation in core from the

Straton field on the Gulf coast of Texas. A fluvial depositional system was identified

with four architectural elements or architectural element complexes: channel-fill,

crevasse-splay, levee and floodplain. Within the channel-fill architectural element, three

cosets were defined: lower channel fill (trough cross-stratified bed sets), middle channel-

fill (low angle parallel and ripple stratified beds - chute channel fill and lateral accretion),

and upper channel fill (parallel and ripple-stratified sands and silts). More than 1000

minipermeameter tests were run on core segments totaling approximately 140 feet at 0.1

foot spacing. Comparison with core plug permeameter tests indicates a very good

correlation, but with a lower reliable limit of 0.1 mD for this minipermeameter and an

effective depth and radius of investigation of 0.35 in. and 0.18 in, respectively. The
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permeability values were segregated into Type I (well-connected pore space, strong

correlation between porosity and [log-] permeability, permeability > 100 mD) and Type

II (poorly-connected pore space, weak correlation between porosity and [log-]

permeability, permeability < 100 mD) reservoirs. This method cuts across clastic,

sedimentary structures in the taxonomy defined here. The distributions were

approximately square-root normal Variogram analyses of the permeability values in the

cosets were compared between Type I and Type II reservoirs. The upper channel fill of

either type had no range discernible from the available data. The variogram of

permeability in middle and lower channel fill of Type I reservoirs has a larger range (> 1

foot) compared to that in the Type II reservoir (< 1 foot). The profiles provided as

figures indicate that permeability takes on distinctive values for interpreted strata sets,

but the interpreted cosets do not have a clear tie to permeability.

Mayer and Chapin (1993) investigated the relationship of outcrop characteristics to

subsurface characteristics of the Cretaceous Dakota Group, Muddy J Sandstone.

Outcrops in the Front Range of the Rocky Mountains and core from the Peoria field 60

miles away in the Denver Basin were studied in the comparison. The Muddy J

Sandstone comprises a Fort Collins member (a coarsening upward bioturbated sandstone

deposited in a delta front as the Western Interior Seaway regressed) and a Horsetooth

Member (a sequence of incised valley fill with a variety of fluvial and tidal deposits).

Five cosets were identified: crevasse-splay, parallel and convolute bedded heterolithic,

trough cross-bedded and massive bed sets ("Facies I"), ripple beds with minor mud
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drapes ("Facies II"), and ripple beds with substantial mud drapes ("Facies III"). Facies I,

II, and II in outcrop were interpreted to be deposited in low-sinuosity distributary

channels. Facies I, II, and II in core from the Peoria field were interpreted to be

deposited in high-sinuosity coastal plain streams. Hundreds of samples from core and

outcrop were sieved and close similarity between mean and sorting coefficient measures

were noted for Facies I and II in outcrop and core. Pore types, as inferred from mercury

injection tests, confirmed the predominance of a higher-energy depositional environment

at the outcrop than in the Peoria field. Minipermeameter tests were run on core from 9

wells and core-plug permeameter tests were run on core from 20 wells. All of the wells

were in the Peoria field. Core plugs were also tested from the outcrop. Porosity-log

permeability cross plots show the facies are clearly from separate populations in both the

Peoria field and in the outcrop. Histograms indicated that permeability is approximately

log-normally distributed. Vertical profiles of minipermeameter tests lead to permeability

geometric mean values which are distinctly different in the different cosets. A plot of all

permeability measurements does not indicate log-normality, but separation by cosets

improves the linearity of the log-probability plot of minipermeameter values. In

summary, there are to be expected differences between outcrop and subsurface and

elastic, sedimentary depositional structures help explain these differences. At any rate,

outcrop data should not be transferred directly to the subsurface.

After Hartkamp-Bakker and Donselaar (1993), van Veen (1994) reported on

additional intensive minipermeameter testing of other outcrops of the Tértola Fan. Two
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architectural elements were identified in the distal part of this alluvial fan depositional

system: low-sinuosity channel fill and meander loop. Minipermeameter testing was

conducted on trough cross-bedded cosets of the channel fill (Grids 1 and 4), trough

cross-bedded cosets of the meander loops (Grid 2), and ripple cross-laminated cosets of

the meander loops (Grid 3). The effort on Grids 1 and 4 included 3860 and 441

measurements, respectively. On Grid 1, the large grid density was 50 cm horizontally

and 30 cm vertically, while centered on each large grid point was a grid of 4 by 5 points

(3 cm horizontally and 2 cm vertically). Grid 4 employed a 21 by 21 grid (436 points) on

10 cm spacing. Grid 1 was oriented with the current direction, while Grid 4 was not.

Grids 2 (2800 tests) and 3 (2980 tests) had similar dimensions to that of Grid 1, but were

located on different cosets - heterolithic lateral accretion trough crossbeds and ripple

cross beds and non-heterolithic trough cross beds. Distinctive permeability values were

found for the different architectural elements. Inspection of histograms indicated that

permeability values from Grids 1 or 4 (from the channel fill architectural element) were

normally distributed, while permeability values from grids 2 or 3 (from the meander loop

architectural element) were log-normally distributed. Higher permeability values were

associated with smaller Cv values. Inspection of variogram analysis of these data sets

with small (3.75 cm) and large (71.7 cm) lags indicated that correlation ranges are

typically at or smaller than the visually identified elastic, sedimentary structures.

Permeability values are correlated within the cross beds as indicated by variogram ranges

smaller that the trough cross-bed set boundaries. Nugget effect is noted in each of the

variograms and its magnitude is attributed to variations in the cross-bed thicknesses.
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This conclusion is based on the observation of relatively small variation in permeability

within cross beds noted here. The greater the thickness, the greater the correlation in

adjacent test locations.

Eolian Depositional System Studies

Weber (1987) investigated the permeability distribution of core from the Permian

Rotliegendes Sands in the Leman field beneath the southern North Sea. Three

depositional systems were identified: wadi (fluvial), eolian, and reworked eolian

(fluvial). Within the eolian system, a dune architectural element with foreset (planar

cross bed) laminae (beds) and bottomset bed strata sets were identified. The laminae of

the cross-bedding of sands from an eolian depositional system were tested at 29 locations

along approximately 30 cm of core. Alternating bands of permeability values, cycling

high and low, differing by up to 2 orders of magnitude were noted. In one sequence of

detailed measurements, the bottomset bed strata sets had permeability values ranging

from <0.5 mD to 2.5 mD while the foreset bed strata sets had permeability values

ranging from 12 to 38.5 mD (see Weber, 1986, pg 519). The one core plug sample (they

are typically taken every foot) was tested by standard Hassler Sleeve permeameter and

found to have a permeability of 17 mD. The range of minipermeameter test results was

1.5 mD to 310 mD; geometric mean of the 29 test results was 18.7 mD. Thus,

fortuitously, the core plug data indicate the correct average, but variance is large. Weber

(1986) attributes these results to diagenetic processes and uses these results to point out
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the greater permeability contrasts that develop in older, more diagenetically altered

sediments. Clays are formed from minerals in the sandstones which clog the pores of the

finer-grained cross-bed strata sets. This process exacerbates a local reduction in

permeability caused by pinching together of bottom sets (Weber, 1986). Testing of

recent sand dunes would be very difficult and confirmation of these diagenetic

hypotheses was not attempted.

Goggin and others (1988) (see also Chandler and others [1989]) conducted

minipermeameter tests on an outcrop of Jurassic Page Sandstone in northeastern

Arizona. A hierarchy of elastic, sedimentary features was established: eolian - erg (sand

sea) versus extra-erg depositional systems; dune, interdune, or sandsheet architectural

elements; and grainflow cross-strata, windripple deposits, and grainfall stratification

strata sets. Individual beds or laminations comprise the strata structures, classified as

microfabric in their study. The authors present a nomenclature for the hierarchy of

elastic, sedimentary structures: depositional systems are first-order or gigascopic

structures, architectural elements are second-order or megascopic structures, cosets are

third-order or macroscopic structures and strata are fourth-order or microscopic

structures. Minipermeameter tests on 5 concentric grids (to evaluate sampling density)

required 48 to 300 locations. A total of approximately 2000 minipermeameter tests were

conducted. Distinctive permeability ranges were found for each coset. Histograms

indicate that permeability is approximately normally distributed in each coset. C, is

small and not related to mean permeability value in this data set. Large differences were
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found in the permeability values from one sand lamina stratum to the next: from 11:1 to

75:1. They note others had found similar laminae permeability contrasts (7:1 to 65:1).

The strong permeability contrasts at the architectural element and strata scales lead the

authors to expect anisotropy and compartmentalization of fluid flow in eolian reservoirs.

This finding is in contrast to previous characterization of eolian petroleum reservoirs as

essentially homogenous.

North and Maskall (1993) worked with continuous core from boreholes drilled into

the Permian, eolian Rotliegendes (or Auk) formation sandstones which produce oil in

this location beneath the North Sea. Three architectural elements were identified: dune

slip faces, dune aprons, and low angle stratified sands. Three cosets were identified:

grainfall lamina sets, grainflow bed sets and wind ripple bed sets. Grainflow and

grainfall cosets were found in the dune slip face architectural elements; bimodal large

windripple cosets were found in the dune apron architectural elements and bimodal small

wind ripple cosets were found in the low angle stratification cosets. The borehole was

drilled at an angle which followed the wind direction and the local slipface. Therefore,

the core are parallel to the laminae of sand (strata). One thousand minipermeameter tests

were run on 27 feet of continuous core. The permeability values are distinctly different

between the cosets. They found that permeability was independent of mean grain size,

but depended on the grain size distribution and lamination. Higher clay and cement

contents were found between individual sand lamina strata and these explained much of

the permeability distributions. Variogram ranges for the permeability data oriented along
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the strata were approximately 1.5 feet in the grainflow bed sets and approximately 0.3

feet in the wind ripple sand sheets. The average stratum thickness was 2 inches, making

the density of measurements insufficient to estimate a variogram range across strata. The

strata are expected to impose a strong orientation effect in permeability. Comparisons

were run between the statistics derived from core plug permeability estimates (every foot

along the core) and the minipermeameter estimates (every inch along the core). Means

and standard deviations for both estimation methods were close (and so, therefore, were

Cv's).

Summary of Minipermeameter Studies

The 16 minipermeameter studies evaluated here indicate a strong interest by the

petroleum industry in the relationship of permeability to clastic, sedimentary depositional

structures. The core studies and the outcrop studies gave consistent results and indicate

that analogies for outcrops are useful in the subsurface. The studies gave good results

when a depositional environment hypothesis guided the identification of a hierarchy of

structure scales before testing grids were applied. A three-dimensional perspective was

required to assemble the geologic model consistent with the data and the hypothesized

depositional environment. Purely horizontal correlations are effective only with

extremely closely-spaced data. Purely descriptive analysis with consideration of

depositional environment lead to inclusive permeability results.



308

Specific findings of this review of the reported minipermeameter studies (see Table

E-1) are listed below.

• These studies consistently found distinctive permeability distributions within

individual architectural element and coset scale structures. This indicates that clastic,

sedimentary depositional structures are useful as permeability variability structures.

• Many structures enclose approximately log-normal permeability distributions, but

some do not. Approximately normal and approximately root-normal distributions

have also been found. It may be that distributions other than normal are a

consequence of insufficient data set segregation, but this has not been conclusively

proved here.

• Comparison of many structures indicates a decrease in variability, as measured by C v ,

with increasing mean permeability. This is supported by the view that a higher mean

permeability indicates a higher energy environment (in order to transport the larger

particles) and greater associated sorting.

• In some cases, the most variability (largest variance) is found below the coset and

strata sets scales, e.g., permeability varies more within strata than between them.

Therefore the idea that homogeneity can be found at a sufficiently small scale (see

the REV developments of Bear (1972)) may not be a useful paradigm for clastic,

sedimentary porous media.
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• Clastic, sedimentary structures often cycle or repeat, often with consistent

dimensions, ratios of dimensions, and/or permeability distributions

Table E-1 Minipermeameter Studies Revisited with  the Taxonomy

Reference
Sampled

Number

Spacing	 Findings
of_

SamplesMedium
Shelf Studies
Hurst and Rosvoll (1991) 15m core 16,000 2-5 mm	 Cosets have distinctive mean k values

k variability greatest below strata set scale
k is approximately log-normally distributed (ALND)

Hurst (1993) 1.7 m core 170 50 mm	 Step change in k seen at coset boundaries
1- foot core samples would give aliased distribution

Hurst (1993) 1.3 m core 130 10 mm	 Good correlation with grain size
Greater variability than 1-foot core samples

Corbett and Jensen (1993,
1992)

12m core 8000 2 -20 mm	 Cosets have distinctive mean and Cv k values
Higher Cv in lower energy strata
Greater variability than 1-foot core samples
k is approximately normally distributed (AND) or ALNE

Delta Studies
Weber and others (1972) 70 m core 500 30 mm	 Cosets have distinctive mean k values

Simple, repeated coset structures are also measured by k
variation

Weber (1986) 0.5 m core 50 10 mm	 Cosets have distinctive mean k values
Coset structures are also measured by k variation

Dreyer and others (1990) 3 outcrops 537 10- 150 mm Cosets have distinctive mean and Cv k values
Mean k and Cv are inversely proportional
Variogram ranges are similar to structure dimensions

acobson and Rendall
(1991)

1 outcrop 500 2 - 250 mm	 Architectural elements have distinctive mean and Cv k
values.
Mean k and Cv are inversely proportional

Fluvial Studies
Davis and Others (1993) outcrops 400 Architectural elements have distinctive mean and Cv k

values
Variogram ranges are similar to structure dimensions
Variogram anisotropy principal directions similar to
structure orientations

Hartkamp-Bakker and 1 outcrop 1100 Cosets have distinctive mean k values
Donselaar (1993) Grain-size and sorting proportional to k in cosets
Kerr and others (1993) 43 m core 1000 30 mm	 Despite a segregation scheme not clearly tied to

recognized sedimentary structures, Cosets have
distinctive mean k values, k distribution is
approximately root normally distributed (ARND)

Mayer and Chapin (1993) core 9 wells
1 outcrop

Cosets have distinctive mean k values
k is ALND, and more so with segregation by coset

Van Veen (1994) 2 outcrops 9700 20 - 30 mm	 Cosets have distinctive mean k values
k is AND or ALND
Variogram ranges are similar to structure dimensions

Eolian Studies
Weber (1987) 30 cm core 29 10 mm	 Cosets have distinctive mean k values
Goggin and others (1988) 1 outcrop 200 Cosets have distinctive mean k values

k is ALND when segregated by cosets
North and Maskall (1993) 8.2 m core 1000 Cosets have distinctive mean k values

Cosets have distinctive variooram ranges and sills
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• Permeability is not always related to the central tendency of grain size

• Permeability has insignificant anisotropy in the horizontal direction in

unconsolidated fluvial depositional systems because of the opposing influence of

cross bed orientations and bottom set extents and frequencies

• Permeability has significant anisotropy in the vertical because of juxtaposition of

different elastic, sedimentary structures

• Variogram analyses of detailed data sets quantify visual extents of geologic structures

• Minipermeameter tests give permeability estimates very close to those of Hassler-

sleeve permeameter tests of core plugs. Deviations develop at the high and low ends

of the ranges typically needed for petroleum reservoir studies. Site-specific

evaluation of the minipermeameter tests is recommended.

• Improved correlation of permeability variation boundaries to visual boundaries in

core or on outcrop are provided by minipermeameter tests as compared to core-plug

permeameter tests

• Outcrop and core data lead to similar conclusions about the close tie of permeability

to elastic, sedimentary structures. However, systematic differences between the

elastic, sedimentary depositional environment between the subsurface and outcrop

are expected due to the distances involved and these differences should be considered

when attempting to transfer findings from outcrop to the subsurface.
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• Diagenesis is spatially controlled by elastic, sedimentary structures and serves to

strongly enhance contrasts and anisotropy in permeability

Core or Core Plug Permeameter Tests

The staple of the petroleum industry for decades, whole core or core plug

permeameter tests essentially recreate Darcy's experiment. The volume considered in a

whole core is about 600 cm3 while the volume considered in a core plug is about 60 cm 3 .

The primary method is to take and test core plugs at even intervals. A common type of

core plug test for permeability is the standard Hassler-Sleeve permeameter test.

