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ABSTRACT

Spatial variation of hydraulic properties has been recognized as a dominant control on
fluid flow through natural porous media. One approach to quantifying the subsurface
variability inherent in geologic materials is geostatistical modeling. A variety of geostatistical,
or stochastic, models have been developed to represent heterogeneity. Each of the models is
based on a different mathematical formulation and result in different spatial patterns.
Ubiquitous tc “ie models are assumptions regarding the nature of the underlying probability
distribution and the correlation structure. One of the main difficulties in applying these
models is the lack of a rationale for choosing one over another based on physical evidence.
Another difficuity arises from the amount of data necessary to estimate the parameters.

Incorporation of geological information has been proposed as one method of providing
both ground truth to the geostatistical models and estimating the necessary parameters from
minimal data. The objective of this study was two-fold. The first objective was to obtain
intensive data sets of the spatial distribution of permeability and observed geological features
in a variety of geological settings then, second, to investigate the relationship between the
observed sedimentological characteristics and quantitative models of heterogeneity.

Three outcrop studies were conducted in deposits of different depositional
environments. At each site, permeability measurements were obtained with a lightweight,
sytuage-based, air-minipermeameter developed as part of this study. In addition, the
geological units were mapped with either surveying, photographs, or both. Geostatistical
analysis of the permeability data was performed to estimate the characteristics of the
probability distribution function and the spatial correlation structure. The information obtained
from the geological mapping was then compared with the results of the geostatistical analysis
for any relationships that may exist. |

The main field site was located in the Albuquerque Basin of central New Mexico at an

outcrop of the Pliocene-Pleistocene Sierra Ladrones Formation. The geologic framework of

ix




lithofacies and architectural elements were adopted for the mapping. Four principal
architectural elements were defined: 1) a high-energy channel element consisting of primarily
sand and gravel lithofacies; 2) a low-energy channel element consisting of prih1arily sand
lithofacies; 3) an overbank fine element consisting of sand, silt and clay lithofacies; and 4) a
paleosol element consisting of ancient soils with various parent materials. The architectural
elements were mapped over a 20 meter vertical section along approximately two kilometers of
outcrop and approximately 2,000 pérmeabih'ty measurements were obtained. Results of the
statistical analysis indicated that 1) the architectural elements exhibit different mean log-
permeability distributions that approximate a log-normal distribution; 2) the spatial .orrelation
structure exhibits at least two scales corresponding to the variability associated with the
assemblage of lithologic facies within architectural elements and the variability associated with
the assemblage of architectural elements; 3) at the lithofacies scale, the shape of the -
correlation function appears to coincide with the character of the internal fluvial bounding
surfaces; and 4) at the architectural-element scale, the correlation structure exhibits non-
orthogonal anisotropy that appears to coincide with the axis of deposition.

The second study was conducted on the walls of waste pits in alluvial fan deposits at
the Nevada Test Site. Approximately 500 permeability measurements were obtained from two
pit walls each approximately 50 meters wide by 10 meters high. The geologic units consisted
primarily of sheet flood and debris flow deposits. Results of the statlsncal analysis indicate
that: 1) the sheet flood and debris flow deposits exhibit different mean log-permeability; 2) the
variance of the log-permeability distribution wiwin the sheet flood and deoris flow units is
higher than the variance estimated from the lithofacies-scale studies at the main field site and
the combination of these two distributions results in a variance of log-permeability of
approximately 1.1; and 3) the correlation structure appears to exhibit two scales with
correlation lengths on the order of centimeters and meters, respectively.

The third study was conducted on an outcrop of an eolian deposit (Miocene) south of
Socorro, New Mexico. Approximately 200 permeability were obtained over an area

approximately 30 meters wide by five meters high. One type of facies (grain-fall) dominated




the outcrop resulting in a low variance of log-permeability. The estimated correlation
structure exhibited two distinct scales with correlation lengths on the order of centimeters and
meters, respectively. v

The results of the three studies were then used to construct a conceptual model
. relating depositional environment to geostatistical models of heterogeneity. The deposits
associated with a particular depositional environment are characterized geologically by the
occurrence and spatial assemblage of lithofacies and architectural elements. In the conceptual
model, the occurrence of lithofacies and architectural elements provides insight into the
“character of the underlying probability distribution, whereas the spatial assemblage of
lithofacies and architectural elements provides insight into the character of the spatial
correlation structure. The model presented is largely qualitative but provides a basis for
further hypothesis formulation and testing.

Inherent in the analysis of sedimentary deposits are the bounding surfaces that separate
hierarchical units (e.g. lithofacies and architectural elements). Results of the studies also

indicate that these bounding surfaces may provide a geologic framework for future theoretical

‘developments.




CHAPTER 1: INTRODUCTION

One of the major challenges facing hydrogeology today is that of groundwater
contamination. The migration of a contaminant plume is controlled by the mean groundwater
seepage velocity. Spatial variations in local groundwater velocities are associated with spatial
variations in hydraulic conductivity. This differential advection results in a mechanical mixing
known as macrodispersion. In general, macrodispersion is directly related to the
heterogeneities encountered by the migrating plume.

Understanding and predicting contaminant migration and disperéion requires an
understanding of subsurface heterogeneity at the scale of the contaminant plume. Spatial
variability of ' hydrologic properties results from spatial variability of geologic materials (e.g.
Lake et. al., 1991). Since geological materials of a particular aquifer are fixed, the
heterogeneity is deterministic. That is, at every location there is one value of hydraulic
conductivity.

However, obtaining the entire set of values is not feasible and a statistical
representation of heterogeneity is often employed. Such statistical representations of
heterogeneity provide a meéns of statistically characterizing contaminant plume evolution. In
essence, the lack of knowledge regarding the hydrologic properties in the subsurface translates
into uncertainty in the behavior of a contaminant plume. As the accuracy of subsurface
characterization increases, the ability to understand and predict contaminant plume behavior
increases.

Statistical models of subsurface heterogeneity are based on an assumption that
hydraulic conductivity at each location in space is a realization of a random process which
follows some probability distribution. In addition, the value of a realization at a given
location is statistically dependent on neighboring values. The distance over which the values
are statistically related is called the correlation length. Conceptually, this spatial correlation of
hydraulic conductivity corresponds to the relative homogeneity within lithologic facies.

Values of hydraulic conductivity separated by distances less than the average dimension of the
lithologic facies are statistically correlated, whereas those separated by distances exceeding the

average dimension of lithologic facies are uncorrelated.




A wide variety of statistical models have been proposed in the literature, each based
on different methods for generating spatially correlated random variables and each exhibiting
overall differences in appearance. The most common model is the multi-variate Gaussian
model which represents the hydraulic conductivity as a log-normal distribution at each
location, with a single scale of correlation. The spatial variation of hydraulic conductivity in
these models is continuous and relatively smooth. The primary benefit of such a
conceptualization is that the equations of flow and transport can be solved analytically (e.g.
Bakr et al., 1978; Gelhar and Axness, 1983). The disadvantages.of the multi-variate Gaussian
model are the tendency for regions of extreme (high and low) values to be isolated and
volumetrically under-represented (Journel and Alabert, 1988) and the inability to represent
abrupt spatial changes in hydraulic conductivity.

Multi-variate Gaussian models can also be used to represent multiple-scale
| heterogeneity. Several workers (e.g. Wheatcraft and Tyler, 1988; Hewitt and Behrens, 1990;
Neuman, 1990) have proposed that a fractal model may be more appropriate for geological
media. Fractal models of heterogeneity have the advantage of being amenable to theoretical
analysis. However, while geological features are known to occur at a variety of scales, the
degree to which they are self-similar has yet to be evaluated.