One concern, demonstrated primarily by proponents of minipermeameter techniques

is that the regular core or core plug collection protocol (one every foot) does not

appropriately consider genetic units, making extension of the results to other volumes of

the reservoir difficult, and entirely misses important units between samples. Obviously,

an adjustment to the sample location selection protocol could address these concerns.

A concern which can not be addressed as easily is that the permeameter result is a

volume average (poorly defined at that) that does not point out substantially higher or

lower hydraulic conductivity zones within the core or core plug. This is the classic

problem, described in Appendix D, that the model selection filters out all higher

frequency variations in hydraulic conductivity. Core plugs samples are typically more

useful for estimating hydraulic conductivity at the coset scale and larger.
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Rather than using the minipermeameter, subsurface hydrology has reported on the

more comprehensive sampling studies by core, compared to petroleum reservoir

evaluations. The petroleum evaluations have benefited, however, from consideration of

a (limited) hierarchy of clastic, sedimentary depositional structures largely ignored by

subsurface hydrology. Applications of substantial core/core plug studies include both

outcrop and borehole investigations. A selection of 6 shelf, 1 delta, 1 strandplain, 10

fluvial, and 1 eolian depositional system studies are presented in this section.

Shelf Depositional System Studies

Law (1944) analyzed core plug permeameter tests conducted every foot from

approximately 700 feet of core. The 700-foot interval of a shelf depositional system was

subdivided into 3 depths without mention of geologic factors. The 59 "shallow" depth

permeability values ranged from 50 to 1000 mD, the 320 "middle" depth permeability

values ranged from 1 to 600 mD, and the "deep" depth permeability values ranged from

1 to 200 mD. Comparison of a variety of transformations of the permeability histograms

and the normal distributions lead to the selection of the logarithms to the base Ari . as a

transformation. Porosity was found to be approximately normally distributed without

transformation. The importance of this study is that it forms the basis of many articles

writing that permeability is approximately log-normally distributed. Careful segregation

of the permeability values by structures in the taxonomy proposed here may have lead to

different results.
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Knutson and others (1961) investigated the Upper Cretaceous Taylor Formation in

Texas. The San Miguel-I Sand is a 60 foot-thick sequence of turbidite sands, a

distinctive type of architectural element found in slope depositional systems. Although it

looks very uniform in core, the porosity and permeability of this architectural element

were shown here to vary in space. The architectural element was divided into 8 intervals,

based on borehole resistivity logs. For this investigation, 12 boreholes were drilled at

statistically random locations around an existing well. Eleven of the boreholes were

cored continuously and a 30 foot interval with 5 zones was selected for investigation.

Despite taking core plug samples every Y2 foot for permeameter tests, several cemented

zones (identified by borehole geophysics) were missed. The correlation between the

permeability value distribution and the spontaneous potential (SP) borehole log was very

good, while the correlation with porosity was not as useful. The data were not analyzed

in detail, nor was the build-up test estimated permeability provided for comparison with

this substantial data set. As in the case of Law (1944), the taxonomy can be used to

segregate the estimates in a more systematic manner and allow conclusions about the

variability of permeability to be drawn.

Stalkup (1986) reported on a 1961 study of outcrops in Texas with the goal of

deciding if permeability varied randomly or had a detectable pattern. Most of the

outcrops were shallow, "blanket" shelf sandstone deposits. Cross-bedding was noted,

but no further clastic, sedimentary structural analysis was conducted. The outcrops were

3 to 12 feet high and were sampled on vertical lines of 1 foot spacing (to simulate wells),
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each line about 3 to 4 feet apart from its neighbors. Data were collected from the

Woodbine outcrop by drilling out a one-foot horizontally- oriented section of core,

cutting the core into 12, 1 inch pieces, discarding the two ends and analyzing the

remainder for air permeability in the field (some were confirmed in the laboratory). He

pioneered the plotting and evaluation of permeability profiles. Because the trends of

increasing and decreasing permeability at similar intervals persist from line to line,

Stalkup (1986) concluded that the permeability distribution is decidedly not random.

Layers of similar grain size and sorting where noted, 0.5 to 3 feet thick and 6 to 40 feet

long. Inspection of variograms indicates a wide separation between vertical and

horizontal variograms and ranges consistent with the observed extents of similar sand

bodies. On the Woodbine outcrop the horizontal correlation range is greater than 35 feet,

while the vertical correlation range was less than 1 foot. On the Rock Springs outcrop the

horizontal correlation range is 15 feet, while the vertical correlation range was 3 feet.

Average permeability values within the visually distinguished sand bodies were

statistically different. The contrast (ratio of a mean permeability in one sand body

compared to an adjacent neighbor) ranged between 1.3 and 2.5, and Stalkup (1986) noted

an absence of "high permeability streaks" - those with contrast of 5 or 10 or more in

value compared to their neighbors. Standard deviations of the ten tests run at each

location are high and indicate to the authors that substantial small scale variability exists

despite the non-random structure noted above. The 99% confidence intervals built from

the 10 samples typically were ±50% of the mean. Stalkup (1986) noted in conclusion
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that researchers should expect different diagenetic effects for exposed outcrops and the

same deposits at depth (more than 10,000 feet below ground surface in some cases). As

with the other early workers, Stalkup collected an excellent data set, but missed the

chance to make the sedimentological observation necessary to infer depositional

environment and identify a hierarchy of elastic, sedimentary depositional structures.

Hutchinson and others (1961) worked on the same Woodbine outcrop as Stalkup

(1986), but also added four outcrops in the Four Corners area of the southwestern U.S.

They defined a "geologic unit of deposition" as: 1) same type of bedding throughout, 2)

average grain size varies by less than a factor of 1.8, and 3) packing about the same

throughout. Such a unit would be classified as a strata sets or coset in the taxonomy.

Their application of the geologic unit of deposition idea lead to the observation that

blanket sands have a wide extent while sands with cross-bedding are shaped more like

lenses of limited extents. There proposal, contemporaneous with the first major studies

of outcrop and borehole core, was headed in the direction of the taxonomy but didn't

analyze the permeability values segregated by their geologic units of deposition. Also, a

hierarchy was not recognized of such forms, a shortcoming that continued to plague later

attempts at using elastic, sedimentary depositional structure.

Hurst (1993) presents an example of investigating the Jurassic Lower Brent Group,

Etive and Rannoch Formations beneath the northern North Sea in the Gullfaks field. A

50 m section of borehole was investigated with gamma, formation density, and neutron

porosity borehole logs which sample on a spacing of approximately 150 mm. Core plug
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samples were taken every 300 mm and tested in a Hassler-Sleeve permeameter.

Correlations of log-derived porosity and core plug permeability tests were used to

develop a sequence-specific log-derived permeability by correlation. This approach is

considered by the authors to be a carefully developed permeability model for current

practice. Hurst (1993) however knows that an unexpected breakthrough occurred of

water in one interval and he analyzed this data set for clues to the presence of the

unexpected conduit. The interval with the poorest correlation between log-derived

permeability and core-plug permeability was in a 6 m interval, called for this discussion

interval X, of the Etive. A histogram of the log-derived permeability for interval X was

much more positively skewed than surrounding intervals, indicating distinctively higher

permeability intervals may be present. Thin (100 to 250 mm thick) strata of sand were

present that had gone undetected by core plug permeability values and statistical

evaluation of the log-derived values is difficult unless the problem has already arisen.

Hurst (1993) notes that minipermeameter tests on a close grid spacing help resolve such

situations in a convincing manner.

Tomutsa and others (1993) reported on sedimentological studies of the Cretaceous

Shannon Sandstone which hosts the Hartzog Draw oil field. The deposits are of a shelf

depositional system. A high energy ridge margin architectural element was defined and

investigated in detail. Cosets identified and studied included: bioturbated "200 micron"

sandstone, horizontal to massive bedded "200 micron" sandstone, trough and

subhorizontal stratified "300 micron" sandstone, and a bioturbated "125" micron
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sandstone. The categories are a mix, then, of clastic, sedimentary structures and mean

grain-size measures. Two areas of a 1,000 foot long outcrop surfaces of the formation

of interest were tested by collecting 1,200 core plugs and conducting Hassler sleeve

permeameter tests. The oil is produced from this formation 40 miles away and at depth

of 9,300 feet b.g.s. They found that units divided by sedimentological principles have

unique permeability characteristics, and although the mean permeability values differ by

two orders of magnitude between outcrop and subsurface, similar structures and trends

were evident. A clear indication was found of higher mean permeability for units formed

in a higher energy depositional environment.

Delta Depositional System Studies

Walton (1986) summarized several studies of what he termed "shoestring

sandstones" in oil fields beneath Kansas. The Pennsylvanian Cherokee Group contains

pods or shoestrings of sand in a large volume of claystone and siltstone. Cores from

boreholes were analyzed and characterized as to cosets and depositional system.

Previous interpretations of depositional system as deltaic, shoreline (strandplain) or

shallow marine (shelf) were discounted by Walton (1986) in favor of a fluvial system,

but recent studies (see references by K.J. Weber discussed here) have shown that deltaic

channels have structures very similar to fluvial structures. Delta, strandplain, and shelf

depositional systems were identified. A delta depositional system with a distributary

meandering channel architectural element complex was investigated with channel, levee,
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cross-bedded point (or side) bar, ripple-laminated levees and overbank architectural

elements. Organization of core permeameter estimates by architectural elements resulted

in differing mean permeability for the architectural elements, but with overlapping

ranges. The cross-bedded point bar sands had a mean permeability of about 0.002 D to

brine (0.012 D to air); the ripple-laminated levee and overbank sands had a mean

permeability of about 0.030-0.90 D to brine (0.080 D to air); and channel lag

conglomerates had a mean permeability of about 0.010 D to brine. Walton (1986) asserts

that more careful data collection (orientation of cores, minimization of mixing of

architectural elements in cores) would decrease the overlap. Of greater importance was

the interpretation that diagenesis controls permeability, but that depositional features

strongly controlled the spatial distribution of the impact on permeability of diagenesis.

Strandplain Depositional System Studies

Pryor (1973) investigated "freshly-deposited" beach sand at three beaches during

low tide. Profiles, grids and trenches were sampled. Hydraulic conductivity was

estimated by constant head and falling head permeameter tests of samples collected in 1

inch outside diameter, thin wall aluminum tubes approximately 2 inches long. The

samples were oriented with strata. Grain-size distributions were measured and porosity

was estimated in the laboratory. Strata of sand in the beach faces were widespread and

continuous; truncations were rare. Dips of the strata were small and typically oriented

seaward in the beach faces, landward in the berm area behind the beach crest. No clay or
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silt strata were observed interbedded with the sand strata. Variability in permeability or

porosity was low, and what little variability existed trended perpendicular to the beach:

beach crests had the highest and least variable permeability, beach faces had the lowest

and most variable permeability. These would be considered architectural element scale

structures within the strandplain-barrier bar depositional system. The architectural

element sampled at two of the beaches were (in seaward order): beach berms, beach

crests and beach faces. The overall results from the two beaches had very similar mean

permeability (60 and 75 D, respectively) and variance of permeability (331 and 379 D

squared). Directional permeability was oriented with the dips of the strata. The third

beach was sampled in a rippled tidal flat architectural element. Its mean permeability

was much lower (7 D) and so was its variance of permeability (3.5 D squared).

Hydraulic conductivity increased with increasing grain size, while porosity decreased

with increasing grain size. Hydraulic conductivity decreased with increasing sorting

while porosity increased with increasing sorting. The finding of decreasing porosity

with increasing grain size is counter intuitive.

Fluvial Depositional System Studies

Bennion (1966) reported on statistical analysis of over 60,000 core plug permeability

tests from 2,000 wells in one fluvial oil reservoir. Sedimentological principles were not

applied, except to divide the data sets into a conglomerate section (3,000 tests) and a

sandstone section (57,000 tests). The results are presented only as histograms. The
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porosity histograms indicate a normal distribution in the conglomerate section and either

a normal or lognormal distribution in the sandstone section. The permeability

histograms indicate a lognormal distribution for the conglomerate section, and an

exponential distribution for the sandstone section. Bennion (1966) fitted high order

polynomials to the spatial distributions of these large data sets and looked for areas of

distinctive variance (about the fitted polynomial). The areas of distinctive variance were

labeled lithologic units or zones.

Pryor (1973) also analyzed "freshly deposited" fluvial sediments. Point bar deposits

(architectural elements) of the Wabash and Whitewater Rivers, and an abandoned deposit

(more than 1000 years old) on the Mississippi River were investigated with the same

approach used for the beach deposits described before. The Wabash River point bar had

permeability values with a mean of 78 D (range .004 to 195 D); the Whitewater River

point bar had permeability values with a mean of 95 D (range .160 to 513 D); the

Mississippi River point bar had permeability values with a mean of 6 D (range .259 to 19

D). The Mississippi deposits had already been affected by compaction and cementation,

which explains the much lower permeability values. In the Wabash and Whitewater

point bars, permeability decreases slightly downstream and increases towards the

thalweg. Cross-stratification is inclined downstream making permeability oriented

likewise. Closely-spaced grid patches ( 5 ft spacings) enclosed seemingly random

patterns in permeability which the Pryor (1973) attributes to sampling various parts of

strata-scale structures - ripples and sand waves. Trenches revealed large variations in
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permeability between cosets of the point bars: the central planar cross bedded sands had

the highest permeability values, the overlying trough cross-bedded sands had

intermediate permeability values, and the bottom-most clay and mud drapes had

permeability values 4 orders of magnitude smaller than the planar cross-bedded sands.

These results show a clear tie of permeability distribution to coset scale structures.

Infiltration of clay and mud into the top of the planar cross-bedded sands reduces

permeability in the top of that cosets. Both the planar and trough cross-bedded sands are

characterized by decreasing grain size and permeability in the downward direction.

Pryor (1973) notes that lateral and vertical variations in permeability are greater within

the individual cross beds than between them. The Mississippi data set showed similar

trends, but they were less obvious due to the effects of diagenesis. With C, values of

between 0.5 and 1.0, the fluvial deposits permeability values were substantially more

variable than the eolian and beach deposits also investigated by Pryor (1973). Hydraulic

conductivity increases with increasing grain size, while porosity increases with

increasing grain size. Hydraulic conductivity increases with increasing sorting while

porosity increases with increasing sorting. This study is a primary cited reference in the

petroleum literature for pursuing studies of elastic, sedimentary structures in support of

permeability distributions.

Stalkup (1986) included a fluvial outcrop in his study described above under marine

depositional systems. He did not mention a difference between his conclusions between
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the marine and fluvial outcrops. One of two outcrops used to support most of Stalkup's

(1986) conclusions was a fluvial cross-bedded sandstone outcrop.

Jones and others (1987) studied the Cretaceous Lower Mesaverde Group in

northwestern Colorado. Three outcrop complexes were investigated with 48 detailed

vertical sections based on grain-size samples and visual description. Core plug samples

were collected at 111 locations for permeameter tests. A fluvial depositional system and

meanderbelt fluvial channel architectural element complex were identified. Architectural

elements investigated were point bars. Cosets included ripple laminations, lateral

accretion beds, trough cross-bedding, bottom sets and levees and dewatering structures.

Each coset was found to have distinctive permeability values. The different means and

variances were tested by t- and F- tests.

Killey and Moltyaner (1988) discuss investigations of a site for a tracer test

monitored with multi-level samplers. Two depositional systems were identified from

core: fluvial and eolian. The fluvial depositional environment had sandy braided river

channel architectural elements, but cosets were only described as fine to medium sand

(most common) and medium sand (least common and present in discontinuous pods).

The eolian depositional system had horizontal sheet and longitudinal dune architectural

elements within which no cosets were distinguished. Strata in both depositional systems

ranged from 3 to 20 mm. From 350 m of core, 170 grain-size distributions and 105

permeameter tests were derived. Twenty-one single well radial flow tests were also run.

The hydraulic conductivity values, whether derived from permeameter tests, grain-size
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correlation, or single well tests, varied between 0.8 x 10 -3 and 1.5 x 10 -1 cm/s among the

3 cosets of two architectural elements tested. In this case, the sampling method or the

structure hierarchy were not sufficient to observe distinctive hydraulic conductivity

values in distinctive elastic, sedimentary structures.