Burrough (1983a,b) assessed the applicability of the fractal model to represent the
spatial variation of soil properties along a one-dimensional transect, but preferred a nested
non-fractal model in which the finite number of correlation lengths correspond to the scales of
the dominant pedogenic processes. The non-fractal nested model (Burrough, 1983b) preserves
both abrupt (discrete) changes in soil properties at large scales and the gradual (continuous)
processes at small scales. Colarullo and Gutjahr (1991) have also proposed a multi-
dimensional discrete model of heterogeneity based on a Markov random field.

In addition to the numerous models developed for quantifying solute transport in
aquifers, petroleum researchers are also active in the development of statistical models of

geological heterogeneity. Haldorsen and Damsleth (1990) provide a comprehensive review of

the statistical models used to represent geological heterogeneity of petroleum reservoirs.




The proliferation of statistical models has proceeded much more rapidly than has the
accumulation of data necessary to evaluate the relationship between the models and actual
geologic deposits. Without such a relationship it is difficult to justify which statistical model
best represents heterogeneity in different geologic deposits.

The task of theoretically discriminating between statistical models based on subsurface
measurements of hydraulic condﬁctivity alone is arduous if not impossible. Similarly,
estimation of the hydraulic conductivity probability distribution and correlation length
generally requires hundreds of measurements at a given scale (e.g. Sudicky, 19876;7Réhf.eldt et
al, 1989; Rehfeldt and Gelhar, 1992). The costs and risks associated with sampling
contaminated aquifers are often prohibitive. Alternative methods for the discrimination
between, and the parameterization of, statistical models of heterogeneity would greatly
enhance our understanding of contaminant migration and our ability to effectively remediate
contaminated aquifers.

One such alternative method is the incorporation of geologic information. Geologic
information has long been used in the characterization of aquifer propertiecs. However, the
focus has generally been on problems of water supply and utilizing large-scale stratigraphic
relationships to estimate transmissivity (Phillips et al., 1989; Anderson, 1989).

In problems of groundwater contamination, the scale of interest is on the order of
meters to hundreds of meters. For clastic sedimentary deposits, this scale of geologic
variability generally falls under the purview of sedimentology. Sedimentological models of
depositional environment are based largely on the occurrence and spatial assemblage of
lithologic units. If lithologic information can be used to estimate hydrologic properties, then
"soft" information regarding the relative abundances and hydrologic properties of lithologic
units implies information for the estimation of suitable spatial distributions of hydraulic
conductivity in the subsurface.

For example, if the major depositional controls of an aquifer can be inferred from
paleogeographic information, limited on-site data, and analog outcrop studies, then the overall

sedimentological characteristics can be inferred from sedimentological models. The next step

would be to relate the information obtained from the sedimentological models to quantitative




models of heterogeneity.

Incorporating geologic information into the discrimination between models and
parameterization of the models should begin with a conceptual understanding relating
characteristics of sedimentological models with statistical models of heterogeneity. Initially,
primary effects such as depositional environment would be treated separately from the
secondary effects of diagenesis. Outcrop studies of geology and air-permeability provide the
most realistic source of two-and-three-dimensional information on geologic heterogeneity.

Several such outcrop studies have been conducted. Goggin et al. (1988a) conducted
an outcrop study of the eolian Jurassic Page Sandstone in northeastern Arizona and found that
the three primary types of stratification exhibit different mean permeabilities (Chandler et al.,
1989). Kittridge et al. (1989) studied heterogeneity in an outcrop of the carbonate Permian
San Andres Formation in southeastern New Mexico and found a wide range of permeability
exhibiting two different scales of correlation. In addition, variation in permeability did not
closely correspond to changes in bedding. Dreyer et al. (1990) studied heterogeneity in the
Middle Jurassic Ness Formation (Yorkshire, England) consisting of delta-plain distributary

sand bodies and found good correlation between permeability and lithologic facies.

OBJECTIVE

While each of these studies have contributed to the understanding of heterogeneity in
different depositional environments, a comprehensive analysis relating the spatial assemblage
of lithologic units to the overall statistical properties has not been performed.

The objective of this study was two-fold. The first objective was to obtain intensive
data sets of the spatial distribution of permeability and observed geological features in a
variety of geological settings, and then, second, to investigate the relationship between the

observed sedimentological characteristics and quantitative models of heterogeneity.

METHODS

In each of the outcrop studies, three main steps of analysis were employed to different




degrees. First a conceptual model of the depositional environment was developed using
paleogeographic information and previous studies in the area. Second, an accurate spatial
representation of the lithologic units and their hydrologic properties was obtained through
mapping and measurements, repsectively. Third, the mapped spatial representation of
lithologic units were combined with the permeability measurements to yield a relationship
between statistical characteristics of permeability and deposition processes.

The main study area is an outcrop of the Pliocene-Pleistocene Sierra Ladrones
Formation in the Albuquerque Basin of central New Mexico. Located west of Belen, New
Mexico, the Cejita Blanca escarpment exposes the fluvial deposits of the ances.sal Rio Grande
system. Erosion of the largely uncemented deposits has resulted in a badlands style
topography offering good three-dimensional exposure. Geologic mapping was conducted on a
two kilometer long by 20 meter high section of the outcrop. In situ air-permeability
measurements were taken for statistical characterization of heterogeneity.

Two outcrop studies in deposits of different geological origin were conducted to
complement the main study area. The first of these complimentary studies was conducted on
alluvial fan deposits at the Nevada Test Site, Nevada. In two existixig waste-disposal pits,
geologic mapping and air-permeability sampling was performed. In each pit, one wall was
studied, each approximately 50 meters wide and {10 meters high. Approximately 250
permeability measurements were obtained in each of the pits. The second complimentary
study was conducted on an outcrop of Miocene eolian deposits located on the Bosque del
Apache Wildlife Refuge south of Socorru, New Mexico. The excavation for the construction
of the highway and railroad provided good exposures about 20 meters wide and 10 meters
high. On one of these exposures, approximately 200 measurements of permeability were

obtained and the lithologic units mapped.

ORGANIZATION

This work contains the results of a large project involving several faculty and graduate

students at New Mexico Tech. A few words are in order regarding the contributions of the




various researchers. The dissertation is subdivided into five parts.

Following the introduction, Part II presents the general methodology developed for the
study of the main field site. Chapter 2 describes in detail the methodology developed for
mapping the main field site and the geostatistical methods adopted for this study. Chapter 3
describes the air-minipermeameter and is a paper currently "in press" in the journal Ground
Water (Davis et. al., 1994). The author and Principal Investigators Drs. John Wilson and Fred
Phillips are largely responsible for the work described. The circuitry design was developed
with the assistance of Mike Fort.

Part I'" >f the dissertation focuses on the main field site of the project, the Sierra
Ladrones Formation. Chapter 4 is a summary of the site geology and is an extension of the
geology presented in the Master's Theses of Davis (1990) and Lohmann (1992). The field
guidance of Dr. Duve Love throughout the project was invaluable in the development of the
methodology, geologic definitions, and mapping. The petrographic analysis was performed by
James Harris. The facies-scale heterogeneity studies described in Chapter 5 were conducted
by the author and Madeline Gotkowitz and are more fully described in Gotkowitz (1993). The
architectural-element scale heterogeneity study (Chapter 6) is from the paper published in the

Geological Society of America Bulletin (Davis et al., 1993) and is an extension of the work of

Lohmann (1992).

Part IV of the dissertation presents the results of the two other outcrop studies of
heterogeneity in different tyﬁes of deposits. The study of the alluvial fan deposits at the
Nevuda Test Site (Chapter 7) was conducted by the author through an arrangement with
Reynolds Electrical Engineering Company and Sandia National Laboratories. Appropriate
acknowledgements for the various aspects of the work are provided in the chapter and in
Davis (1992). The third study (Chapter 8) was conducted on an outcrop of eolian deposits

for additional comparison of heterogeneity styles in different depositional environments.

Madeline Gotkowitz assisted in the data collection.
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GENERAL METHODOLOGY




CHAPTER 2: GEOLOGIC MAPPING AND GEOSTATISTICAL ANALYSIS

INTRODUCTION

This chapter describes the geologic mapping methods employed for the study of the
main field site and the general methods of geostatistical analysis. The main field site for this
study is an outcrop of Pliocene-Pleistocene Sierra Ladrones Formation located along the Cejita
Blanca Escarpmcnt west-southwest of Bosque, New Mexico. Chapter 4 describes the site
location and geology in detail.

Early in the study, it was recognized that the déposits are on the order of one meter
thick and exhibit lateral continuity on the order of 100's of meters. Since one of the primary
objectives of this study was to quantify geological heterogeneity by detailed mapping, an
accurate and cost-effective spatial mapping technique was considered a primary concern.

Several possible methods for mapping were evaluated on their ability to provide high
resolution spatial data and their cost-effectiveness. In recent yéars highly sophisticated
equipment has become commercially available for measuring spétial structures and spatial
locations. Two recent technologies that were considered in some detail are non-topographic
photogrammetry and Global Positioning Systems.

Non-topographic photogrammetric methods can haver a high degree of resolution
(Karara, 1589). However, the data acquisition and reduction requires highiy sophisticated
cameras and computer facilities. This method was not considered to be cost-effective at the
time of this study.

Another relatively new technology with mapping applications is the Global
Positioning System (GPS). GPS antennae measure the simultaneous distance to four or more
satellites. From the combination of these distance measurements, the horizontal position of the

antenna on the earth's surface can be calculated to centimeter resolution. In general the

potential vertical resolution of GPS is or the order of one meter. The vertical resolution of




GPS is controlled by the resolution of the mathematical models for the surface of the earth
and associated earth-tides. For local studies, the vertical resolution can be enhanced by
differential measurements from a base antenna at a known (vertical) location. While GPS
currently allows for high-resolution spatial positioning, at the outset of this study the
availability of satellites in orbit limited the sampling window to approximately four hours per
day. In addition, the equipment with sufficient resolution was prohibitively bulky and
expensive. With the advancement of the technology, the size and cost of the necessary
equipment are being reduced. In the future, GPS may provide a powerful tool for the detailed
spatial mapping of ge. ogical features over a range of spatial scales.

For the main field site of this study, a combination of traditional mapping techniques
were employed to obtain the necessary accuracy and numbers of measurements. Traditional
surveying techniques were used to obtain spatially located measurements on the outcrop. U.S.
Geological Survey 7.5 minute topographic maps and aerial stereo-photo pairs were used to
assist in the construction of topographic base maps. The specific methods and emphasis
placed on the methods varied between the two mapping phases of the study.

Data reduction and graphical presentation were performed on a series of IBM
compatible PC's. Survey data reduction was performed with a spreadsheet program and maps
were generated using the GSMAP software package (Selner and Taylor, 1991a; 1991b) and

plotted on a large format (36" x 22") pen plotter.

'MAPPING
Phase I (August 1989-August 1991) |
The objective of the mapping during Phase I was to obtain the detailed spatial
assemblage of lithologic units encompassing a 400 : 400 meter peninsular protrusion of the
main escarpment. The map resulting from Phase | is presented inAChapter 6.
Mapping of Phase I was initiated on the outcrop face opposite of Outcrop I of Davis
(1990). The initial survey location was assigned a horizontal location of (0,0) and elevation of

4985 feet (1519.4 meters). The instrument azimuth at the initial station was zeroed




approximately to magnetic north. A Sokkia TM20H theodolite was used to measure relative
azimuth and true zenith angles. Distances were obtained by optical distance measurements via
instrument stadia and graduated staff. The stadia method in general is restricted to
approximately 100 meters for accurate readings. Heat shimmer prohibited accurate distance
measurements over 120 meters.

A network of survey locations was constructed by conducting a traverse of 22 survey
* stations from the initial survey location. At each survey station, the instrument was zeroed to
a previously surveyed station and 20-100 measurements were obtained on the outcrop.

Fifteen of the survey s:ations were established around the perimeter of the outcrop and seven
on the top of the outcrop. ~ The locations of significant geologic contacts, locations of scours
and pinchouts, and topographic features were measured and documented. A schematic
illustration of the survey network is presented in Figure 2.1.

The base map for Phase I was constructed by hand contouring the survey network data
(approximately 1000 locations). Ground photos and aerial stereo-photo pairs were used to
augment the survey data. The base map was digitized using GSMAP for later editing and
addition of geologic information.

Geologic mapping during Phase I was conducted by first transferring the geologic
contacts survey notes onto the base map. The surveyed geologic data served as a basis'for
field measurements and subsequent mapping. Stratigraphic sections were measured up the
outcrop face with a Jacob staff and level at approximately 30 meter horizontal intervals. The
measured section data was then transferred onto the base map using significant surveyed
lithologic units as control and occasional conditioning points. Mapping of Phase I was
completed by mapping the lithologic units between measured sections. Again survey
information was used to augment and constrain the locations of field observations. The
lithologic units on the map were then digitized as polygons for graphical representation and
quantitative analysis via GSMAP. A more detailed description of the Phase 1 mapping
methods is provided in Lohmann (1992).
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Figure 2.1 Illustration of survey campaign.
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‘Phase I (January 1991-August 1992)

Results of the mapping in Phase I were used to modify the mapping methodology of
Phase II. The principal finding driving the modification was that the lithologic units
generally persist for hundreds of meters in the horizontal direction. This suggested that 1)
horizontal resolution on the order of five meters was sufficient to capture the lateral variation,
and 2) distinct lithologic units could be used reliably as marker beds. The objective of Phase
Il was to extend the Phase I mapping exercise one kilometer to the south. The addition of a
Sokkia Red 2A electronic distance meter allowed for the accurate measurement of distances up
to one kilometer. This allowed the traverse technique employed in Phase I to be applied to a
much larger area without the constraint of the 120 meter maximum separation bétweén survey
stations. Also, in an effort to minimize the amount of survey data necessary, the U.S.
Geological Survey 7.5 minute topographic map of the area (Veguita Quadrangle, New Mexico:
N3430-W10645) was used in the construction of the base map.

The base map for Phase II was constructed by enlarging the 1:24000 topographic
quadfangle map to a scale of 1:1200. The steep topography contoured in 10 foot intervals
resulted in some discbntinuous contour lines on the published USGS map. Also, with the 20x
enlargement, the contour lines became very thick. To clarify topography, the enlarged
published contour lines were traced on mylar with a 0.5 millimeter pen. Contour lines were
inferred in locations where they were discontinuous on the published map. The series of
traced contour maps were then digitized on GSMAP for future modification and incorporation
of survey and geologic information.

Surveying for Phase II was initiated at a benchmark (BM-125-54) located just east of
the fence-line and west of Interstate 25 near the Socorro-Valencia County border. It is not
known whether or not this benchmark defines the county line. The instrument azimuth was
zeroed on a prominent hill approximately four kilometers north of the benchmark. The
azimuthal reference angle was then determined from the 7.5 minute published topographic
map.

The survey network established for Phase II was similar to that of Phase I (Figure

12




2.1). A traverse was conducted to the north along the base of the main escarpment. The
traverse resulted in eleven survey stations along the base of the escarpment and four on top.
The stations were numbered in the tens beginning with 40 and increasing to the north. When
several survey stations were located in similar north-south positions, the numbers increased by
one from west-to-east. As in Phase I, locations of geologic and topographic significance were
surveyed from the established survey stations. Surveying efforts focused on the lithologic
units used as marker beds and significant scours and pinchouts. In general, good agreement
was observed between published elevations and surveyed locations. The agreement was
particularly good where 1) the inferred location on the topographic map was 1.asonably easy
to identify, and 2) topography was relatively gentle.