Jussel (1989) reported on an analysis of recent fluvial gravel outcrops being mined

in Switzerland. The deposits were formed downstream of glaciers and the pictures

indicate a braided river fluvial depositional environment. Although several architectural

elements and cosets are obvious in the picture, the investigators group by color and draw

boundaries across architectural elements and cosets. Hydraulic conductivity was

investigated by developing a relationship between grain-size distribution and

permeability from a small number of undisturbed samples. Undisturbed sand samples

were collected in 7 cm diameter tubes, while undisturbed gravel samples were worked

loose in 20 cm cubes, frozen on the spot and then dipped in paraffin. A total of 20

undisturbed samples were used to develop the relationship then applied to 70 disturbed

samples. "Grey" and "Brown" gravel element samples have geometric mean hydraulic

conductivitys of 10 -5 to 10 -4 and natural log hydraulic conductivity variances of 0.4 to

0.6, "open framework" gravel element samples have a geometric mean hydraulic

conductivity of 10-1 and a natural log hydraulic conductivity variance of-1.0, sand lens

samples have a geometric mean hydraulic conductivity of 104 and a natural log hydraulic

conductivity variance of 0.3, but the total outcrop samples had a geometric mean

hydraulic conductivity of 104 and a natural log hydraulic conductivity variance of 2.0.
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Despite the unusual classification scheme, the investigation indicated that reduced

variability in hydraulic conductivity results from consideration of subdivision into

elements. A detailed study (40 disturbed samples on 1.2 m spacing) within a "grey"

gravel found a natural log hydraulic conductivity variance of just 0.14 and a (horizontal)

exponential correlation length of 2.8m. The range of a spherical variogram would be at

about 7 m by visual fit. The means of the porosities for the different elements varied

considerably. Despite the unusual classification scheme, the division was close to the

scale of architectural elements and indicates they have distinct means. Reanalysis of the

data after classification by architectural elements and cosets would likely improve the

results. Jussel (1989) concludes that two common assumptions of stochastic hydrology

are not consistent with this data set: perfect layering and small perturbations about a

(constant or trending) mean.

Rehfeldt and others (1992) studied Pleistocene deposits associated with a river near

Columbus, Mississippi. These deposits are interpreted to be a braided stream channel

architectural element complex transitioning upward (and with time) to a meandering

stream channel architectural element complex. The delineation of "facies" is reminiscent

of Jussel's (1989) in that the terms used are "open work gravel", "sand", "sandy gravel",

and "sandy clayey gravel". Features smaller than the architectural element scale were not

discussed. Ten core segments, 80 mm in diameter and 760 mm in length were obtained

from one borehole and analyzed by permeameter which allowed multiple tests along the

length of the core sample. Tests were run every 76 mm along the core segments leading
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to a total of 88 measurements. The permeameter tests were not subdivided according to

the taxonomy. The geometric mean ( 6 x 10 -5 cm/s) and natural log variance (-4.6) were

substantially smaller than the values found from 2187 flowmeter-test derived estimates

(geometric mean 5.5 x 10 -3 cm/s and natural log variance 0.4). Obvious differences are

that the permeameter tests were associated with vertical hydraulic conductivity, while the

flowmeter tests were associated with horizontal hydraulic conductivity. Also, ignoring

the presence of the elastic, sedimentary structures deprived this study of the correlations

found in petroleum industry studies described elsewhere.

Smith (1981) studied outcrops of the Pleistocene Quadra Sand north of Vancouver,

B.C.. These deposits are reworked distal glacial outwash sands - a fluvial system.

Cosets appear to be sand strata less than 10 m long and less than 1 m thick. Strata and

strata set structures are alluded to as cross-bedding and cut and fill structures. Three sets

of 100 samples were collected: random, grid, and a line. Core plug samples from outcrop

faces were tested by permeameter, then for porosity and grain size distribution. The

distribution of the percent grains smaller than 16% of the sample (d16) and the

distribution of permeability were closely correlated, but porosity was not closely

correlated to either of these two quantities. The samples were not segregated by elastic,

sedimentary structure and the permeability distribution could be either approximately

normal or approximately log-normal. Variograms had obvious periodicity comparable to

the bed thicknesses. This study viewed the sample domain as representing one kind of
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material, and thereby was deprived of the segregation which assisted the petroleum

industry minipermeameter studies.

Sudicky (1986) describes the analysis of core samples from a site of a tracer test.

The site is underlain by Pleistocene glacial outwash sands with primarily horizontal

bedding - a fluvial system. 1279 permeameter tests were run on undisturbed core from

32 boreholes spaced 1 m apart and arranged along two intersecting cross-sections. The

cored interval was consistent with the travel extent of a tracer plume: 2.5 to 4.5 m below

land surface. The clastic, sedimentary structure described was: primarily horizontal with

some cross- and convolute- bedding, little clay, subangular to rounded sand particles,

thicknesses of individual beds range from a few cm to a few tens of cm, texture of the

material within each bed is relatively homogeneous, and individual fine laminations are

occasionally encountered with thicknesses ranging from a mm to a few mm. No

segregation of the domain was attempted in analyzing the data. The lack of emphasis on

elastic, sedimentary structure is understandable since the study sought to investigate the

application of stationary stochastic theory to a field site. Contour plots of natural log

hydraulic conductivity along the two cross sections indicate a braided fluvial depositional

system with stacked trough cross-bedded strata sets of consistent dimensions. The

distribution of hydraulic conductivity can be either approximately log-normal or

approximately normal. Variograms fit by statistical methods (Woodbury and Sudicky,

1991) indicate an overall horizontal range for natural log hydraulic conductivity of 5 to 8

m and an overall vertical range for natural log hydraulic conductivity of 0.2 to 0.3 m. An
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analysis of a hierarchy of elastic, sedimentary depositional structures tied to a hypothesis

of depositional environment could have been developed from further inspection of the

cores. Such an analysis may have assisted in explanation of the splitting of the tracer

cloud and evaluation of hypotheses developed since for the splitting. As presented, the

structure of a stacked set of trough units (strata set or coset) has been evaluated with the

core permeameter.

Hess and others (1992) describe the investigation of a glacial outwash (fluvial)

system, again associated with a natural gradient tracer test, on Cape Cod, Massachusetts.

In nearby outcrops, trough inclined strata sets up to 1 m wide, several meters long (along

the current direction) and less than 0 5 m high are seen. A braided stream fluvial

depositional system was identified. Core samples were collected from 16 boreholes and

tested with the multi-port permeameter. A total of 825 hydraulic conductivity values

resulted with an average spacing of 73 mm. The hydraulic conductivity values are

approximately log-normally distributed. A problem noted with core testing at this site

was that coarse gravel intervals could not be sampled. The resulting means and

variances were less by a factor of 2, as demonstrated with a detailed set of flowmeter-

based estimates. The orientation of the cores as opposed to the orientation of the

flowmeter-based estimates also leads to a substantial difference in means and variances.

Variograms for the permeameter values indicate a vertical range of 0.2 m and a

horizontal range of 1 to 2 m (depending on the orientation of the transect). The

horizontal variograms deviated 1 0 to 5 0 (depending on the orientation of the transect)
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from horizontal based on ground-penetrating radar testing at the site. Segregation of the

data sets by elastic, sedimentary structure would be instructive and indicate the missing

data and orientation of the cores and flowmeter-derived estimates. As presented, the

structure of a stacked set of trough cross-bed units (strata set or coset) has been evaluated

with the core permeameter and flow meter.

Eolian Depositional System Studies

Pryor (1973) also analyzed "freshly" deposited dune sands (eolian depositional

system) adjacent to the beaches described above. Two dune areas were sampled from

trenches along and into dune faces. the results for both dunes were of "extreme

uniformity" - means of the samples were 72 and 36 D, ranges were 46 to 105 D and 5 to

79 D, respectively. The uniformity noted here is in contrast to the minipermeameter

work on Permian and Jurassic Mesozoic eolian sands described by Weber (1987),

Goggin and others (1988) and North and Maskall (1993) above. The scale of the older

dunes may have allowed for development of greater differentiation in grain size and

diagenetic effects apparently exaggerate what were initially low contrasts in hydraulic

conductivity. In the beach dunes studied by Pryor (1973) hydraulic conductivity

increases with increasing mean grain size, but decreases with increasing sorting.

Porosity decreases with increasing grain size, but increases with increasing sorting.
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Summary of Core/Core Plug Studies

The 19 core/core-plug studies selected for evaluation here were comprehensive for

their time. The progression of petroleum studies from the 1940's to the 1970's showed

an emerging awareness of heterogeneity and the need to tie analysis to elastic,

sedimentary depositional structures. Hutchison (1961) was the first to press for elastic,

sedimentary depositional structure, but he didn't recognize that a hierarchy of "genetic"

units (rather than one) exits. Pryor's (1973) work was singularly impressive and forms

the basis of most work with elastic, sedimentary depositional structure by the petroleum

industry. Walton (1986), Jones (1987), and Tomutsa and others (1993) exemplify the

use of elastic, sedimentary depositional structure to segregate sets of permeameter test

results prior to statistical analysis. Subsequent reported work along this line by the

petroleum industry has typically moved on to using the minipermeameter. The

subsurface hydrology studies are the most comprehensive reported, but they consistently

depend on geostatistical characterization of lumped data sets. Findings of this review of

the cor and core plug studies (see Table E-2) are given below.

• When elastic, sedimentary depositional structures are used to segregate data sets,

permeability is found to be distinctive in each subdivision.

• As heterogeneity increases, the need for segregation of data sets (as exemplified by

the Columbus site) becomes more important. However, even at the seemingly least

heterogeneous site (Borden), the splitting of a large-scale tracer plume indicates a

role for structure subdivision.
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• Analysis of the geostatistical results for the perspective of the taxonomy would have

provided greater insight to the variation of hydraulic conductivity at each site.

Table E-2 Core/Core Plug Studies Revisited with the Taxonomy

Reference
Sampled

Number

Spacing	 Findings
of

SamplesMedium
Shelf Studies
Law (1944) 213 m core 700 300 mm k is approximately log-normally distributed (ALND)
Knutson and others (1961) core 12 wells 66 150 mm Good correlation between spontaneous potential log

variations and core test variations
Stalkup (1986 [1961 study]) 4 outcrops 100's 10 mm Variogram ranges are similar to structure dimensions

k is not random
Hutchinson and others
(1961)

1 outcrop 100's 0.3 -I m Geologic analysis assists in inferring extent of unique k
zones

Hurst (1993) 50 m core 150 0.3 m Segregation of k data by cosets provides for enhanced
correlation between core permeameter k and
geophysical log measurements

Tomatsa and others (1993) 1 outcrop 1200 Cosets have distinctive mean and Cv k values
Delta Studies
Walton (1986) core wells 100's Architectural elements have distinctive mean k values
Strandplain Studies
Pryor (1973) Exposures and

trenches
100's k is oriented with strata

k has low variance in this depositional system
k increases with increasing grain size
k decreases with increasing sorting

Fluvial Studies
Bennion (1966) core 2000

wells
60,000 k is ALND within a depositional system

Pryor (1973) 3 exposures 1100 Cosets have distinctive mean and Cv k values
Stalkup (1986 [1961 study]) 1 outcrop 100's k is not random
Smith (1981) outcrops 300 k is either AND or ALND

Variogram ranges are similar to strata thicknesses
Sudicky (1986) repacked core 1279 1 m k is either AND or ALND
Jones and others (1987) 3 outcrops 111 Cosets have distinctive mean and Cv k values
Killey and Moltyaner (1988) core 105 no clear conclusions - sedimentary structures not

rigorously pursued
Jussel (1989) outcrops 70 Zones based loosely on sedimentary structures have

distinctive mean k values
k is not random

Rehfeld and others (1992) core 88 76 mm no clear conclusions - sedimentary structures not
rigorously pursued

Hess and others (1992) core 825 73 mm k is ALND
Eolian Studies
Pryor (1973) exposures 100's striking uniformity in k values in this depositional

system

• Attempts by workers in Switzerland and the Columbus site to create new clastic,

sedimentary divisions free of depositional environment interpretation (e.g., grey

gravels, open network gravels, clayey sands) typically did not lead to greater insight.
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The synthesis presented here in Chapter 3 is offered as an alternative based on greater

success the petroleum industry.

Radial Flow Tests

The petroleum industry relies on core-plug and borehole geophysical log-derived

independent estimates of hydraulic conductivity for simulation models. In contrast,

subsurface hydrology relies more on radial flow tests as the primary source of

independent estimates of hydraulic conductivity for groundwater flow models. For

groundwater flow models, then, it is critical to understand the relationship of the

estimates derived from radial flow tests to the zones of hydraulic conductivity used in the

model. This work looks to the taxonomy in searching for this relationship as both the

radial flow tests and the model grid are artificially imposed while the hydraulic

conductivity distribution is fixed by depositional processes.

The volume investigated by a radial flow test is far larger and more complex than

that of minipermeameters or core plugs. As such, a development of theory is needed

before analyzing the results of selected field tests.
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Theoretical Basis of Hydraulic Conductivity Estimated from Radial Flow Tests

Radial flow tests are accomplished by pumping or injecting in a well and measuring

the hydraulic head response in the same well and (if available) in observation wells.

Radial flow tests can be constant rate, stepped, or pulsed. Single pulse tests are

colloquially called slug tests. The volume investigated is typically cylindrical in shape

and grows with time. The larger the pumping rate and the longer the test runs, the more

material is affected and averaged. The effect of convergent or divergent radial flow in

the immediate vicinity of a well is to force flow through the range of heterogeneities

present. This is in contrast to more uniform flow in which lower hydraulic conductivity

regions can be more easily bypassed.

The one hydraulic conductivity estimated from analysis of a radial flow test may

represent a volume at the coset, architectural element, architectural element complex, or

depositional system scale, depending on the magnitude and duration of the test. Typical

radial flow tests likely average so as to obliterate the effects from coset and smaller scale

structures. If the predictive model is a radial flow model of a single pumping/injection

well, then radial flow tests are uniquely helpful in deriving radially-averaged independent

hydraulic conductivity estimates. For more uniform flow or arbitrarily-arranged

pumping models, the radial flow model may provide independent estimates not as closely

correlated with the model input hydraulic conductivity distribution.

Most of the early developments in the theory of how hydraulic conductivity

variability affects the hydraulic conductivity estimated from radial flow tests came from
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the petroleum industry, while more recent developments have arisen in subsurface

hydrology. The following is a synthesis of selected relevant theoretical developments

through time.

Warren and others (1961) looked for a correlation between the hydraulic

conductivity values derived from permeameter tests run on the core from a well when it

is drilled to the hydraulic conductivity derived from a subsequent radial flow test of the

same well (typically a build-up test). Data from 7 wells in the Bromide Sands of

Oklahoma were evaluated by finding the median and calculating the arithmetic,

harmonic, and geometric averages of the core-derived estimates and comparing them to

the results of analyzing build-up tests and to a "most probable value". The most

probable value was created by assigning the core-derived estimates at random to blocks

in a three-dimensional flow simulation and finding the equivalent hydraulic conductivity

value under radial flow. They view the arithmetic and harmonic averages as two ends of

a spectrum where complete order exists at the ends and complete randomness exits in the

center. They propose the geometric mean as useful approximation of the most probable

value. The core-derived estimates came from wells in which greater than 90% recovery

was achieved and the number of core plugs per well ranged from 134 to 305. The

arithmetic averages were consistently an order of magnitude higher than the build-up test

estimates. The harmonic averages were comparable to build-up test estimates when the

build-up test estimates were less than 1 mD, but at higher values the harmonic averages

were almost an order of magnitude larger than the build-up test estimates. The most
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probable values were the most consistent with the build-up test estimates as the residuals

were typically less than half an order of magnitude. The geometric averages and medians

were not compared directly to the build up data, but they each correlated closely with the

most probable values. The authors conclude that the permeability distributions about

these wells are random, with the exception of one well for which the arithmetic average

compared closely with the build-up test results. The remainder of the wells can be

characterized better by the geometric mean or median. They note that the median is

found by inspection and therefore requires less computational effort than calculating the

geometric mean of a large set, a serious consideration in 1961.

Warren and Price (1961) expanded on the most probable value of hydraulic

conductivity with numerous three-dimensional steady-state simulations of uncorrelated

blocks. They studied log-normal and exponential distributions and found the geometric

mean or median to be equally useful for predicting the "expected" hydraulic conductivity

value. The expected hydraulic conductivity was the equivalent hydraulic conductivity

for the radial flow system. Upon testing the skewed log-normal (variable skew), linear,

and 2-member discontinuous distributions, they noted a preference for the geometric

mean over the median, since the median of such distributions is not always determinate.