The survey locations were directly imported into the digitized topographic map data
base (GSMAP). The digitized topographic lines and the survey location number and. elevation
were displayed on the screen in a common coordinate system. The survey data served as
conditioning criteria for the published, enlarged, digitized topographic data. The program
GSMEDIT of the GSMAP package allows the on-screen selection and editing of individual
points along a selected line. With this editing process, the topographic contour lines were
modified to fit the survey data. With few exceptions, points were not moved more than 7
horizontal meters. The exceptions occurred where the topography is the steepest and the
published contour lines exhibit the most error. In these regions, the density of survey data
collected was increased.

Three 60 x 90 centimeter base 1.aps were plotted at a scale of 1:685 for field
mapping. Survey locations were plotted with their respective identification numbers and
elevations. As in Phase I, the geologic significance of each survey location was transferred
onto the base map. Stratigraphic sections were measured with a Jacob staff and level at
approximately 100 meter intervals. This information was also transferred onto the base map.
The areas between the measured sections were mapped in the field by tracing contacts

laterally.
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GEOSTATISTICAL ANALYSIS

Geostatistics is the branch of statistics which studies and describes random variables
correlated in space and/or time. The reader is referred to one of the many textbooks on the
subject for a detailed discussion of the statistical measures (e.g. Journel and Euijbregts, 1978;
Cressie, 1991; Deutch and Journel, 1992) In the study of heterogeneity the random variable is
hydraulic conductivity, or as in this study, permeability. Geostatistical models of
heterogeneity represent the value of permeability at a given location as a realization of a
spatially correlated random variable. In most geostatistical models, the probability distribution
and the correl. “on structure of the random variable are estimated from spatially located data.

In this study, a log-normal probability distribution is the hypothesis the data is tested
against. The mean and variance of log-permeability are estimated from the data. Then the
cumulative probaudity for each measurement is estimated empirically and compared with the
theoretical normal distribution calculated with the estimated mean‘ and variance. The results
of the univariate analysis are presented on two graphs. The first graph of the pair is the
empirical cumulative distribution on probability scale. The second graph is a box plot of the
empirical cumulative distribution. An example of both of these graphs and the associated
definitions are given in Figure 2.2

The spatial correlation was estimated with the variogram estimator (Journel and
Huijbreghts, 1978). The variogram graphically expresses the dissimilarity between data values
as a function of separation distances in space. The variogram is estimated by calculating the
variaice of the differences of values that are separated by a certain lag distance. For example,
at lag zero, provided there is no measurement error, the differences of vﬂucs with themselves
are zero, resulting in zero variance. At small lags the differences become non-zero but remain
relatively small. As the separation distance increases, the differences between values and the
variance of those differences also increase. The range of a variogram refers to the separation
distance (lag) at and above which values of the variogram no longer increase. The sill of a
variogram refers to the maximum value of the variogram and, for a stationary process,

corresponds to the variance of the population. The variogram estimated from the data is
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Figure 2.2. Example presentation of univariate statistical analysis performed on data set in

this study.
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usually fit with a mathematical function that is referred to as the variogram mbdel. In this
study, the two models used most often are the exponential and "bell-shaped” variogram
models.

Geostatistical analysis in this project was performed with two published software
packages depending on the amount of data and the dimensionality of the data. For relatively
small one and two-dimensional data sets containing less than 200 points, the software package
Geo-EAS (Englund and Sparks, 1988) was used. Geo-EAS allows for the change of
parameters and model fitting through a series of on-screen menus. For larger data sets and
those with three spatia' coordinates, the variograms were calculated with the GSLIB software
package (Deutsch and Joumnel, 1992).

Both programs used to estimate the variogram employ a search window tor the pairing
of irregularly spaced data. For each lag class, &, a search window (Figure 2.3) is defined and
the data are grouped accordingly. In this study the search window was kept as narrow as
possible. ,

In addition to the geostatistical software, other programs served an important role in
the analysis of the spatial data. The programs TRIMAKE and TRIMAT (Macedonio and
Pareshi, 1991) were used for estimating topographic elevations on a rectangular grid from
digitized elevation contour data. The geologic maps constructed using GSMAP consist of
two-dimensional polygons, each representing a different lithologic unit. A rectangular grid of
points were then overlain on the polygon data and analyzed to determine in which polygon
each point lay. The PTPOLY program used for this was developed from the algorithm
described by Sedgewick (1990) and is documented by Lohmann (1992).
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CHAPTER 3: AIR-MINIPERMEAMETER'

INTRODUCTION

As the economic importance of groundwater quality becomes more pronounced, more
sophisticated models of flow and transport are necessary. Generally, these models require
abundant hydraulic conductivity data to estimate parameters for either spatial statistical models
or deterministic numerical models. Obtaining large numbers of hydraulic conductivity
measurements in the subsurface is often economically prohibitive. One method of
supplementing on-site subsurface measurements is to incorporate geologic information
obtained from studies of analogous geologic material exposed in outcrop.

One economical method for collecting large numbers of permeability measurements on
outcrops is by means of an air-mjnipefmeaxneter. In situ measurements of peniaeabi]jty in dry
material can be performed rapidly and economically when air is the fluid. When measuring
the hydraulic conductivity or permeability, two conditions must be satisfied. First, the
solution to the flow equation (Darcy's law) must be known for the particular flow geometry.
The second condition is an accurate knowledge of the applied pressure and the flow-rate
through the porous medium.

Eijpe and Weber (1971) developed one of the first air-minipermeameters capable of
quick and non-destructive permeability measurements on consolidated and unconsolidated
sands. Goggin et al. (1988a) performed an experimental and generalized theoretical analysis
of flow associated with a minipermeameter in which air is injected into an outcrop or core
plugs via a bored rubber stopper. The rubber stopper applicator is referred to as the tip seal
and allows for non-destructive, small-scale measurements of permeability. The boundary
conditions associated with the tip seal are shown in Figure 3.1. As in the case of Eijpe and
Weber (1971), Goggin et al. (1988a) utilized a compressed air tank as a source and measured
the pressure and flow rate with diaphragm gauges and rotameters, respectively. The device

described in Goggin et al. (1988a) consists of a 60 x 60 x 25 centimeter box housing the flow

'From, Davis, JM., J.L. Wilson, a.ﬁd F.M. Phillips, 1994, A portable air-minipermeameter for rapid in-situ field
measurements: Ground Water, in press. ‘
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Figure 3.1. Boundary conditions associated with tip seal design and schematic of flow lines.
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meters and pressure gauges and a large (scuba-size) compressed air tank (L.W. Lake, Univ.
Texas, Austin, personal commimication).

In studies to quantify the spatial distribution of permeability in outcrops analogous to
petroleum reservoirs, several outcrop studies have been conducted using the minipermeameter
of Goggin et al. (1988b) or a similar instrument. Goggin et al. (1988a) obtained several
thousand measurements of air-permeability on an outcrop of the eolian Page Sandstone
(Jurassic) in Northeastern Arizona. Using the same device Kittridge ét al. (1989) performed a
comparison of outcrop and subsurface permeability in the carbonate San Andres Formation
(Permian) of southeastern New Mexico. Dreyer et al. (1990) used a similar air
minipermeameter to assess the relationship between-depositional facies and permeability in the
delta-plain distributary channels of the Ravenscar Group (Jurassic) in Yorkshire, England. By
collecting large numbers of permeability measurements on an outcrop, these studies yielded
insight into the relationship between observed geologic features and geostatistical
characteristics of permeability heterogeneity in cemented sedimentary rocks typical of
petrolcum Teservoirs. |

In groundwater hydrology, however, aquifer sediments are often weakly lithified and
generally exhibit higher permeability than sedimentary rocks of petroleum reservoirs. In order
to prevent grain movement and excessively high flow rates, air-permeability measurements in
weakly lithified sedimentary deposits typical of aquifers require smaller applied pressures than
those used to measure lithified sedimentary rocks typical of petroleum reservoirs. In principle,
lower pressures could be achieved by simply changing the gas delivery regulators and
associated diaphragm gauges of the existing air-minipermeameters. However, a different
design is employed here to not only achieve lower applied pressures but also to greatly
increase the portability of the air-minipermeameter for use on steep and unstable slopes.