In comparing uniform linear flow and radial flow, they did notice a significant difference

in the expected hydraulic conductivity. They did note however, that uniform, linear flow

leads to uniform weighting on resistance to flow without consideration of location, while

radial flow leads to weighting by distance. Comparison of transient and steady state
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simulations indicated that the estimates from build-up tests approached the steady state

expected values asymptotically with time. Application of this technique to a laboratory

cube of randomly arranged sand blocks led to a theoretical expected hydraulic

conductivity 25% lower than the laboratory derived equivalent hydraulic conductivity,

but very close to the geometric mean. A three-dimensional electrical analog model also

gave a expected hydraulic conductivity 25% lower than found in the laboratory.

Application of this technique to estimates from a well in an oil field led to a theoretical

expected hydraulic conductivity for steady state radial flow of 6.81 mD and 6.25 mD for

transient flow, which compare well to the build-up test analysis result of 5.75 mD.

Vandenberg (1977) followed in the footsteps of Warren and Price (1961) by creating

random realizations of transmissivity for a 50 x 50 finite difference grid. Their

contribution was to evaluate transmissivity (and storage coefficient) derived from

observation well data. The ratio of transmissivity to storage coefficient (diffusivity) was

kept constant at 100 m2/min and an storage coefficient value was calculated for each cell

accordingly from the cell's random transmissivity value. transmissivity was assumed to

have a uniform distribution and was allowed to vary between 0 and 0.1 m2/min. the

resulting C, was .58. Drawdown curves were saved from the simulations in 624 cells

within 1000 m of the pumping well, and analyzed by least squares fitting to the non-

dimensionalized Theis non-equilibrium solution curve. The results of the simulation

were a very narrow range of transmissivity and storage coefficient estimates. The

average transmissivity estimate and the standard deviation of transmissivity decrease
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with increasing dimensionless time, while the average storage coefficient estimate

remains constant and the standard deviation of storage coefficient increases with

increasing dimensionless time. The average of the transmissivity estimates for the 624

cells is close to the arithmetic average of the nodal values, rather than the geometric

average. Inspection of his graphs indicates that estimated transmissivity increases out to

a certain distance and then decreases beyond that. He concludes from detailed analysis

of the results that heterogeneities are not clearly shown from time drawdown curves, and

that the Theis method gives useful results for regional analyses if the test is run long

enough and the latter portion of the time-drawdown curve is given the greatest weight.

Strelstova (1988) summarizes three approaches to estimating the radius of

investigation (ROI) of a radial flow test:

1. find the radius at which a given magnitude of head drawdown occurs,

2. find the radius at which a selected magnitude of flux occurs, or

3. find the radius at which an impulse response is maximum.

Each of these radii move outwards with time. The following approaches assume no

heterogeneity and that transmissivity and storage coefficient are known. The drawdown

magnitude is selected arbitrarily but can be set to the precision of the drawdown

measurement device. The Theis equation with dimensionless drawdown and

dimensionless time provides a simple basis for estimating the volume sampled during a

constant rate pumping test:
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Now for a selected magnitude of drawdown (s) and time (t), and given transmissivity,

storage coefficient, and pumping rate (Q), a dimensionless drawdown (5 D) is calculated.

The corresponding dimensionless time (t D) is derived from the exponential integral

solution published by Theis. The radius for this dimensionless time, time, transmissivity

and storage coefficient is then calculated:

r=
\

Tt

t DS
(E-3)  

A more general form is provided by Streltsova (1988) by defining a diffusivity,(a)

equal to transmissivity/storage coefficient, and lumping the remainder of the terms

except for time (.111/t D in this case) as A:

r = A-Nra—t
	

(E-4)

As expected, the radial distance affected by the test grows with the square root of time

and the square root of a. The distance to the outer boundary of pseudo steady-state is the

special condition of A = 1.5.

The flux magnitude is selected arbitrarily at some percentage of the well's discharge.

A similar approach to that of drawdown magnitude is used, but in this case, the flux can
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be found by taking the derivative of the Theis solution with respect to distance and

applying Leibnitz' Rule to address the exponential integral. The result is:

or as a fraction of well pumping rate:

i.
S r2_

q( ,t) = qwe 47.1

q(r,t) 	--sr'
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(E-5a)

(E-5b)

This expression can also be put into the r = A-rcW form described above by solving for r

and redefining the A term:
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The maximum of the impulse response is not arbitrary. Taking the derivative of the

impulse response (slug test) function and setting it equal to zero leads to:

4Tt
	 —1sr 2
	 (E-8)

which can also be solved for r and put into the r = AV.Tet by noting that A = 2.

Streltsova (1988) notes that homogeneity provides for equal weighting to small scale

values at all locations with the ROI. If heterogeneities are present, then larger weights

r = 1

‘

A= ,
\

(E-6)

(E-7)
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should be given to small scale values at locations closer to the pumping well. Linear and

radial discontinuities are examples of big heterogeneities. For a linear discontinuity, the

slope of a semilog time-drawdown plot during the infinite acting period (after

development of pseudo steady state but before outer boundaries are felt) will be m at

early times and at later times:

2

+ Touter 

'inner

For Touter = 0, = 2m, and for Touter = = 0, as predicted by image well theory.

The contrast in Souter VS. Sinner controls the shape of the transition between the two lines m

and m'. These results indicate that the hydraulic conductivity derived from the Cooper-

Jacob (1946) Method for drawdown data or the Theis (1935) Recovery Method depends

only on the hydraulic conductivity on the outer side of the boundary after sufficient time.

For a circular discontinuity:

inTinner

Touter

(E-10)

When Touter = 0 (closed outer boundary), m' approaches cc); while for Touter =

(enclosing lake boundary), m' = O. The potential for identifying boundaries from semi-

log plots of time-drawdown data is important for estimating independent hydraulic

conductivity values for discrete volumes.

171' = (E-9)
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Butler (1990) summarized the findings of Streltsova (1988) and extends them to

discussions of estimates from observation well data. He notes that the estimates from the

semi-log methods (Cooper-Jacob and Theis Recovery) are weighted most heavily to the

aquifer characteristics at the front of the advancing cone of depression. In contrast, the

estimates from the log-log graphical curve matching methods (Theis, etc.) are weighted

towards the aquifer characteristics in the vicinity of the observation well. The farther the

observation well is from the pumping well, the less the effect of hydraulic conductivity

variations in the vicinity of the observation well, and the closer the estimates derived

from the semi-log and log-log methods. He attributes this to the ever-growing ring-

shaped volume of aquifer being sampled and averaged. Butler (1990) also points out that

the semi-log methods are affected much less by well-bore skin and well-losses than the

log-log methods since semi-log methods use the rate of change of drawdown rather than

the total drawdown.

Oliver (1990) extended the classic homogeneous analysis of ROI to random

heterogeneous systems (but still in 2 dimensions). He expanded the 2-dimensional radial

flow equation with small perturbations in hydraulic conductivity and derived from it a

weighting function which is used for integral averaging of the distributed random

hydraulic conductivity field during a constant rate pumping test. The derivative of the

drawdown solution's weighting function is especially instructive in that it indicates a

region within two concentric rings which bounds the contribution of small-scale

hydraulic conductivity values to the average estimated by the well test analysis:
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50% comes from within: rD =[0.67. I ,1.35Vt D i	 (E-11 a)

98% comes from within: rD = [0.12\F) , 2.34V]	 (E-11 b)

where rD is the ratio of radial distance to well radius, while the maximum contribution

comes from hydraulic conductivity at:

rD = 0.92J .	 (E-12)

The contribution here beyond that summarized by Streltsova (1988) is the consideration

of random variations in hydraulic conductivity, albeit small variations. A large radial

discontinuity (Touter 0.2 Tinner) was reconstructed correctly with the small perturbation

solution. Oliver (1990) did not consider wellbore storage, skin or variations in storage

coefficient.

Butler (1991) simulated radial flow in numerous realizations of fields of random, but

spatially correlated, transmissivity. The simulated drawdowns were analyzed by semi-

log (Cooper-Jacob) and log-log (Theis) methods. Butler's (1991) primary contribution

was to extend Vandenberg's (1977) work to correlated, log-normally distributed

transmissivity fields. A constant storage coefficient was used. For the fields generated,

he found weak angular variation in the estimates (which decreased with radial distance),

but strong radial variation in the estimates. Both angular and radial variability in the

estimates of transmissivity increase with increasing variance of the random

transmissivity field and with increasing distance between the pumping and observation
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wells. He confirmed the conjectures about the different weightings of the semi-log and

log-log methods made in Butler (1990). He further noted an apparent convergence of the

semi-log method estimates to the geometric mean of the transmissivity realizations,

consistent with stochastic theory. This finding indicates that the semi-log slope at late

times gives the best estimate of regional transmissivity.

Deutsch (1992) developed a method for conditioning of stochastic transmissivity

fields on constant rate pumping tests. In this work, he proposes that the volume from

which variations in hydraulic conductivity provide information to the test analysis

estimate is contained by two concentric rings defined by the homogeneous formula

presented by Streltsova (1988) and given above and the times of infinite-acting flow on

the semi-log plot. These times are the time of onset of pseudo steady state and the time

of imposition of boundary conditions. Since the definition of what constitutes a

boundary in a heterogeneous system is uncertain, so is this definition in terms of the

outer boundary.

Desbarats (1992) simulated numerous correlated distributions of hydraulic

conductivity under steady state radial flow and calculated effective hydraulic

conductivity values (the results of a Theim analysis). A constant flux condition at the

well and constant head outer boundaries were used in a square domain. A geometric

average of the small scale hydraulic conductivity values, weighted by 1/r2 was found to

provide the best comparison to the effective hydraulic conductivity for radial flow.
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Oliver (1993) extended his previous work by considering variable transmissivity and

variable storage coefficient in transient two-dimensional flow. Again by small

perturbation expansion, he used Green's Functions to derive Frechét Derivatives and

Os ds
kernels which are analogous to the more familiar sensitivity coefficients: 

or' os

In addition, Oliver (1993) allowed a two dimensional random field for transmissivity

and storage coefficient (needed for the case of the observation well not being at the same

location as the pumping well), rather than radial non-uniformity. The resulting averaging

volume is termed an "area of influence" and is found to be a set of ellipses which grow

with time (for transmissivity) and enclose the pumping and observation well pair. For

storage coefficient, the ellipses decrease with time and quickly become circular about the

pumping and observation well pair. The averaging is not, however, uniform within each

ellipse. He noted that his 1990 work was essentially finding Frechét kernels for

drawdown at the pumping well with respect to transmissivity in a radially symmetric

reservoir, which are circular. In this case, the kernel decreases as 1/r2 out to

I'D = AVt D beyond which it drops off much more rapidly. Oliver (1993) checked his

approach with detailed simulations of heterogeneities in a finite element simulator and

found excellent agreements. These results point to arrangements of pumping and

observation wells to focus the tests on a particular shape of clastic, sedimentary

depositional structure.
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Neuman and On (1993) developed a formalism for heterogeneous hydraulic

conductivity with conditional ensemble mean flow theory. Of relevance to this

appendix, their two-dimensional radial flow simulations indicate that the effective

hydraulic conductivity derived from Theim analysis of steady flow varies from the

harmonic mean of small-scale hydraulic conductivity values near constant head

boundaries to the geometric mean away from the constant head boundaries. The distance

at which the geometric mean was approached depends on the correlation scale and total

variance of the log-normal hydraulic conductivity field.

Guyonnet and others (1993) developed equations for finding the extent beyond a

well of a given percentage of the maximum head change in a well created during a slug

test. The idea is the same as presented by Strelsova (1988) above, but considers more

complex impulse response functions. They considered wellbore storage, unbounded

domains, linear constant head and no-flow boundaries, and a radial no-flow boundary.

Wellbore storage controls the maximum distance at which a percentage head change is

transmitted. Boundaries can be detected in some cases where deviations from the

unbounded case are clearly observed.

Desbarats (1993) performed further simulations, but this time evaluated an

extraction and injection well pair in steady flow through a random, but spatially

correlated transmissivity field. As before, geometric averages are taken about each well,

weighted by 1/r2 , but then the two resulting averages are averaged harmonically to derive
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the closest approximation (of those evaluated) to the effective transmissivity value for

the pair.

Desbarats (1994) extended his work for steady radial flow to three dimensions and

fond that a variably weighted power average is needed to approximate the effective

hydraulic conductivity derived from analysis of flow to the well. The weighted power

average he derived is as follows:

1	 K(x)'°
Kv – (E-13a)

W –

_W	 r 2 (x)

dV
271-b C--L)	 (E-13b)–

r 2 (x)

where V = Area (A) x Thickness (b); re = —

A 
; C=1(circle) or 0.9560 (square); and co E 71.

[4,1] needs to be calibrated to the data and does not necessarily need to be 0 (giving the

geometric mean in the limit). The contribution of Desbarats (1994) is the combination of

generalized averaging with weighting by inverse distance squared. The configurations of

pumping and observation wells can not be addressed in this development as they were in

2 dimensions by Oliver (1993).

Beckie and Wang (1994) numerically simulated slug tests in random, spatially

correlated media and compared the results to estimates of transmissivity from the radial

flow slug test solution of Cooper and others (1967). The filter function developed by the
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authors by spectral analyses of the numerical and analytical solutions for every cell in the

grid showed a decrease in weighting for the hydraulic conductivity in each cell with

radial distance from the well being tested. The cell dimensions appear to be too large to

verify a weighting of inverse distance squared as proposed by Desbarats (1992, 1993,

1994) for steady radial flow.

The latest (to this writing) publication on radial flow with heterogeneity is Indelman

and others (1996). They studied three-dimensional steady flow to a well with both

constant head and constant flux conditions at the well. The authors specifically define

equivalent hydraulic conductivity as"  the hydraulic conductivity of a fictitious

homogeneous medium which conveys the same flux of water". The effective hydraulic

conductivity is a relationship of the ensemble mean flux (<q>) and the negative gradient

of the ensemble mean head (- V<h>). The authors note that both of these hydraulic

conductivities depend on radial distance from the pumping well and on the flow regime.

In analyzing the equivalent hydraulic conductivity, they find that it is the result of a field

well test analysis. If the observation well is moved up to the pumping well the

equivalent hydraulic conductivity will be the arithmetic average. As the observation well

moves away from the pumping well, to a very large distance, the equivalent hydraulic

conductivity will be the effective hydraulic conductivity for a uniform medium. They

derive an equation for the transition from the arithmetic average to the effective

hydraulic conductivity under uniform conditions:
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1 is the correlation scale for the log-normally distributed hydraulic conductivity. The

authors conclude that estimated transmissivity from a steady state flow test decreases

with distance from the pumping well and overestimates the effective transmissivity at all

distances.

In summary, the common transient radial flow tests sample ever growing volumes

with time. The process of averaging the small scale hydraulic conductivity values within

the ROI is a complex one that has been represented as a radially-weighted variable power

average or a transition from arithmetic to geometric averaging. In any case, the greater

the heterogeneity, the more complex the shape of the ROI. A common problem is the

need to simultaneously estimate transmissivity and storage coefficient and evaluate the

ROI. Evaluation of the ROI with the hypothesized clastic, sedimentary depositional

structures will allow greater insight to the usefulness of the resulting estimates in the

conditioning process.

The following example indicates the ROI for a simplified but typical field situation.

Assume a 50-foot thickness of sand with a hydraulic conductivity of 100 ft/day and a
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specific storage of 1 x 10 -6 ft-1 . An aquifer test is conducted at a constant rate of 935

gallons per minute. For a drawdown of 0.01 foot (the detection limit of an electric

sounder), the dimensionless drawdown in this system is 3.5 x 10 -3 . From tables of the

exponential integral (Lohman, 1972) the dimensionless time for this dimensionless

drawdown is found to be 0.062. Plugging into the formulas given Streltsova (1988)

above, we find the relation r = 40249,5 for this aquifer test. It indicates that the 0.01

foot drawdown reaches 100 feet in 0.5 seconds. A similar calculation for the 1 foot

drawdown distance indicates it will reach 100 feet in approximately 2.9 seconds.

Using the flux percentage measures presented by Streltsova (1988) for fractions of

0.95 and 0.05 leads to the following relations for the assumed aquifer test, r = 2264,5

and r =17308,5 , respectively. At 1 hour, a period sufficient for wellbore storage

effects to dissipate and allow analysis, the concentric rings between which 0.95 and 0.05

percent of the flow from the well are derived are at 462 feet and 3500 feet, respectively.

These indicates that boundaries between elastic, sedimentary structures with dimensions

on the order of 100's of feet will be difficult to detect from aquifer tests of this common

type. Clearly, aquifer tests of this type are radially-weighted averages of very large

volumes likely representative of large architectural elements and depositional systems as

a whole.

A slug test in this system would have a relation of r = 20000,5 and the maximum

pulse would be at 100 feet in approximately 3 seconds, neglecting wellbore storage. See

Guyonnet and others (1993) for consideration of the effects of wellbore storage on the
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volume investigated by slug tests. The wellbore storage would dampen the pulse but not

negate the point being made here of the large volumes investigated with radial flow tests.

Obviously the assumption of heterogeneity used for the radius of investigation

calculations and the assumption of radial flow are not strictly correct for elastic,

sedimentary porous media. The radius of investigation calculations may be in error, but

not by so much for many elastic, sedimentary porous media that they are not useful first

approximations. Experience of the author indicates that the assumption of radially

symmetric flow is acceptable in many elastic, sedimentary deposits. The simulations of

radial flow under moderate (natural log hydraulic conductivity variance equal to 1) and

strong (natural log hydraulic conductivity variance equal to 4) heterogeneity provided in

Neuman and On (1993) support the assumption of radially symmetric flow as a useful

approximation.

Comparisons of Radial Flow and Other Estimates

Jacob (1938) compared radial flow test estimates to the averages of permeameter

tests on grab samples from a cable-tool rig while drilling boreholes in a glacial-fluvial

aquifer system in Croton, New York. The data were collected from an upper unconfined

aquifer beneath a meander bend of an otherwise straight river system. The arithmetic

average hydraulic conductivity of the 10 repacked permeameter tests was 0.16 cm/s, the

results of Theis Recovery method for a radial flow tests was 0.17 cm/s. A salt-based,
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"Slichter" tracer test provided a hydraulic conductivity estimate of 0.17 cm/s. In this

situation, the correlations are quite good. The geometric mean (0.11 cm/s) was clearly

not a useful estimate of the well test estimate.

The most comprehensive investigation of core permeameter estimates in relation to

radial flow estimates was reported by Johnson and Greenkorn (1962). The sequence

tested is a massive, cross-bedded sandstone of the Pennsylvanian Vanoss Formation

resting on an erosional base, indicating a fluvial depositional system. Dips of bedding

were reported to range from 0 to 90°. Moderate cementation was noted. Sixty-four

wells were drilled and cored surrounding the pumping well. Thirty-nine were located

within a 150-fl square area around the pumping well. At least 10 core plug samples were

taken per core with not less than one per foot. Horizontal permeability values ranged

from 100 mD to 867 mD. Vertical permeability tests were run on 45 samples and

indicated a consistent value 60% of the horizontal. Arithmetic average of all samples is

419 mD, geometric mean is 136 mD, harmonic mean is 9.4 mD, and median is 250 mD.

A 25-hour pumping test was conducted at 2.94 gpm. Graphical matching of the Theis

curve to a composite plot of drawdown data versus t/r 2 for 64 observation wells at 1400

minutes of pumping lead to an estimate of 405 mD. In this case, the arithmetic average

provided the closest estimate to the equivalent permeability from the radial flow test.

Payne (1970) compared the values of hydraulic conductivity derived from radial

flow tests in the Cockfield and Yegua Formations which span the Gulf Coast from

Mississippi to Texas. These delta depositional systems have channel architectural
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element complexes. Payne found a clear trend of increasing average hydraulic

conductivity with increasing (coset) thickness. Payne (1975) repeated his study for the

Carrizo and Meridian Sands beneath a similar area of the Gulf Coast. He again found a

clear trend of increasing hydraulic conductivity from radial flow tests with increasing

(coset) thickness. The Carrizo sands include a variety of depositional systems including

fluvial, delta, and strandplain. Payne's work indicates that larger thickness of sand

cosets results in larger hydraulic conductivity despite depositional system setting.

Weber and others (1972) conducted 2 radial flow tests in the distributary channel of

a delta depositional system discussed under minipermeameter techniques. One test was

run in the center of the channel, the other nearer the edge of the channel. The tests were

simulated with a steady state, 2-dimensional finite difference model, which essentially

calibrated with the arithmetic average of the minipermeameter measurements along each

borehole. The boreholes were aligned across the channel and their average values were

extended along the channel for the model. One of the tests was better simulated when all

the hydraulic conductivity values were multiplied by 1.15. In this case, the arithmetic

average along the vertical provided the best match to the equivalent hydraulic

conductivity values (distributed across the channel) used in this model.

At the Chalk River Nuclear Laboratories site in Canada, Pickens and Grisak (1981)

reported on the comparison of radial flow tests in an 8.2 m sequence of unconsolidated

sands. The sands were described as well-sorted, with laminations 10 - 50 mm in

thickness deposited in a fluvial depositional system. Slug tests lead to estimates ranging
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from 2 x 10 -3 to 2 x 10 -2 cm/s. An aquifer test with 23 observation wells was analyzed

by the Theim method and yielded an estimate of 1.4 x 10 -2 cm/s. A similar test but for a

pumping/injection well pair yielded an estimate from steady-state analysis of 1 x 10 -2

cm/s. Assuming that the tests encountered numerous trough cross beds sets (with only

minor clay drapes), the similarity of the slug test and pumping tests is not surprising.

Molz and others (1990) describe the comparison of radial flow tests in a sand aquifer

21m thick. No analysis of depositional environment was reported. A site-wide aquifer

test was conducted at 150 gpm and analyzed by log-log methods to obtain an estimate of

6.2 x 10 -2 cm/s for hydraulic conductivity. Several cross-well and single well tests were

run at 58 gpm in each case in the vicinity of the site-wide aquifer test. The arithmetic

average of the cross-well tests is 6.4 x 10-2 cm/s (Cv = 0.04), while the arithmetic

average of the single-well tests is 6.1 x 10 -2 cm/s Cv = 0.22). Averaged over the vertical,

this aquifer has minor variability within the area. Flowmeter testing showed a consistent

vertical profile across the site in hydraulic conductivity divided by the arithmetic average

hydraulic conductivity ranging between 0 and 4 with occasion excursions as high as 8.

The increase in heterogeneity between the cross-well and single well tests indicates that

the testing approach was averaging and reducing variability observed in the horizontal

dimension. Clastic, sedimentary depositional structure would have assisted in

understanding the potential heterogeneity at the site and guided the test interpretations.

Moench (1994) analyzed aquifer test data from the Cape Cod and Borden sites

described above. The aquifers at both sites were formed in fluvial depositional systems
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downstream of glacial depositional systems. Using all of the time-drawdown data

simultaneously in composite plots, he used the Neuman (1974) log-log method to find

horizontal and vertical hydraulic conductivity estimates. For the Borden site, he found a

horizontal hydraulic conductivity of 1.2 x 10 -2 and a vertical hydraulic conductivity of

3.6 x 10 -3 cm/s. The geometric mean hydraulic conductivity of the 1279 core

permeameter tests is 9.8 x 10 -3 cm/s, which is a factor of 3 higher than the vertical

hydraulic conductivity found in the aquifer test (the permeameter tests measured a

repacked hydraulic conductivity not particularly representative a direction). No analysis

of the volume averaged by the test with respect to the core locations in the context of a

elastic, sedimentary structure hierarchy was attempted. For the Cape Cod site, he found

a horizontal hydraulic conductivity of 1.2 x 10 -1 cm/s and a vertical hydraulic

conductivity of 6.0 x 10 -2 cm/s. The geometric mean hydraulic conductivity of the

flovvmeter tests is 1.0 x 10 -1 cm/s, while the geometric mean hydraulic conductivity of

the 825 core permeameter tests is 3.5 x 10 -2 cm/s. The aquifer tests estimates are higher,

but within a factor of 2 of the geometric means of smaller scale test results. No analysis

of the volume averaged by the test with respect to the core or flowmeter locations in the

context of a elastic, sedimentary structure hierarchy was attempted.

At the Columbus site, an aquifer test was reportedly conducted and the results of

analysis indicate a horizontal hydraulic conductivity estimate of 2.0 x 10 -2 cm/s and a

vertical hydraulic conductivity estimate of 2.8 x 10 -3 cm/s. The horizontal hydraulic

conductivity estimate can be compared to the geometric mean of the 2200 flowmeter
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tests (5.5 x 10 -3 cm/s) and vertical hydraulic conductivity estimate can be compared to

the geometric mean of the 87 core permeameter tests (6.1 x 10 -5 cm/s). The horizontal

hydraulic conductivity estimates are within a factor of 3, but the vertical hydraulic

conductivity estimates vary by 2 orders of magnitude. The aquifer test analysis methods

were not discussed, so their appropriateness can not be evaluated. Moench's (1994

work for the Borden and Cape Cod sites indicates the importance of composite plots

(simultaneous fitting) in multi-well test analysis. The geometric mean of estimates from

22 slug tests (1.7 x 10 -2 cm/s) compares closely to the larger-scale aquifer test estimate

for horizontal hydraulic conductivity. No analysis of the volume averaged by the test

with respect to the core or flowmeter locations in the context of a elastic, sedimentary

structure hierarchy was attempted.

Summary of Radial Flow Tests

In summary, radial flow tests for which the radius of investigation remains within a

volume of elastic, sedimentary structures of consistent size and internal structure lead to

hydraulic conductivity estimates consistent with either the arithmetic or geometric mean

of core/core plug or flowmeter tests estimates. The circumstances for selecting

arithmetic or geometric means is not clear from the data sets found in the literature. A

strongly two-dimensional flow system often develops around wells during radial flow

tests. Theory for random two-dimensional fields indicates that a radial flow test analysis

estimate should represent a spatial average in the range between arithmetic and
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geometric, depending on the location and time of observation, the correlation scale, and

total variance of the hydraulic conductivity field. In most cases, it was not clear how the

test analysis weighted the data in curve fitting, nor was the radius of investigation

considered with respect to local clastic, sedimentary depositional structures. In some

cases, recognition of the spatial averaging process of aquifer tests and the magnitude of

the volume averaged may indicate that aquifer test estimates may not be optimal

independent hydraulic conductivity estimates for individual architectural element and

smaller clastic, sedimentary structures. The customizing of aquifer test analysis

techniques to clastic, sedimentary structure hierarchies may be an avenue of fruitful

future research.

Uniform Flow Tests

If the flow rate associated with a relatively uniform flow field can be measured or

estimated, then measurement of water levels and construction of a flow net may allow

independent estimate of hydraulic conductivity. Methods for measuring the uniform

flow rate will likely include tracer tests and measurement of flows from a line of wells or

springs. Structures of the scale of depositional systems and basins would be the most

likely associated with these independent estimates.

The potential opportunities for performing such as test are few and far between, due

to the general lack of water-level measuring points in one clastic, sedimentary feature
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and comprehensive collection of the flow field by wells or springs. Use of this type of

test to obtain a independent hydraulic conductivity estimate can be viewed as one step

short of the numerical, maximum likelihood estimation procedure for which the

independent estimates of hydraulic conductivity are intended.

At the tracer tests sites described here, close correspondence is found between the

geometric mean of small scale hydraulic conductivity test estimates and the hydraulic

conductivity derived from the average advection of the tracer plumes. At the Cape Cod

site, the tracer test derived horizontal hydraulic conductivity was 1.3 x 10 -1 cm/s; the

geometric mean of the flow meter tests was 1.0 x 10 -1 cm/s. At the Borden site, the

tracer test derived horizontal hydraulic conductivity was 8.3 x 10 -3 cm/s; the geometric

mean of the (repacked) core permeameter tests was 9.8 x 10 -3 cm/s. At the Columbus

site, the tracer test derived horizontal hydraulic conductivity was 2.6 x 10 -3 cm/s; the

geometric mean of the flow meter tests was 5.5 x 10 -3 cm/s.

Jacob (1938) compared radial flow test estimates to the averages of permeameter

tests on grab samples collected from a cable-tool rig while drilling boreholes, and to

several tracer in a fluvial depositional system in Croton, New York. The arithmetic

average hydraulic conductivity of the 10 repacked permeameter tests was 0.16 cm/s, the

results of Theis Recovery method for a radial flow tests was 0.17 cm/s. A salt-based,

"Slichter" tracer test provided a hydraulic conductivity estimate of 0.17 cm/s. In this

situation, the correlations are quite good. The geometric mean (0.11 cm/s) was clearly

not a useful estimate of the tracer test estimate.
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In these cases, the small scale tests were carefully located within the path of the

tracer plume. It appears that moment analysis of tracer tests provides a large-scale

averaged hydraulic conductivity estimate that is appropriate for the vicinity of the clastic,

sedimentary porous medium through which the plume traveled.

Summary of Direct Independent Estimate Techniques for Hydraulic
Conductivity

The direct independent estimate techniques are clearly defined, but the volumes they

are averaging are typically not clearly defined. The shapes and sizes of the volumes

investigated by minipermeameter, core/core plug permeameter, radial flow or uniform

flow tests are not those of the structures in the taxonomy defined in Chapter 3. The best

results would therefore be from conducting many tests on volumes smaller than the

structures of interest and averaging. Complete sampling of the structure would be

important for correct averaging.

Indirect Independent Estimate Techniques for Hydraulic Conductivity

The costs of collecting the data to support direct independent estimates for hydraulic

conductivity has lead over the years to a proliferation of correlations to other parameters.

A selected set of these indirect techniques have been divided into two classes:
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parameters fitted to parallel processes, and geologic physical parameters. The parallel

processes are dynamic processes, like water flow. The geologic physical parameters are

typically static.

Parameters Fitted to Processes Parallel to Groundwater Flow

Two parameters of other processes in porous media include electrical resistivity and

sonic or acoustic impedance. In both cases, something is flowing through the ground,

making these processes somewhat analogous to the flow of water.

Electrical Resistivity

A parameter close conceptually to hydraulic conductivity is the electrical

conductivity of a porous medium Measurements of the inverse of electrical

conductivity, resistivity, are more common and used as is for correlation. Theoretical

work to date applies strictly to a coarse-grained medium with saline water filling the

pores. Great efforts have been made to ascertain semi-log and log-log correlations. In

the final analysis, water flow and electrical current flow still must be considered parallel,

but different processes. Under the right circumstances, however, good correlations are

possible between hydraulic conductivity and bulk resistivity.
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Huntley (1986) summarizes the attempts to link resistivity to permeability. He

emphasizes that electric current flows through the water in the pore space and along the

surfaces of the grains. The surface flow is a path not taken by water and in fact the

adhesive property of water tends to restrict flow at the surfaces of the grains (de Marsily,

1986). Huntley (1986) thus reminds the reader that the bulk measured resistivity of a

sample has 3 parts (resistance of fluid in pores, Ry„, resistance of grains, Rg, and

resistance along the surface of the grains,	 related by:

1	 1	 1	 1
+ +R, R„ Rg

(E-15)

He indicates the resistance of the grains is so large that the second term above can

often be ignored. After applying the expressions for resistance and resistivity he derives

a more complete equation for the familiar formation factor, Fa :

Fpn,
(E-16)

(pm + Fp)

where pm is the surface resistivity, pi, is the fluid resistivity, F is an intrinsic formation

factor to address the total dissolved ions in the fluid. Previously, the formation factor

was simply identified as the ratio of measured total or bulk resistivity to fluid resistivity.

The (apparent) formation factor is what is derived from field measurements and used to

predict hydraulic conductivity. Huntley's (1986) point, based on extensive laboratory

tests, is that the many reported relations have large confidence intervals because

numerous variables are actually at work. Specifically, clay content (greater surface
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conductance) and dissolved ion concentration both vary at and between field sites.

Mazdc and others (1985) provide other theoretical considerations of relations between

hydraulic conductivity and resistivity. Ehrlich and others (1991) re-derived familiar

quantitative models of formation factor and permeability at the pore network level based

on the bundle of tubes model for the pore space. It would appear that segregating data

sets by clastic, sedimentary depositional environment (and by dissolved ion content in

water) would provide for consistency in the variables affecting resistivity and should be

pursued prior to deriving site-specific relations between hydraulic conductivity and

resistivity.