A mechanical pressure source was developed to replace the compressed air source.
The piston of a ground glass syringe falls steadily under its own gravitational force through
the syringe casing with negligible leakage between the syringe piston and casing. The falling

piston applies a small constant pressure and the flow rate is calculated by timing the rate the
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piston falls. Injecting air with the low-pressure glass syringe through a tip seal allows for the

calculation of permeability from the model of Goggin et al. (1988b).

PERMEAMETER DESIGN

The lightweight, syringe-based air-minipermeameter (LSAMP) described in this
chapter is presented schematically in Figure 3.2. The device consists of three main
components: a glass syringe which applies the pressure to the sample, a timing device which
measures the rate at which the syringe piston displaces a known volume, and a tip seal
through which air is injected into the outcrop.

The syringe component of our prototype device consists of a Becton-Dickenson® 100
cm? ground glass syringe which is ground further with 800-grit corundum. When the syringe
is oriented vertically, the syringe piston falls relatively freely through the casing due simply to
the gravitational force exerted on the piston. Some friction between the piston and casing is
present and can be quantified.

In order for the piston to fall steadily in the presence of the abundant dust and loose
sand typically encountered in the field, an air-filter is placed in-line to remove particulates
from the air drawn into the piston between measurements. At the upper end of the syringe, a
plastic bag is taped around the syringe casing with sufficient room for the piston to be drawn
up to its full extent. The plastic bag prevents particulate matter from falling into the top of
the syringe while ensuring that the top of the piston is exposed to atmospheric pressure.

The second component of the ... .AMP is the timing circuit. The volumetric flow rate
is measured by timing the rate at which the piston passes two known locations on the syringe.
Knowledge of the volume displaced and the time required allows calculation of the flow-rate.
The timing circuit consists of two pairs of light sensors affixed to the inside of the instrument
and straddling the syringe. The sensors are wired to a stopwatch through the circuit board.
As the piston passes the first set of sensors, a signal is sent to start the stopwatch. Then, as
the piston passes the second set of sensors, another signal is sent to stop the stopwatch. The

specifics of the prototype device circuitry are described in detail in Appendix A.
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Figure 3.2. Schematic diagram of air-minipemmeameter. 1. 100cc ground glass syringe; 2.
photo-sensors; 3. circuit board; 4. stopwatch; 5. reset button; 6. on/off switch; 7. tip seal

assembly; 7a. foam rubber with 0.03 cm ID grommet; 7b. #6 mubber stopper; 7c. quick
disconnect. -
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The third main component of the LSAMP is the tip seal. The tip seal (Figure 3.2; part
#7) is the means of applying the air to the sample surface. The tip seal of the prototype
device is designed specifically for weakly lithified sands. First, in order to obtain a no-flow
boundary along the annulus of the seal, a soft foam-rubber pad approximately five millimeters
thick is adhered to the base of the rubber stopper. The foam rubber pad readily conforms to
the sandy surface. A 0.66 centimeter diameter brass grommet is placed in the center of the
foam rubber pad to ensure a circular orifice of fixed radius while sampling. Second, the
rubber stopper used is larger in diameter (No. 6) than those previously applied in sampling
consolidated rocks; the increased diameter distributes the application force over a lar-er
surface preventing penetration of the tip seal annudus into the sample material. A
quick-disconnect fitting connects the tip seal to the permeameter via 0.64 centimeter (1/4 inch)
flexible tubing.

The glass syringe and circuitry are encased in a 12.7 x 15.2 x 23 centimeter (5 x 6 x 9
inch) box with a total weight of approximately two kilograms. The length of the tubing to the
tip seal is one meter. Measurements of permeability are obtained by orienting the device (i.e.
the syringe) vertically with a bubble level, extending the syringe piston, placing the tip seal to
the outcrop, releasing the piston, and recording the time measured to displace the fixed
volume. The measured time is used to calculate the volumetric flow-rate and the applied
pressure. For example, with our prototype device measured times of 60.0 and 0.75 seconds
correspond to permeabilities of 0.5 and 200 darcys, respectively. The LSAMP differs from
other field permeameters in that it is an entirei;, self contained apparatus dzsigned for a single
user. The LSAMP can either be placed on a four-legged stand or suspended from a neck-

strap.

CALIBRATION AND ANALYSIS
According to Goggin et al. (1988b), the permeability for the tip seal flow geometry is

obtained from:
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aG,(b,) (P{-PD)

Where: k= Permeability [m?]

u= Viscosity of air [Pa's]

g= Volumetric flow rate [m?/s]

P =Pressure applied at tip seal/outcrop interface [Pa]

P,=Atmospheric pressure [Pa]

a= Radius of tip seal orifice [m]

G,(bp)=Geometric factor [dimensionless]

by=dimensionless tip seal radius (b/a) [dimensionless]
b=outer radius of tip seal [m]
a=inner radius of tip seal [m]

To calculate permeability, the applied pressure, flow-rate, and geometrical factor must
be known. The value of the geometrical factor is govemcd_by the relative dimensioné of the
tip seal. Goggin et al. (1988b) present theoretical geometrical factors for a range of
dimensionless tip seal radii. For the prototype device, the dimensionless radius is 3.5 and the
associated geometrical factor is estimated to be 4.5. The tip-seal injection pressure, P,, is
governed by static forces acting on the piston, atmospheric pressure, and pressure losses
resulting from flow through the instrument. The mechanical force acting on the piston is the
gravitational force (F=mg) minus the frictional resistance force exerted on the piston by the
syringe casing. The pressure losses resulting from flo; through the instrument are due
primarily to the in-liae air-filter and the tip-seal assemblage. Since Equation (1) contains a
difference of squared pressures it is necessary to use absolute pressure. As such, atmospheric
pressure makes a direct additive contribution to the tip-seal injection pressure. All of these
eﬁ'ects must be accounted for in the calculation of applied tip-seal injection pressure.

The pressure, in pascals, resulting from the gravitational force is calculated as:

p - _m | (3.2)
A
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Where: m=Mass of piston [kg]
g=GCravitational acceleration [m/s?]
A=Area of piston [m?]

The mechanical friction and pressure loss across the in-line air-filter and tip-seal assemblage
require experimental analysis. The laboratory experimental setup for the analysis of the
instrument effects consisted of (1) the air-minipermeameter, (2) a set of standards, (3) a 0-9
kilopascal pressure transducer, and (4) a microcomputer equipped with an analog-to-digital
data acquisition board.

As shown in Figure 3.3, the pressure transducer was placed first in between the nipple
of the syringe and the air-filter. The pressure measured at this location was used to calculate

the frictional force acting on the éyringe piston. That is, the resultant pressure (F/A) is the
difference between the gravitational force and the frictional force, divided by the area of the
syringe. The mechanical friction in the syringe can be modeled as lubricated friction, which

is proportional to some fixed power of the velocity (Symon, 1971):
F,.=p v*" (3.3)

where F; is the frictional force {N], v=¢/4 is the velocity [m/s], and B and » are empirical
coefficients. For each measurement, the frictional force is plotted against the velocity of the
piston (Figure 3.4). The coefficient of friction, B, for the quadratic model (n=2) was
determined to be 140 [N-s%/m?] by performing a least squares fit to the experimental data.
Incidentally, pressurc losses through the oriﬁcé at the bottom of the syringe are implicitly
accounted for in the friction model.
Similarly, the pressure loss resulting from flow through the in-line air-filter and tip-

- seal assemblage is a function of the rate at which the piston falls. Figure 3.5 presents the
pressure drop across the air filter as a function of flow-rate. A linear model is used to account

for this pressure loss:

AP 34)

xg - b
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Figure 3.3. Illustration of pressure loss due to mechanical friction and flow through the

instrument. Ports (1) and (2) comrespond to pressure measurement locations in the estimation
of a and B.
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Figure 3.4. Experimental plot of frictional force versus velocity for estimation of B. Curve
represents fitted quadratic model.
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Figure 3.5. Experimental plot of AP versus flow rate for the estimation of o. Line represents
fitted linear model.