Field measurements of resistivity come from two sources: vertical soundings or

profiling, and borehole geophysics. The readings are used directly in most instances

although inversion of models with layers for surface soundings or cross-hole tests are

also being attempted.

The reader is referred to the works of Kelly (1977), Gilmer and others (1986),

Ayers, 1989b, and Yadav (1995) for case studies of the application of surface resistivity

profiling to estimates of hydraulic conductivity. For borehole applications of resistivity

measurement and hydraulic conductivity estimations, see Ogbe and Bassiouni (1978) and

Kwader (1985). In each case, there is considerable scatter in the correlations which

could be reduced by segregating the data sets. It is asserted here that viewing the

volumes investigated by the resistivity measurements in the context of the taxonomy will

improve correlations and allow extension with credibility to volumes not subjected to
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measurements. The great potential for using vertical resistivity profiling as a site-

specific surrogate for hydraulic conductivity is demonstrated by the co-kriging analysis

of transmissivity, specific capacity and resistivity for a regional aquifer in Tunisia by

Ahmed and others (1988).

Seismic Velocity

A parameter of great recent interest as an indirect estimator of hydraulic conductivity

is the seismic (sonic or acoustic) velocity of elastic waves in a porous medium. Seismic

measurements after explosion detonations have long been used in imaging subsurface

structures, much like medical imaging, but these measurements also can used to estimate

velocities in affected intervals.

The basic idea is to construct a mathematical model, perhaps with layers for surface

seismic tests, or of complex shapes for cross hole tests, and use parameter estimation

techniques to estimate the seismic velocities in each layer or shape. The resulting

estimates have been termed "soft" data by McKenna and Poeter (1995) in contrast to

"hard" data which are defined by them to be the velocities measured in bore hole

sonic/acoustic logs. In either case, relationships have been hypothesized between

hydraulic conductivity and sonic velocity. Rubin and others (1992) note that the same

characteristic seismic velocities are found at the fine and coarse ends of the grain-size

spectrum, making a direct relationship not one-to-one. When making correlations, it is
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often prudent to examine the likely physical relationships and specify the correlations for

physical equations. It could be that the actual relationship is of sonic velocity to density,

then of density to total porosity, and finally from total porosity to hydraulic conductivity.

More often, it is the zonation or layering of sonic velocities that are identified, specified

as lithologie units, and then used as zonation for hydraulic conductivity (McKenna and

Poeter, 1995; Hyndman and others, 1994). Another alternative is to develop co-

conditional pdfs and covariances between indicator functions for hydraulic conductivity

and seismic velocity (Copty and Rubin, 1995). Though Copty and Rubin (1995)

specifically mention lithofacies (likely cosets), no principles of sedimentology are

discussed or applied. With the exception of McKenna and Poeter (1995), the work in

using seismic velocity to estimate hydraulic conductivity to date has been on synthetic

data sets, so field investigation would be useful for further development at this point. In

McKenna and Poeter (1995) conditioning on hydraulic data for the seismic-derived

zonations provided mixed results and there were insufficient independent hydraulic

conductivity estimates from hydraulic testing to evaluate the results. Sedimentological

principles were not considered in the zonation process.

As with other independent hydraulic conductivity estimates, further work should

focus on taxonomy-based division of units independent to sampling and testing. No

differently than other independent estimate techniques, seismic methods require input of

a structure for the parameter estimation process to work on. Work along these lines has

begun in Europe (Helbig, 1994). Core samples are tested for velocity in the laboratory
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under in-situ pressure conditions and the results are used in the inversion process for

complex volumes defined based on elastic, sedimentary depositional structures. The

extension to estimation of permeability was not pursued, however.

Specific Capacity/Productivity

An abbreviated hydraulic measure for wells, popular in the subsurface hydrology is

specific capacity. It is the ratio of pumping rate to drawdown in head. A related measure

from the petroleum industry is specific productivity/injectivity. Two problems with

specific capacity as a parameter to correlate with hydraulic conductivity is that it

decreases with time in a constant rate test, and it generally decreases with increasing

discharge. While transmissivity is obviously a superior measure, the time and effort to

conduct and analyze an aquifer test keeps many well owners from obtaining

transmissivity estimates. In contrast, specific capacity requires only two water-level

soundings, and no interpretation of the calculation.

Theis and others (1963) developed the theoretical foundation of specific capacity

from first order approximation to the Theis (1935) equation. The assumptions of this

approximation as applied by Cooper and Jacob (1946) to aquifer test analysis would also

apply. They provide nomographs for various values of specific capacity, radial

distance, time and assumed storage coefficient. Non-linear well losses, wellbore storage,

and wellbore skin are not considered.
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Clifton and Neuman (1982) regressed log specific capacity on log transmissivity for

numerous wells in the Avra Valley basin of Arizona. The regression for all wells in the

basin had a relatively narrow confidence band.

Bradbury and Rothschild (1985) provide a program for iteratively solving for

transmissivity from the first order approximation to the Theis (1935) equation and add

terms for additional drawdown due to partial penetration and quadratic well losses.

Their equation is:  

( 2.25 Tt-  
- 

Q
T — 	

471-(s — sw )
ln + 2s

P  (E-17)     2 c,
\ rw 0 /       

-       

where sw, is the drawdown due to quadratic well losses (CQ 2), and sp is the drawdown

due to vertically converging flow, although it could also represent wellbore skin. The

authors report successful convergence of the numerical technique for transmis sivity

being on both sides of the equation, and useful application to regional aquifer studies.

Hughson and others (1996) compared cokriging and simple regression on a data base

of 215 pairs of specific capacity (all at 24 hours) and transmissivity data from a basin in

Morocco. In their data set, they found that log-log regression was superior for fewer than

30 data pairs, while cokriging comes to the fore with more than 50 data pairs to work

from. In general, they judged that transmissivity estimates based on the specific capacity

data would range in error between factors of 2 and 10.
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As with other correlations to hydraulic conductivity, it is likely that segregation of

data sets based on elastic, sedimentary depositional structure would lead to improvement

in regression. For example, one would expect better correlations when tests are

separated by depositional system than when all data are clustered.

Geologic Physical Parameters

Pettijohn and others (1987) list texture (grain-size, sorting, packing, fabric, and

cement), elastic, sedimentary structures (parting lineation, cross-bedding, ripple marks,

grooves, flutes, slumps and biogenic structures) and lithology as key geologic properties

that control interconnected porosity and hence, permeability. They further note a

hierarchy to the controlling properties, associated with the scales of the depositional and

diagenetic processes (Pettijohn and others, 1987).

It may not be so much that any of the geologic properties are strongly correlated to

permeability. However, it is likely that the variations in these properties were caused by

the same processes that caused the permeability variation in a volume of elastic,

sedimentary porous medium. Therefore, the variations in these properties may be used to

infer the locally variation in hydraulic conductivity within the taxonomy of elastic,

sedimentary structures.

The primary groups of typically available data on geologic characteristics used to

correlate to hydraulic conductivity are:
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1. drilling returns descriptions,

2. grain measurements,

3. porosity measurements,

4. density (from radioactivity attenuation), and

5. compressibility/shear resistance.

Each of these groups is discussed separately below.

Drilling Returns Descriptions

Descriptions of the lithology of drilling returns are the least expensive of the indirect

hydraulic conductivity estimate parameters and this has lead to development of strict

protocols for them. In essence, one looks at and touches the sample, and then writes

down observations. Although classification schemes have been developed, the Unified

Soil Classification System (USCS)(USACE, 1960) has become a favored system with

geologists and soil scientists. It was originally developed in the 1940's by Arthur

Casagrande at Harvard for classification of materials for airfields. Descriptive names and

symbols are applied to the sample at hand based on percentage of gravel, sand, or fines;

shape of a grain-size frequency curve (if available), and plasticity and compressibility.

The American Society for Testing and Materials (ASTM) has adopted the USCS and

made it Standard D 2487 for ground water and vadose zone investigations (ASTM,
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1994). Competing standards apparently have little to offer beyond the USCS. The

standard includes helpful flow charts and tips for classifying soils. Pictures of the

various grain sizes, roundness measures, and mixtures with various sorting/grading are

used for training and to standardize descriptions in the field as well.

The first difficulty with lithologic descriptions is that they rely on visual inspection

and inference of grain-size. There is no hydraulic testing of the materials and they have

often been disturbed in extracting them from the subsurface.

The second difficulty is variability in the training and experience of the individuals

preparing the lithologie descriptions. An experienced geologist can provide descriptions

of casing-advancement rotary cuttings returns with greater detail than the USCS that

allow reliable interpretation of sedimentary depositional structures. Some meticulous

drillers describe cable tool returns with admirable accuracy. At the other end of the

spectrum, descriptions can provide little more information than, for example, sand or

clayey gravel.

Even under the best of conditions, it has been seen in common compilations of

hydraulic conductivity by lithology that very wide ranges result (see for example Bear,

1972; Freeze and Cherry, 1979). An improvement could be made by segregating the

descriptions at a site based on sedimentary depositional structures and then developing a

relationship between independent hydraulic conductivity estimates from other techniques

and detailed lithologie descriptions.
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Grain-Size Measures

The use of grain-size measurements to estimate permeability is attractive in that they

are obviously more quantitative than lithologic descriptions. Grain-size measurements

are developed with various sized sieves for all but the finest fractions. The finest

fractions are addressed with hydrometers, pipettes, or more sophisticated devices.

Krumbein and Monk (1943) conducted grain-size tests and evaluations in support of

permeability estimation. They created mixtures with specific grain-size distribution

measures and tested them for permeability in a permeameter. They assume a lognormal

distribution for grain diameters. The systematic and careful conduct of their work lead to

the following formula for their sand mixtures:

k = 760dG2 e -131r°	 (E-18)

which gives the permeability in Darcies for dG the geometric mean grain diameter

(millimeters), and o-0 the standard deviation of the log base 2 of the grain diameters in

millimeters. Using the coefficients 760 (Darcies) and -1.31 makes this equation strictly

applicable to their artificial sand mixtures. The important contribution from this work is

that permeability increases with the square of the central tendency, but decreases with

increasing spread in the distribution. These features have been verified in studies

conducted since.

Masch and Denny (1966) carried the approach of Krumbein and Monk (1943)

further to evaluate higher statistical moments. They employed graphical statistics
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developed by Folk (1955) to calculate the second through fourth moments about the

mean from grain size frequency plots for synthetic sand mixtures. The median was used

as a measure of central tendency. As with previous researchers, they assumed a log-

normal distribution for grain size and transformed all values to log base 2 (II) units). In

addition to confirming the findings of Krumbein and Monk (1943), they found that the

dependence of permeability on the log standard deviation increases substantially with

increasing median grain size. If the median grain size is kept constant, permeability

increases with increasing skewness, and unimodal distributions have higher permeability

than bimodal distributions. An application to field samples indicated a general

overestimation of permeability (50% to 100%) using the graphs developed from the

synthetic samples.

Based on the work of the two previous citations, Beard and Weyl (1973) also created

synthetic sand mixtures and tested them for porosity and permeability. They confirmed

the findings of Krumbein and Monk (1943) and further noted a slight increase in

permeability with lesser sphericity and higher angularity. A large set of photographs of

each synthetic mixture help illustrate the variations in mean grain size, sorting, roundness

and angularity in sands.

Byers and Stephens (1983) tested a large number of soil samples from an "untilled

medium-grained fluvial sand". Although they do not use terms from sedimentology, the

picture indicates that a single coset (inclined sand strata in a channel) was sampled. This

care in sample selection allowed for the useful results obtained in this study. They found
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hydraulic conductivity to be log-normally distributed and found the closest correlation to

be with the 10% finer class and the geometric mean diameter. Grain diameter was

normally distributed. Variogram analysis indicates that grain diameter and permeability

have different spatial structures which limited the correlation possible between them.

Shepard (1989) made the important step of recasting 18 previous studies of grain

size and permeability with a consistent regression procedure in log-log space. After

inspecting the range of regression lines, he returned to descriptions of depositional

system and noted a systematic shifting of the lines, based on the sorting accomplished in

each system. This work indicates an improvement can be made in grain-size correlations

to permeability by segregating by sedimentary depositional structures.

Hartkamp, Affibas and Tortosa (1993) investigated the relationship of permeability

to grain-size for strata and strata sets of a fluvial point bar. In their study they found a

good correlation between permeability and the ratio of carbonate to quartz grains when

the data within a strata sets were segregated further by grain-size. They conclude that to

the extent that grain size predicts pore size, grain-size is a superior predictor of

permeability compared to total, primary or secondary porosity.

In summary, the work to date indicates that permeability can be predicted from a

combination of first and second moment measures of grain size. Additional controls on

the interconnected pore space that are not addressed by the first and second moment

measures can be addressed to some extent by conducting separate regressions for

samples from sedimentary depositional structures within the taxonomy.



371

Porosity

Porosity is the favorite proxy for permeability in the petroleum industry. Porosity is

related directly to the logarithm of permeability based on the idea that permeability is

fundamentally a fiinction of interconnected pore space. Of course, porosity must be

estimated as well. First comes collection and measurement of porosity from cores or

core plugs. Next come correlations of porosity to bulk density, resistivity, velocity and

grain size. Step-wise least square regression starting with porosity and moving on to

other parameters, such as gravel content and cement content was summarized

comprehensively by Wendt (1986). In Wendt's (1986) study, porosity accounted for the

majority of the prediction of permeability.

That correlations are built on correlations in predicting permeability is not clearly

addressed in most published studies. Correlations are built against core or core-plug

permeameter permeability and then extended to the remainder of the data base, typically

log-derived parameters. The following discussion addresses the use of thin sections, core

plugs, and borehole geophysical logs.

Use of the thin section technique has been restricted primarily to the petroleum

industry and consists of estimating total and effective (kinematic) porosity, and noting

the relative progress of diagenetic processes (clay formation, silica and carbonate

precipitation, etc.). Thin-section estimation of porosity is developed from point counting

(400 points are typical) of the open or filled space. Dead-end or isolated porels can be

counted separately to estimate effective porosity. The term porel (for pore element) is
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used in recognition of the fact that the observed structures are not the true pores, because

the true pores are disrupted in the sectioning process. X-ray diffraction (XRD) and

scanning electron microscope (SEM) analyses are used to investigate diagenetic factors

such as cement growths and clay types present in the pores (Jacobsen and Rendall, 1991).

Thin section-based permeability is estimated from effective porosity using a site-

specific, empirical relationship developed from core or core plug analyses (Wilson,

1994). Specifically, a number of representative cores are tested by permeameter for

permeability and by a variety of techniques for effective porosity such as mercury

intrusion or x-ray tomography tracer tests (see example applications in Buller and others,

1990). Although derived from estimates at a larger scale (core or core plug), the

resulting regression relation is applied to the thin-section-derived effective porosities.

For example, a recent work by Ehrlich and others (1991 ) proposes a multi-step

method for predicting permeability from thin section analysis. First, automated image

analysis of the thin section is used to estimate the number of pore types present and their

characteristics. Mercury intrusion analysis of the associated core plug (prior to slicing of

the thin section) is used to identify the pore throat sizes present. The pore types are

related to the pore throat sizes, and a cumulative contribution approach is used in

applying a modified form of the Hagen-Poiseulle analogy of a bundle of tubes for the

porous medium:
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7.c ,74
	-1

128	
in milliDarcies; k =1013Ck ± (E-19)   

where NP, is the number of pores with the ith pore type per square micrometer, d, is the

diameter in micrometers of the throats of the ith pore type, n is the number of pore types,

and Ck is the number of effective pore throats per pore.

When this approach is applied to thin sections aligned with the laminations of

sandstone, good correlations were found between permeability estimates from this

technique and from Hassler sleeve permeameter tests of 10% of the core plugs prior to

thin section dissection (Ehrlich and others, 1991). The use of the bundle of tubes model

and orientation with laminations limits the usefulness of this procedure. The initial

results appear promising. Analysis via percolation theory (Korvin, 1992) may shed some

light on the reasons for the success of this empirical approach.