The coefficient of resistance, a, was estimated via a least squares analysis to be 8.3x10°
[Pa:s/m®]). The coefficient b is a threshold pressure required to induce flow through the

system and is estimated to be 50 [Pa].

For both sources of resistance, the applied pressure is a function of the rate at which
the piston falls. The flow-rate is measured directly by the timing circuitry enabling the
calculation of applied pressure for each measurement. For the prototype device, the applied

pressure in (1) is modeled by:

P,=P,+P, (33

P, is atmospheric pressure and P, is the net pressure due to mechanical forces and pressure

losses, and
2
P"—ig_Ff_.Ap='Zg..P_V__aq+b 3.6)

Both the net pressure and the permeability depend on the rate at which the piston passes a
known volume. For the prototype device, the net pressure and permeability [from equation
(3.1)] are plotted against time (Figure 3.6). The high degree of sensitivity at small times is a
function of the inverse relationship between flow-rate and measured time and the quadratic
behavior of frictional losses at high velocity (small displacement time). The approximate
range of times which offer optimal sensitivity are those greater than 1.0 and less than 60
seconds. For the prototype design, this range of measured times translates into a permeability
range of 200 and 0.87 darcys, respectively. The range of permeability is a function of the
prototype device dimensions and piston mass. Different designs can yield different ranges by
changing the various dimensions of the device and utilizing equations (3.1) - (3.6).

All of the parameters necessary for the calculation of permeability involve the
measurement of the time to displace a known volume of the syringe. For highly permeable

materials, calculations are extremely sensitive to the measured time. For the prototype device,
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the volume between the photo sensors was measured by two means. First, the area of the
piston was multiplied by the distance the piston moved between the starting and stopping of
the clock. An independent measurement of the volume was obtained by filling the syringe
with water and measuring the amount of water displaced between the starting and stopping the
clock. Both measurement techniques yield a volume of 55 cm’®, and the accuracy of the
timing device was assessed by measuring the flow rate through a rotameter (calibrated with a
soap bubble technique) for displacement times between 1 and 11 seconds. The results are
presented in Figure 3.7 and indicate that the volumetric flow rate calculated from the piston
displacement time tends to slightly underestimate flow rates. This could be a resul* of either
error in the rotameter calibration or a slight timing error. However, for all practical purposes
the timing of the piston provides an adequate measure of the volumetric flow rate.

The small time required for the piston to displace the fixed volume of air also 1aises
questions regarding the validity of the steady-state assumptions implicit in equations (3.1) -
(3.6). The flow rate was observed to reach a constant level very rapidly in the rotameter
measurements described above. An additional experiment was conducted to measure the
transient pressure response of the prototype device. The results are presented in Figure 3.8.
In each of the four measurements, the piston displaces the same volume. The time duration
(width) of each measurement is then inversely proportional to the piston velocity. The
pressure curves illustrate that the pressure reaches a fairly constant level quite rapidly and that
the net pressure is a function of velocity. For the prototype device, a volume of approximately
- 45 cm® is displaced before the piston passes tic first set of sensors to miimize the effects of

Initial transient conditions.

Calibration

The LSAMP is calibrated by comparing permeability values obtained with the LSAMP
to measurements obtained with conventional methods. In order to maintain consistency in a
variety of experiments, a set of laboratory fabricated sandstones were used as standards. The

sandstones were fabricated by mixing sand of different grain size with a cementing agent and
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Figure 3.7. Plot of flow rate measured with rotameter versus flow rate measured with timing
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packing the mixture in 100 cm’ stainless steel cylindrical rings (five centimeters in diameter
and five centimeters long). One set of 16 standards was fabricated using a low viscosity
epoxy as a cementing agent. For each standard, sand and epoxy were mixed thoroughly
together so that just enough epoxy was present to coat the grains. The sand-epoxy mixture
was then packed into a ring in four to five lifts, tamping the mixture after each lift. The
minimum permeability of standards fabricated by the epoxy method was five darcys. In order
to fabricate standards with a lower permeability, plaster of Paris (powdered anhydrite) was
used as the cementing agent for a set of four additional standards. The anhydrite was mixed
with the sand and tamrped into the rings dry. Screened caps were then placed on the bottom
of the rings, and the rings placed in approximately-one centimeter of standing water.
Capillary forces were allowed to draw interstitial water into the samples. The moistened
sediment filled rings wcre then oven-dried. A total of 20 standards were fabricated and were
used throughout the calibration process.

One-dimensional air-permeability of the fabricated standards was measured with a
laboratory device following the ASTM D4525 method. The experimental set-up is shown in
Figure 3.9 and consisted of a drying tube, a low-pressure regulator, rotameters to measure
air-flow-rate, and a pressure transducer. A plexiglass cap was constructed to fit over one end
of the five centimeter diameter standards. Depending on the permeability of the standard, five
to twenty different air-flow rates were used on each standard. Fbr each air-flow-rate the
applied pressure was measured with the pressure transducer, and the one-dimensional
permeability was calculated in the standard way. In general, for higher permeability standards,
fewer flow rates were measured, since the maximum flow rate (65 cm?/s) of .the rotameters
was exceeded.

Air-permeability was also measured at each end of the standards with the lightweight,
syringe-based, air-minipermeameter (LSAMP). The results of this calibration are shown in
Figure 3.10. The permeability measure at each end of the standards generally brackets the
one-dimensional average permeability. The lack of a well defined correlation results primarily

from the heterogeneity of the packed standards. According to the analysis of Goggin et al.
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(1988b), the volume of investigation is a hemisphere with a radius approximately four times
the internal tip seal radius. For the prototype device, the volume of investigation is

~ approximately 7.4 cm’. The one-dimensional measurements, on the other hand, represent the
permeability of the 100 cm? soil ring standards. The scale effect due to the different volumes
is believed to greatly affect the correlation between the two methods of measuring
permeability.

A second calibration experiment was conducted to compare permeability measured
with the LSAMP to measurements obtained with a traditional continuous-flow air-
minipermeameter (CFAMP) using the same tip seal. While permeability me. ured with the
CFAMP is not a well estabiished standard, the accuracy of a similar device has been
documented in the works of Goggin et al. (1988a,b), Kittridge et al. (1989), and Dreyer et al.
(1990). This approach ensures that both methods (LSAMP and CFAMP) are measuring the
same volume of porous media. Results of the second calibration experiment are shown in
Figure 3.11. This calibration approach results in a much stronger correlation.