Based on the size of thin sections ( a few inches on a side), thin-section permeability

estimates should be representative of strata scale structures. The primary component

missing from the current approaches is the actual hydraulic testing at the thin section

scale. Advances in miniaturization may allow microscopic hydraulic testing of the thin

sections, or structures within the thin sections, which would provide a closer tie to

permeability than visual estimation of effective porosity alone. Beyond the lack of

actual hydraulic testing , there is also a discrepancy in current thin section approaches

arising from the difference between the volume-averaged permeability estimates
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developed from the core/core-plug tests (strata and strata set scales) and the variations

pursued with the thin-section tests (stratum scale).

The usefulness of thin-section permeability estimates is limited to:

1) investigating the variability in permeability at scales much smaller than cosets,

which could support multi-scale stochastic theory applications; and

2) direct simulation of structures of very small extent to develop understanding of

molecular-sized processes such as rate-limited sorption and diffusion by allowing

separation of the effects of hydraulic variability in the observed results.

There does not appear to be a significant value in hydraulic conductivity estimates

derived from thin sections as independent estimates for most groundwater flow

simulations encompassing depositional system or larger scales. They appear to be of

greatest benefit in a supplemental role for evaluating diagenetic processes.

A combination of core plugs and borehole geophysical logs forms the basis of most

permeability prediction in the petroleum industry. Data from testing of the core plugs

provide the relationship between porosity and permeability as noted for the thin-section

techniques. Then, a variety of borehole geophysical logs are used to estimate porosity.

Any log which is primarily affected by variations in bulk density is a candidate for this

purpose. Bulk density (pB) is related to total porosity by the following formula:

pB= p„O + p., (1 - 0)
	

(E-20)
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Thus, a formation density, gamma, or acoustic velocity log is converted to a porosity log.

A neutron log is already a porosity log. If both are available, formation density and

neutron logs, suitably converted, are used together to predict permeability based on the

core-derived permeability-4 relationship (Wilson, 1994). Regression methods such as

Wendt (1986) describes are used, or the derivation of Walsh and Brace (1984) discussed

at the beginning of this appendix can be used. An example of application of core plug

and borehole geophysical logs to estimation of permeability for a water well installation

can be found in Temples and Waddell (1996).

Hartkamp, Arribas and Tortosa (1993) investigated the relationship of permeability

to porosity for strata and strata sets of a fluvial point bar. In their study they segregated

the data by strata or strata sets and found a very weak correlation between porosity and

permeability. Perhaps better results would be found in sediments less affected by

cementation than those investigated by these authors.

Compression/Shear Resistance

The spread in the use of the cone penetrometer test (CPT) rig for shallow

environmental studies has lead to numerous reports of estimates of hydraulic

conductivity from cone penetrometer readings. Specifically, a machine advancing a

small diameter (1 to 2 inches) hardened point measures the cone-end bearing resistance

(compressive force on the tip) and the shear resistance on the tool's sides. It has been
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found in practice that coarse sands provide large compressive resistance forces 15 to 20

megapascals (Mpa), while clays provide small values for this measure (0.7 to 1.5 Mpa).

A log of the ratio between compressive and frictional forces has been found to be

especially useful for correlating with lithology (Strutynsky and Sainey, 1992). To the

extent that the intervals have different hydraulic conductivity values, the logs reflect that

hydraulic conductivity variation. Site-specific correlations of hydraulic conductivity

from other independent estimation techniques to the cone bearing resistance and friction

ratio should provide useful estimates of hydraulic conductivity. Segregation by

sedimentary depositional structures should improve the correlations.

Summary of Indirect Independent Estimation Techniques for Hydraulic
Conductivity

The indirect independent estimation techniques are always at least one step

(conceptually) away from hydraulic conductivity. Therefore, there is a variance or error

greater than that of the direct independent estimation techniques. It is prudent to identify

physical relationships between parameters before developing correlations to enhance

their robustness.

In the cases reviewed here, there are factors not considered or recognized in the

relationships between variables. In segregating data sets and correlations by sedimentary
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depositional structures, the missing factors may be addressed in that the common

formative processes lead to common features.

Summary of Independent Estimates from the Perspective of the
Taxonomy

Independent estimation techniques that involve the flow of a fluid through the

material of interest - measures of dynamic processes - are always to be preferred. The

remainder are static measures and are more distantly related to hydraulic conductivity.

Nevertheless, it is a rare situation in which a independent estimate is also the exact

value of hydraulic conductivity for a model grid cell or zone which provides the closest

reproduction of a selected historical period. This happens for the direct techniques

because of the scale and flow system dependence of hydraulic conductivity and for the

indirect techniques because of these factors and the error in estimating hydraulic

conductivity from other measures.

In evaluating the independent estimation techniques, it has become clear that the

techniques are not necessarily investigating the volumes of the locally dominant

sedimentary depositional structures. It is important that conduct of tests and their

later interpretation be tied to the hypotheses of depositional environment developed for

a site. These considerations appear to be more important than the inherent "accuracy"

of the tests or their related analysis methods.
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APPENDIX F

THEORY OF GROUND-WATER FLOW
AND PARAMETER ESTIMATION

BY MAXIMUM LIKELIHOOD

The procedure for using the taxonomy proposed in this dissertation will employ the

widely-accepted deterministic approach based on Darcy's Law as a generic model of

groundwater flow. Alternatives to this approach include the stochastic, hybrid

deterministic-stochastic, and conditional ensemble mean approaches. This appendix

develops the equations for deterministic groundwater flow and estimation of parameters

in these equations by maximum likelihood.

Equations of Groundwater Flow

The time-varying flow of groundwater (the single-phase oil flow equation is similar)

in a given domain is most often simulated by writing a partial differential equation

representing mass continuity:

dh
-V •q+q Ss 	 - = 0 for a simulation domain 0,a

subject to initial conditions, h(t = to ) = h o in SI,

and boundary conditions,



379

q • n — a(H — h) — q r = 0 on the boundary of Q, F	 (F-3)

where:

q
	

is a vector of specific discharges (fluxes per unit volume) [V I ] of

groundwater within Q,

is a vector of specific discharges (fluxes per unit volume) [T-1 ]

representing sinks or sources imposed on the interior of Q,

Ss 	is a (scalar) specific storage parameter [L-1 ] representing the

volume of water released (taken up) per unit volume of n per

unit time per unit decline (rise) in hydraulic head,

h	 is a vector of hydraulic heads [L] in Q,

t	 is time [T] (t0 is the initial time for a simulation),

ho 	is a vector of hydraulic heads [L] in Q at the initial time ( to ),

n	 is a unit outward normal vector [-] on F,_

a	 is a vector of parameters (leakances) [T -1 ] which relate specific fluxes (per_

unit area) across the boundary F to the differences between hydraulic

heads within Q and reference heads beyond or on F,

H	 is a vector of reference heads [L] beyond or on F, and
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-q F
	 is a vector of specific fluxes (per unit area) [LT-1 ] on the

boundary F.

The compact notation for the boundary condition can be interpreted in terms of

familiar boundary conditions for partial differential equations by noting that as a —> 0,

the flux inside the boundary is set to the flux specified on the boundary, q r , resulting in

a specified flux boundary condition As a —> cc, the flux at the boundary is set to the flux

required to maintain the reference head, H, for the boundary, resulting in a specified

head boundary condition. For 0 << a << Go, a mixed, general-head or Robin-type

boundary condition results.

The next step is to assume a local relationship between the driving force for flow of

water (the gradient of hydraulic head [ Vh ]) and the resulting flow of water (specific flux

of groundwater [q]) called Darcy's Law:

q = —KVh.	 (F-4)

This relation is substituted into the equations above and results in only heads being

unknown prior to solution. This step is typically taken because the equation as written

has two dependent variables, flows and heads, and simultaneous solution for both is very

complex and less efficient (via mixed or mixed-hybrid finite elements (Chavent and

Roberts, 1991)). In addition, heads are more easily measured across the flow field than

specific fluxes. The empirical local proportionality between driving force and flow of
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water, K, is generally a symmetric, second rank, positive-definite tensor when extended

from its laboratory column origins to three space dimensions (Bear, 1972).

Darcy's Law is the currently accepted theoretical construct for the local relationship

of head gradient to flux. Although empirically derived, Darcy's Law is directly

analogous to exhaustively-tested empirical laws in several other fields of applied physics:

Fourier's Law for heat diffusion (heat flux is calculated from temperature

measurements), Ohm's Law for electricity (electrical current is calculated from voltage

measurements) and Fick's First Law for chemical diffusion (mass flux is calculated from

mass concentration measurements). Darcy's Law can be derived through averaging of

the Navier-Stokes equations, owing to the linearity imposed by the Stokes assumptions

(de Marsily, 1986). However, the numerous assumptions along the way make the

relationship between the physically-based Navier Stokes equations and the empirical

Darcy's Law at a specific site require substantial research.

Replacing the interior and boundary (but not sink/source) flux terms with the right

hand side of Darcy's Law gives the familiar deterministic groundwater flow equation:

V •(KVh)+q —
Oh

— = 0 for a simulation domain Q,
Ot

(F-5)

subject to initial conditions:

h(t = to ) = h o in Q,	 (F-6)



and boundary conditions:

KVh • n— a(H — h)— q = 0 on the boundary F of Q.

This time-varying, parabolic-type set of partial differential equations can be

modified for simulation of steady conditions by setting Ss = O. The result is an elliptic-

type partial differential equation which does not require initial conditions throughout the

domain, but does require at least one prescribed head to ensure a unique solution.

The leakance term can be similarly evaluated via incorporation of Darcy's Law:

Kr
a =

b
(F-3)

where Kr is an equivalent scalar hydraulic conductivity associated with the region

between the reference head and the computational point where head is allowed to vary

but is associated with the Robin-type boundary condition and b is the distance between

the computational point and the reference head location.

Darcy conducted his experiment on a sand column in a laboratory (Darcy, 1856).

This had the consequence that the flow was forced essentially uniformly through a

cylindrical volume of isolated porous medium. The hydraulic conductivity is clearly

defined for Darcy's experimental apparatus just as the analogous constants in Fourier' s,

Ohm's, and Fick's First Laws are clearly defined for their similarly laboratory

equipment-sized experimental apparatuses. A somewhat unique problem in describing

the physics of groundwater flow develops when applying Darcy's Law to three-

38 -)

(F-7)
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dimensional, natural porous medium many orders of magnitude larger in volume and

more complex in variability than the defining experimental apparatus of Darcy.

Such a porous medium can be visualized as an assemblage of numerous sub-

volumes of differing porous media between which the flow interacts. An example

situation would be the difference between the flow imposed on a core after removal to

the laboratory and the flow in a volume of elastic sedimentary porous medium from

which the core was taken. The consequences of these interactions lead to definition of

equivalent and effective hydraulic conductivity values for heterogeneous media.

Appendix E provides an analysis of heterogeneous hydraulic conductivity distributions

from the perspective of sedimentary depositional structures. The above statements with

respect to groundwater flow under Darcy's Law apply as well to the single-phase flow of

oil, and the field of petroleum engineering has also been grappling with the challenge of

applying Darcy's Law-based models to heterogeneous natural porous media.

Parameter Estimation by Maximum Likelihood

This section reviews the concept of estimating parameters for a groundwater flow

model by maximum likelihood. In this work, parameter estimation is assumed to be

accomplished by modifying the distribution of model input hydraulic conductivity values

to minimize the differences between measured and simulated heads/flows, and between
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prior estimates of hydraulic conductivity and the model input hydraulic conductivity

distribution being estimated.

Maximum likelihood is a rigorous mathematical framework for estimating

parameters of a model. It is one of several such approaches. The different approaches

can be organized according to the level of incorporation of probability theory and this is

followed here. A simple development, following that of The Analytical Sciences

Corporation (TASC, 1974), for estimating a variable (x) from its measurements (z) will

be used to illustrate the progression of estimation techniques.

Least Squares Estimation

Least squares estimation (or regression) is a popular approach, likely because it

requires no definition of statistical structures. Define an equation for the variable, x, and

some related measurements, z:

z = Hx + v_ 	 _ ,

where H is a transformation matrix (say to convert units, etc.) and v is a vector of errors_

(instrument precision, etc.). Solving for the error term and, (importantly) assuming a

quadratic form, we derive an error (or loss or objective) function:

(F-9)

--=

J = (z — Hx) T (z — Hx) .	 (F-10)
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This quadratic error function, J, can be minimized in classic calculus fashion by

taking the derivative with respect to x checking for positive definiteness of the second

derivative (it is), setting the result equal to zero, and solving for what is recognized as an

estimate of x:

4). = (HT H) l HT z
.LÏ	 \ = -

(F-11)

If H is the identity matrix, then the least squares estimate of x is simply the arithmetic

mean of the measurements.

The primary feature of least squares estimation is the assumption of a quadratic form

for the error, which leads to the name least squares. A quadratic form for error is a

useful mathematical norm, although it has the property of dramatically weighting

outliers. No assumptions need be made about the variable, the measurements, or the

errors (TASC, 1974).

Weighted (or Generalized) Least Squares Estimation

The next step beyond least squares estimation allows a weighting of the errors by

inserting a weighting matrix into the quadratic form of the error function:

J= (z— Hx) T R -1 (z— Hx) .	 (F-12)

The result of the classic calculus minimization gives the following estimate for x:
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(F-13)

The weighting matrix, R, is not explicitly defined, and can be an arbitrary weighting

scheme. All else is as was described above for least squares estimation (TASC, 1974).

Maximum Likelihood

Here the assumption is made that the errors, (z - 1-14 , are from a Gaussian (normal)

distribution, completely characterized by its mean and (co)variance. Maximum

likelihood looks for that estimate of x which maximizes the probability of the actual

observations while considering the statistical structure of the errors, p(zI x). For the

simple example considered thus far, the conditional pdf for the measurements given the

known variable values, p(z1x), is also the pdf of the errors about the model estimate,

Hx . The assumption of Gaussian errors and covariance in matrix form, R, allows the

writing of an exponential form for p(z I x) :

11
P(zlx)_ (2p)/21R11/2 expL— -2-(z — H1c)	 (z - Hx) (F-14) 

Maximizing the above equation is the same as minimizing the exponent which leads to

the same estimate of x as provided by weighted least squares estimation given above.

The contribution of maximum likelihood theory over weighted least square estimation is,

given knowledge (or assumed knowledge) of the error structure, the identity and
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properties of R in the weighted least squares estimate are revealed - it is the covariance=

matrix of the errors (TASC,1974).

Bayesian Estimation

If one takes another step beyond maximum likelihood and specifies that the variable

and the measurements are each Gaussian, then a battery of statistical tools can be brought

to bear for estimation. The prominent statistical tool is Bayes Theorem which states the

relationship of conditional probabilities:

p(z1x)p(x) 
p(xlz) — — — —

p(z)
(F-15)

p(z) is the pdf for the measurements and p(x) is the pdf of the variables before (so it is

called a priori) the application of Bayes Theorem.

The result of applying Bayes Theorem is p(xl z), the pdf for x, given the

conditioning effects of the measurements. Computing an estimate of x from p(xl z) is

involved, but the general minimum variance Bayes' estimate is the conditional mean

estimate:

it= f f... fx-p(xlz)dx 1 dx 2 ...dx n 	(F-16)
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which leads under the simplifying assumptions of Gaussian pdfs for both the variable

and the errors to the a posteriori (after conditioning) estimate of x:

jz = (13-1 ± HT R-1 Hyl HT T-s-iIt z- =0 - - - - - - (F-17)

where P is the covariance matrix for the variable before conditioning on the a priori
-0

measurements (TASC, 1974).

The Bayesian minimum variance, a posteriori estimator presented above simplifies

to the weighted least squares estimator if there is little or no prior information about the

variable or measurements. Further simplification to the least squares estimator occurs if

the errors are all uncorrelated and have equal variance (TASC, 1974).

Summary of Parameter Estimation Techniques

The simple example developed above was linear and the estimators are clearly seen

to simplify to linear operations on the measurements and, depending on the estimator, the

a priori pdf of the variable. What happens in the case of estimating parameters (just

additional variables) for groundwater models is that the relationship may not be linear.

That is, the variations in the parameters may not lead through linear combinations to

variations in simulated heads. In theory, this rules out use of Bayes Theorem for

practical groundwater flow problems unless they are sufficiently close to linear. This is

because the process of deriving the minimum variance Bayes estimate requires a joint
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Gaussian pdf for heads and parameters and a joint Gaussian pdf is a linear combination

of two Gaussian pdfs. However, McLaughlin and Townley (1996) note that the

maximum a posteriori method and the maximum likelihood estimator behave similarly

and both produce estimates close to the a priori mean.