Two types of non-Darcy flow phenomenon have been documented in air-
minipermeameters. First, gas slippage must be considered when the mean free path of the
gas is comparable to the pore size (Katz and Lee, 1990). Gas slippage in tight formations
results in an overestimation of permeability. This phenomenon is considered negligible for the
prototype device on two counts. First, permeabilities are not over-estimated and the mean |
free path of air at atmospheric pressure is on the order of 10 meters (Adamson, 1979) while
the pore size of the materials sampled _. on the order of 10 meters. Second, high velocity
non-Darcy flow effects result in additional pressure losses and an underestimation of
permeability. Traditionally, the Reynold's number is used to assess the importance of high
velocity flow effects. Based on experimental observations in one-dimensional cores, Darcy's
Law is valid for Reynold’s numbers not exceeding a value between 1 and 10 (Bear, 1972).
Since the flow geometry in the porous media resulting from the tip seal is three-dimensional
(hemispherical), the applicability of the one-to-ten rule is qﬁestionable. In fact, since the

seepage velocity decreases proportional to the radius squared, it is possible that for diverging
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flow conditions Darcy’s Law may be applicable for apparent Reynold's numbers greater than
ten. For the data presented in Figure 3.10, the Reynold's numbers for the one-dimensional
measurements are consistently less than one. The Reynold's numbers near the tip seal for the
corresponding LSAMP measurements range between 0.5 and 200, with the highest Reynold's
numbers corresponding with the highest permeabilities. For permeabilities above 200 darcys,
the LSAMP measurements appear to consistently under-estimate the one-dimensional
permeabilities (Figure 3.10). Since this is near the upper end of the LSAMP measuring range,
the significance of high velocity flow effects compared to other sources of measurement error
is unclear.

In general, permeability measurements obtained with the LSAMP agree well with ‘
traditional one-dimensional permeability measurements and permeability measured with a
traditional continuous flow air-minipermeameter. Effects of gas slippage are not obsery:d and
are not expected to be significant. Minor high velocity flow effects may be presenf for the
highest permeabilities but further research is required on the limits of Darcy's law under the

prescribed flow geometry.

Moisture Content

The presence of interstitial liquids reduces air permeability. An experiment was
conducted to assess the measurement error aésociated with water saturation. Four epoxy-
sandstone blocks (apprbximatcly 15 x 10 x 4 centimeters) were fabricated in the same manner
as the columns described above. On each blo.!: permeability measureme:ts were made at
locations approximately 2.5 centimeters apart. The blocks were wetted by partially
submersing them in approximately two centimeters of standing water. The wetted blocks were
then set on a rack and allowed to gravity drain. The blocks were dried in steps. Drying was
achieved by placing the blocks in a 90 degrees celsius oven for 20 to 30 minutes. After each
heating period, the blocks were allowed to cool to room temperature. Permeability
measurements were taken at one of the previously measured locations after each drying step.

The use of multiple locations per block ensured against preferential drying at the measurement
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point. The mass of the blocks was also measured at each drying step to calculate the
gravimetric moisture content, w. Volumetric water content for each drying step was calculated

by:

PLL (.8)

Where: p°,=Dry bulk density of the block
p= Density of water
w = QGravimetric moisture content.

The percent error in permeability ([ kyy-Kuel/kyy ) is plotted against the moisture
content in Figure 3.12. The results indicate that when the volumetric water content is less

than five percent, the measurement error is also less than five percent.

Performance Assessment , ‘

Performance of the LSAMP was assessed by statistically analyzing the
repeatability of the instrument under laboratory conditions and the reproducibility of
measurements made under both field and laboratory conditions. First, triplicate measurements
under laboratory conditions were made on each end of 19 standard cores. The results of a
one-way analysis of variance (ANOVA) of the measurements is presented in Table 3.1. For
the number of degrees of freedom shown in Table 3.1, the critical F value is 2.1 (1% level of
significance). The large F value obtained for both the original data and the logarithm-
transformed déta is a clear indication that the variability associated with measurement error is
much less than the variability of the core permeabilities. |

‘Since the LSAMP is primarily designed for use in the field, it is also desirable to
assess if the calibration results are portable to the field. Two of the standard cores used in

calibration were measured répeatedly under field and laboratory conditions. In conjunction
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Table 3.1. Summary of one-way ANOVA on triplicate measurements at each end
of 19 standard cores performed under laboratory conditions.

‘ Data Source of Variation Sum of Degrees of Mean F value
Squares Freedom Square
Original Among Samples 94478 37 , 2553
Data Within Replicates 108 76 1.42 1792
Total Variation 94586 113 | 837
Logarithmic Among Samples 18.3 37 0.50
Data Within Replicates 001 | - 76 1.87x10* 2655
Total Variation 18.3 113 0.16

with an outcrop study of heterogeneity, twenty-two field LSAMP measurements of two
standard cores were obtained at various times of day over a périod of several days.
Temperatures in the field ranged from 27 to 38 degrees celsius, and winds varied from 0 to 30
kilometers per hour. Twenty-two measurements of permeability were also obtained for the
two standard cores under laboratory conditions. »

The means and standard deviations of the permeability measurements under field and
laboratory conditions for each standard are presented in Table 3.2. The standard deviations of
the measurements under field conditions is higher than those obtained under laboratory
conditions. This is interpreted as resulting from more variable sampling conditions in the
field. To test the hypothesis that the sample populations have different means, a t-test was
employed. Since the sample populations have different standard deviations, the results of the
t-test can only be considered approximate. The results of the t-test are presented in Table 3.2.
For Standard 1, the hypothesis that the populations have different means can be rejected at the

10% significance level. For Standard 2, the mean field and laboratory permeability values are

248 and 296 darcys, respectively.




Table 3.2. Statistical summary of repeated measurements on sandstone cores under
laboratory and field conditions. Values are in darcys.

Conditions STD 1 STD 2
1] c cv n c Ccv
Original Field 17.89 1.38 0.08 2483 50.6 0.20 i
Data Laboratory 17.91 0.41 0.02 | 296.0 371 0.12 !
t- values 0.07 3.57
Natural-log Field 2.87 0.09 0.03 5.47 0.23 0.04
Data Laboratory | 2.87 0.02 0.01 568 0.12 0.02
t-values 0.00 3.26 "

The hypothesis that populations have different means cannot be rejected. From the
calibration analysis, we appear to be near the upper LSAMP measuring range. The coefficient
of variation however remains small under field conditions indicating that LSAMP
measurements are relatively repeatable. It is possible that the field performance of the

LSAMP could be further improved by correcting for temperature effects on viscosity.

CONCLUSIONS

The lightweight, syringe-based, air-minipermeameter (LSAMP) was developed for the
rapid, non-destructive, in situ measurement of permeability in weakly lithified materials. For
the prototype device, the syringe delivers accurately measurable pressures between 500 and
1250 pascals (0.07-0.2 psig). Such low pressures are necessary in weakly lithified, highly
permeable sediments to minimize grain movement and high velocity flow effects. For studies
conducted in rugged terrain, the increased portability of the LSAMP is of particular
importance. The prototype device described in this paper measures permeability in the 0.5 to
200 darcy range.

Permeability measurements obtained with the LSAMP compare well with both one-

dimensional core permeability measurements and traditional continuous flow air-
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minipermeameter measurements. Under-estimation of permeability at the upper end of the
measurement range may result from high velocity flow effects. Further work is needed to
quantify the Reynold's number threshold at which flow deviates from Darcy's law under the
prescribed flow geometry. If high velocity flow effects are significant, a numerical solution of
Forcheimer's equation is a means to estimate permeability. Moisture content is found to play
a significant role. However, for volumetric moisture contents less than five percent, the
associated permeability measurement error is less than five percent. Analysis of measurement
error under laboratory conditions indicates that the variability associated with instrument error
is much less than the variability over the range of permeabilities measured. A slight increase
in measurement error is expected and observed under field conditions. This increase is more
pronounced for the upper end of the measurable range but remains at an acceptable level.
Further refinement and modification of the LSAMP design should further cnhancé the ébility
to collect large numbers of quantitative permeability measurements for the study of geologic

heterogeneity.