Though it is less mathematically elegant than the Bayesian approach, the maximum

likelihood approach has the distinctive conceptual feature that it does not assume the

parameters are random (Carrera, 1984). A deterministic viewpoint is consistent with the

perspective of this work of exploring the idea of viewing hydraulic conductivity as the

result of a limited number of physical processes. The maximum likelihood approach

also allows uncertainty in the model, the measurements, and the prior estimates. A

stochastic component should be carried along in the estimation to address errors and the

differences between the scales of model cells, measurements and prior estimates. Thus,

the maximum likelihood approach views parameters as fixed, but unknown, and to be

derived by maximizing the probability of making the observations of head/flow and prior

estimates of hydraulic conductivity in the presence of uncertainty. This approach allows

the expansion of the role of physically-based, deterministic structure components and the

shrinking of the role of random, stochastic structure components.

Application of Maximum Likelihood to Parameter Estimation for
Groundwater Flow Models

Several investigators have applied maximum likelihood to groundwater flow

models. The reader is referred to recent critical reviews by: McLaughlin and Townley



390

(1996), Sun (1994), Ginn and Cushman (1990), Carrera (1987), and Yeh (1986).

Inspection of these reviews indicates that the mathematical basis and explanation of the

maximum likelihood method has changed little since Carrera and Neuman (1986a, b, c),

but resolution with the geostatistical formulations of the inverse problem has been

achieved. Two current implementations of the deterministic maximum likelihood

approach - Invert 4 (Carrera and Herredia, 1987) and MODFLOWP (Hill, 1992) - are

considered the current state of the science. The following development explains their

implementations in essence.

Maximum Likelihood Estimation of Groundwater Flow Parameters

In Carrera and Neuman (1986a), the parameters listed for the generic model -

K,Ss ,q ,q , ,H, and a - are seen to be discrete equivalents of the continuous

parameters of the natural geologic structures. They are spatially-averaged equivalent

values, defined for the particular computational cell (finite difference of finite element)

to which they are assigned, and for the flow conditions to be simulated. The discrete

model parameters can represent zones or groupings of cells. The set of these model

parameters is called the true parameters and is denoted as p. The set of prior estimates

of the true parameters (the subject of Appendix E) is denoted as p. The result of_

estimation based on both head measurements and prior estimates is a set of refined
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estimates denoted as P. Carrera and Neuman (1986a) refer to the differences between

prior estimates and true parameters ( p - p) as measurement errors. In that this work has_ _

found the differences between available hydraulic conductivity estimation techniques and

the equivalent values for structures in the taxonomy, these differences will be renamed

here the prior estimation and scaling errors. McLaughlin and Townley (1996) note that

this expansion on the idea of measurement errors is necessary to allow the maximum

likelihood estimator the latitude to find the true values. The differences between the

prior estimates and the estimated estimates ( p * - ) are referred to as the residuals._ _

Subtracting the residuals from the prior estimation and scaling errors, we obtain another

type of residual, which is the difference between the refined estimates and the true

parameters ( -p ).

The covariance matrix of the prior estimation and scaling errors for all parameter

types TO in essence provides for relative weighting of the various prior estimates. It is

built from block diagonal components for each parameter type j, (Ç), which in turn are

transformed to: C = o-2 V such that o- ,2 can be estimated prior to or at the same time as

conditioning, and V is a known symmetric positive-definite matrix. It is assumed that

the distributions of prior estimation and scaling errors of different parameter types are

statistically independent of one another. This does not mean that the parameter values

themselves are not correlated (McLaughlin and Townley, 1996). It is further assumed

that the distributions of prior estimation errors are Gaussian with zero mean.
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This structure for covariance allowed Carrera and others (1990, 1992) to generalize

this procedure to encompass the stochastic approach of Kitanidis and Vomvoris (1983) -

the spatial correlation structure of estimation errors derived from kriging is inserted, but

that approach will not be followed here.

The set of the discrete head values corresponding to the heads in the natural system

is called the true heads and is denoted as h. The set of observations of the true heads is

denoted as h*. The result of estimating based on both head observations and prior

estimates is a set of refined heads denoted as k . The differences between the

observations and the true heads ( h * - h) are typically referred to as measurement errors.

In this work, the consideration of scaling is also appropriate, and so these differences are

renamed measurement and scaling errors. The differences between the observations and

the refined heads ( h * - fi) are referred to as residuals. Subtracting the residuals from the

measurement and scaling errors, we obtain another type of residual, which is the

difference between the refined heads and the true heads ( i; - h ) .

The covariance matrix of the prior head errors, ( h), in essence provides for relative

weighting of the various head observations. Ch is transformed to: C h = 0" 121 V h such that

o-h2 can be estimated prior to or at the same time as conditioning, and V is a known
=--h

symmetric positive-definite matrix. It is assumed that the distribution of the

measurement and scaling errors is Gaussian with zero mean. Systematic spatial and
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temporal components of the prior head measurement errors are addressed in Carrera and

Neuman (1986a).

Flows can be addressed in a manner similar to that of heads. That is, measured flow

rates (e.g., springs, river discharges or losses, etc.) can be compared to simulated flow

rates. Measurement and scaling errors are associated with the flow measurements as

well.

The head (and flow) measurements and the prior parameter estimates can be

combined into a single vector: z * = (h * ,p * ) T . Statistical parameters, such as the

variance of the head errors can be estimated as parameters as well: 8 = ( OE h2 r ,...)

which can be appended to the vector of parameters to be estimated: fi= (p,0) 1 . The_ _ —

maximum likelihood approach is implemented at this point, parallel to our earlier, simple

example. Now we have variables to be estimated, )3, and measurements (and prior

estimates) to estimate with, z* . The likelihood of a set of parameters, given the

measurements and a specific model structure, is proportional to the conditional pdf of the

measurements given that the parameters are correct.

A quadratic objective function is defined as:

J=t1- h -FI	 ;	 (F-18a)

with components:
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394

(F-1 8b)

(F-18c)

where: J	 is the composite objective function;

is the head match objective function;

is the parameter match objective function for parameter i;

is the weight for the parameter match objective function J 1 ;

hobs 	is a vector of observed head values;

h' is a vector of head values simulated by the model;

V -1 	is the inverse of the head measurement and scaling error
=h

covariances;

P 
prior is a vector of prior estimates for parameter i;

esi	 is a vector of the current set of estimates for parameter i; and

17 -1 	is the inverse of the prior estimation and scaling error covariances

for parameter i.

The weight for the prior estimates can be thought of as a (magnitude) scaling

parameter comprising the ratio of the common error variances between heads and the

prior parameter estimates.
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The Covariance Matrix of Head (Flow) Measurement and Scaling Errors

This is a matrix of the (co)variances of errors for the head (flow) measurements. If

the measurement and scaling errors are independent, then the matrix is diagonal and

reflects the variance in each measurement from the true, spatially-averaged discrete

computational cell head. Carrera (1984) discusses many causes of head measurement

errors:

• model structure,

• unrecognized, high-frequency fluctuations,

• unresolved heterogeneity of hydraulic conductivity,

• numerical inaccuracies,

• incorrect sounding or surveying,

• inconsistent vertical averaging, and

• localized gradients due to pumping wells.

and concludes that their great number leads to them being Gaussian. The developments

of this dissertation in Chapter 5 lead to a more complete analysis of the errors arising

from scaling issues. That is, at a given scale, and at a given location, the sedimentary

depositional structure within the taxonomy can be used to evaluate the variance of a

water-level measurement in a well and the computational cell head. For example, the
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head measured in a well is different from the distribution of head in a realistic

sedimentary porous medium. This scaling variance therefore provides one approach to

addressing Carrera's (1984) heterogeneity in hydraulic conductivity and inconsistent

vertical averaging errors from a systematic basis.

The Covariance Matrix of Prior Estimation and Scaling Errors

As with the covariance matrix of head measurement and scaling errors, the

covariance matrix of prior estimation and scaling errors can benefit from evaluation

within the framework of a hypothesized sedimentary depositional structure. For

example, aquifer tests can be reanalyzed and selected as appropriate as prior estimates

for structures in the hydraulic conductivity zonation. If the aquifer test can only be

interpreted reliably after a time when it is averaging at a scale much larger than the

structure and associated hydraulic conductivity zone of interest, it may not be considered

as a prior estimate or may be given a large variance.

Minimizing the Objective Function

The objective function described in equation F-18 is the sum of squared, weighted

residuals. This is a measure of the estimation process. Other measures, not all of which

are also suitable objective functions, include:
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1 )	 Sum of Squared Residuals (SSR):I(h s„„i — hobs, 

2

1 	 2
2) Mean Squared "Error" (MSE):	 — h„b, , ,

n ,=,

1 v-in
3) Root Mean Squared "Error" (RMSE): — L (hsoo, — hobs,A, n )2

3) Mean Residual (MR): 
1
71.L ( h 11 — h0 b .) ,

i=1 

\--In
4) Mean Absolute Residual (MAR): 

1
—
n i= 1 

(km, — hobs ) 

5)	 Maximum Likelihood Criterion (for estimating natural log of transmissivity)

	J h 	Jin T (MLC or S): — 2 ln[L(/3 / z )1=
a2 62

	

h	 1n T

5) Akaike Information Criterion (AIC):

S + 2M, M = number of parameters estimated,

6) Modified Akaike Information Criterion (BIC):

S + Mln N ,N = number of measurements and prior estimates, and

7)	 Kashap Information Criterion (dm):
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S + M ln(N / 271-) +ln FM 'M = Fishers Information Matrix=     

See Carrera and Neuman (1986c) for a discussion of these criteria for measuring the

results of parameter estimation.

The estimated model input parameters are varied by a systematic rule and the change

in value of the objective function is tracked. A variety of techniques are available for

minimizing the objective function and they are discussed next. For each selection of

parameter values, the forward model is run, the resulting heads are compared to the

measurements, the selected parameters are compared to the prior parameter estimates,

and a single value of the objective function is calculated.

If a perfect model structure were employed with error-free measurements and error-

free prior parameter estimates, then there will be a set of parameter estimates which lead

to an objective function value of zero. In practice, the errors in model structure, head

measurements, and prior parameter estimates lead to non-zero minimum objective

function values (Sorooshian and Gupta, 1995). In some cases, a very complex

distribution of multiple minimum objective function value areas result (Duan and others,

1992).

The goal in practice then is to find the global minimum objective function value for

the set of parameter values that can be varied. This process of finding the global

minimum, while avoiding local minima, has been extensively pursued for practical



399

model applications in the field of surface hydrology (Sorooshian and Gupta, 1995).

Their findings have pertinence to the solution of the groundwater flow model

conditioning problem and are summarized below.

In one way, the groundwater flow model conditioning problem is not as difficult as

conditioning of conceptual rainfall-runoff models because groundwater flow models

rarely trigger abrupt parameter changes through exceedances of thresholds. In cases

where abrupt parameter changes occur in groundwater systems, recent advances from

rainfall-runoff modeling could provide solutions. A few situations in which abrupt

changes in groundwater systems develop would include: repeated dewatering and

resaturation of discrete layers, repeated conversions between confined and unconfined

conditions, etc.

Trial and Error

It is obvious that the model input parameter values can just be manually refined.

This method is called calibration, has been done extensively in the past, and is the

current method of choice for conditioning groundwater flow models on site-specific data.

Kruger (1961) describes this process thoroughly for the analogous problem of calibrating

a petroleum reservoir model. Kruger (1961) shows the process to be one of matching

gradients in selected areas by adjusting local k, and this is the process followed in

common groundwater practice. Examples of extensive trial and refinement calibrations
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for the Tucson basin include one in two dimensions, Travers and Mock (1984), and one

in three dimensions, Hanson and Benedict (1994).

In parallel to the conclusions of Sorooshian and Gupta (1995) about the value of

having an expert conduct the trial and refinement calibration of conceptual rainfall-

runoff models, it is also asserted here that an expert hydrogeologist (or team) familiar

with the site data can conduct a useful calibration. Such a calibration is enhanced and

speeded along by defining an objective function, tracking the objective function

throughout manual adjustments, making adjustments to parameters systematically

chosen, and carefully documenting each adjustment and the result. However, availability

and the labor cost of experts typically precludes their involvement in calibration.

Given the expected continuing reliance on manual calibration, Yeh and Mock (1996)

presented an approach for systematic modification of transmissivity (the product of

vertically averaged hydraulic conductivity and thickness) in a two-dimensional, steady-

state groundwater flow field. The approach calls for using the mean squared error for

heads at measurement points and a cross plot of measured versus simulated heads as a

measure of calibration and a guide to adjustments. A key insight comes from

recognizing that the mean square error is composed of variance and bias squared. Bias

comes from the incorrect bulk average transmissivity, variance comes from locally

incorrect transmissivities. The geometric mean of the prior transmissivity estimates is

input as a constant value for the domain and the boundary fluxes are adjusted to get the

correct total head drop through the system. At this point the cross-plot has an overall 45-
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degree slope, about which local variations spread. Local variations are removed by

adjusting the local transmissivities to get match local gradients. The process is likened to

one of unkinking a bent wire. By maintaining the correct overall gradient, the geometric

mean transmissivity (a measure of consistency with the prior transmissivity estimates) is

maintained. The application is illustrated by application to the Avra Valley Basin which

was also calibrated by inverse methods by Clifton (1981). This approach has not been

extended to transient calibration or three-dimensional domains. Presentation of final

calibration results for a three-dimensional model via the cross-plot is demonstrated by

Hanson and Benedict (1994).

As Carrera and Neuman (1986a) note: "[manual trial and error calibration] is

recognized to be labor intensive (therefore expensive), frustrating (and therefore often

left incomplete), and subjective (therefore biased and leading to results the quality of

which is difficult to evaluate)." With this in mind, many in the field of subsurface

hydrology have pursued more efficient methods of calibration. The contribution here is

in systematically defining zonation patterns and providing for expanded application of

methods presented by Carrera and Neuman (1986 a,b,c).

Optimization Methods

Optimization methods can be divided into two classes, following the discussions in

Sorooshian and Gupta (1995): local and global search techniques. The local techniques
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are routinely taught in systems engineering and related courses in optimization. The

global techniques are the subject of current research.

Local Search Methods: The local search methods can be divided into two groups: direct

and gradient. Direct methods use a selection of objective function values in the vicinity

and move in steps toward the lowest value. Gradient methods do the same but work with

the first or second derivative of the objective function surface to infer the best direction

of movement. Gradient methods are superior if the surface is smooth and continuous.

This is the case in many groundwater models. Of the gradient methods, the choices have

to do with the approximation of the second derivatives. The Gauss-Newton Method, as

modified by Marquardt, is a second-derivative gradient method currently preferred for

groundwater model calibration due its speed in finding the global minimum of complex

test cases (Hill, 1992; Carrera and others, 1990; Cooley, 1985).

Global Search Methods: The local search methods can be trapped in local minima or

against discontinuities and undefined derivatives. Since it was discovered that this was a

major problem in conceptual rainfall-runoff models, significant effort has been applied to

global search techniques in surface hydrology (Duan and others, 1992). Sorooshian and

Gupta (1995) divide the global methods into deterministic, random (stochastic), and

combination methods. An example of a deterministic approach would be to exhaustively



403

sample the feasible parameter spaces for the objective function and pick the smallest

value. If a small enough grid was selected, the global minimum would likely be found.

The random methods range from pure (like exhaustive sampling, but without a grid) to

adaptive methods which seek to shrink the feasible parameter space with each

application of random sampling. The results of research to date lead to a focus on

combination methods. The multistart method uses a local search method repeatedly

restarted at random locations in the feasible parameter space. The method is better than

pure or adaptive random methods, but still has difficulties with convergence. Duan and

others (1992) present the latest advancement, shuffled complex evolution, which builds

on the multistart idea, but uses the information gathered along the way more completely.

In summary, tools are available for addressing objective function surfaces with

sharp discontinuities and complex distributions of multiple local minima. Although

these problems are not expected to be present in most well-posed groundwater flow

model conditioning applications, these tools may prove useful if these problems need to

be addressed in a particular application. For most groundwater flow models, the Gauss-

Newton method works well because the objective function hypersurfaces are relatively

smooth.
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