PART III

SIERRA LADRONES STUDY
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CHAPTER 4: SITE GEOLOGY-

INTRODUCTION =

An outcrop of the Pliocene-Pleistocene Sierra Ladrones Formation in the Albuquerque
Basin of central New Mexico wés the main field site of this study. The overall objective of
this study was to develop a better understanding of how the sedimentological relationship
between depositional processes and‘depositional products can be used to statistically
characterize the spatial distribution of permeability. Three main steps of analysis were
necessary. | _

First it was necessary to understand as well as possible the depositional environment.
This information was obtained largely from previous regional studies and detailed outcrop
studies and is the tocus of this chapter. The second step was to obtain an accurate spatial
representation of the geology and permeability (Chapters 5 and 6). This was accomplished
through mapping of lithologic units and quantitative measurements of permeability,
respectively. Then by combining the spatial representation of lithologic units with the
measured permeability, the relationship between statistical properties and depositional
processes can be obtained.

This chapter 1) defines the architectural elements of the Cejita Blanca cscarpmeﬁt, 2)
provides a limited interpretation of the depositional environment based on a 1.25 kilometer
cross section through an intensively mapped region, and 3) formulates several hypotheses

regarding the implications of the observations on general basin fill processes.

GEOLOGIC SETTING

The Albuquerque Basin is located in the central portion of New Mexico. The basin is
approximately 100 kilometers long and 30 - 50 kilometers wide. It is bounded to the west by
the Lucero and Ladron uplifts, to the north by the San Felipe fault belt, to the east by the
Sandia-Manzano-Los Pinos uplift, and to the south by the Joyita uplift and the Socorro

2Davis, JM., D.W. Love, R.C. Lohmann, and J.S. Harris, Architectural-element ahalysis of the Sierra Ladrones
Formation, paper in prep. for submission to New Mexico Geology.
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Constriction. Structurally, the Albuquerque Basin is one of several en echelon basins
resulting from extension of the Rio Grande Rift.

Two major episodes of rifting appear to have opened the basin to its current structural
configuration (Chapin, 1989; Russell and May, 1992). The first episode occurred between the
late Oligocene (30 Ma) and the early Miocene (18 Ma), and the second in the late Miocene
(10 - 5 Ma). Seismic reflection data indicate that the basin is composed of a series of half
grabens dipping eastward in the northern half of the basin and westward in the southern half
(Russell and May, 1992). During the early stages of rifting, the Albuquerque Basin was a
part of a series of closed internally drained bolsons. Sedimentation within these bolsons
resulted in playa deposits in the central portions of the basins and alluvial fans adjacent to the
tectonically active surrounding mountains.

Between 10 and 5 Ma, an increase in tectonic activity resulted in an increase in . ie
rate of sedimentation (Lozinsky, 1988). As a result, the separate closed basins filled and
coalesced into a single basin. At approximately 5 Ma, the ancestral Rio Grande integrated its
drainage to southern New Mexico (Lozinsky et al., 1991). This shift in drainage caused fluvial
deposition to replace playa deposition throughout the Albuquerque Basin.

Basin aggradation ceased between approximately 0.5 and 1 Ma (Lozinsky et al., 1991)
and the Rio Grande and its tributaries began to entrench. This entrenchment left a large
portion of ‘ the basin fill isolated from deposition or erosion, thereby creating a broad flat
geomorphic surface known as the Llano de Albuquerque. Subsequent incision of the fluvial
system has dissected the Llano de Albuquerque revealing extensive outcroos of the upper

basin fill. Just north of the confluence of the modern Rio Grande and Rio Puerco are the Ceja

del Rio Puerco and Cejita Blanca escarpments (Figure 4.1).

Previous Work

The basin fill deposits of the Albuquerque Basin have been studied since the early
1930's (e.g. Bryan and McCann, 1937; Bryan, 1938; Denny, 1940; Wright, 1946, and Stearns,

1953). The Albuquerque Basin fill was collectively known as the Santa Fe Formation (Bryan,
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Figure 4.1. General location map. The field site is located on the Cejita Blanca escarpment




1938) until 1963 when Baldwin formally proposed the Santa Fe be raised to the group status
(Spiegel and Baldwin, 1963).

Machette (1978) subdivided the Santa Fe Group within the Central Albuquerque Basin
into the lower Popotosa Formation and the upper Sierra Ladrones Formation. The Popotosa
records deposition beginning in late Oligocene and throughout the Miocene and consists of the
playa deposits interfingered with alluvial fan and eolian sediments. The Sierra Ladrones
records the infilling of the Albuquerque Basin with alluvial fan and fluvial sediments between
the uppermbst Oligocene and the middle Pleistocene (5 to 0.5 Ma)‘.

Several studies have been carried out which describe the lithologic facies present
within the Sierra Ladrones Formation exposed in the Ceja del Rio Puerco and the Cejita
Blanca. Young (1982) studied the stratigraphy and sedimentology of the Sierra Ladrones
Formation exposed in the Ceja del Rio Puerco. Young (1982) recognized the prcsencé of both
alluvial fan and fluvial lithofacies. The presence of obsidian derived from the Grants Ridge
area (Kerr and Wilcox, 1963) coupled with Young's paleocurrent measurements led him to
conclude that the sediments were derived from the northwest, outside of the Albuquerque
basin. The ancestral Rio San Jose drained the Grants Ridge area to the Rio Puerco and Rio
Grande.

Lozinsky (1988) measured three vertical sections of exposed Sierra Ladrones
Formation in the south-central Albuquerque Basin, one of which was located on the east-
facing Cejita Blanca cscarpment near Belen, New Mexico. Lozinsky (1988) noted the
presence of paleosols within this section, as well as the presence of a Grants obsidian cobble
in the upper 20 meters of the section. Based on the observed lithologies and petrographic
analysis of thin sections of samples from these sections, Lozinsky (1988) concluded that the
Belen section sediments were deposited by a large and complex fluvial system, this system

most likely being the Rio Puerco/San Jose fluvial system.

Study Site
The field site for this study is located along the east-facing Cejita Blanca, just west of
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Bosque, New Mexico. Figure 4.1 illustrates the location of vthe study area »within the
Albuquerque Basin. A 1.5 kilometer long, 20 meter vertic\al section of the escarpment was
chosen for the study. Figure 4.2 is a map of the ficld site and provides a reference for the
studies that will be discussed later in the dissertation. The outcrop slopes are at the angle of
repose or steeper. The overbank clays and paleosols as well as some cemented lenses of
gravels and sands lend structural stability to the outcrop. The majority of the sediments
however are uncemented.. Colluvium is present in some locations as a thin veneer generally
less than 10 centimeters thick and can be removed easily with a trowel or small shovel.

Results of previous studies of the upper Sierra Ladrones Formation exposed within the
Ceja del Rio Puerco and the Cejita Blanca suggest that during the late Pliocene to early-
Pleistocene, the positions of the Rio Grande and its tributaries were relatively similar to their
present configuration. Figure 4.3 summarizes the hypothesized drainage system of the Upper
Sierra Ladrones depositional environment proposed by Lozinsky et al. (1991). Both the
ancestral Rio Puerco and Rio San Jose joined the Rio Grande in the Albuquerque Basin,
converging to form a single trunk stream. The approximate location of the study site is also
shown on Figure 4.3. The field site is located just west of the Rio Grande Channel zone in
the region of input from both the Rio Puerco and the Rio San Jose.

The general depositional setting of the upper Sierra Ladrones Formation is fairly well
understood due to the geologically recent origin as well as previous outcrop and petrographic
analysis. The exposures along the Cejita Blanca escarpment offer an excellent opportunity to

study fluvial architecture.

METHODS
Archiitectural Element Analysis

The alluvial architecture scheme is used as a basis for defining the mappable units of
the field site. Miall (1985) proposed that alluvial deposits consist of eight basic architectural
clements which can be identified by their "grain size, bedform, position, internal sequence aﬁd,

most critically, by external geometry". In a later work, Miall (1988) refined the definition of
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Figure 4.2. Detailed reference map of Sierra Ladrones Field Site. Locations of Figures 4.7,
5.1, and 6.2 shown.
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an architectural element as "a lithosome characterized by its geometry, facies composition and
scale [that] represents a particular process or suite of processes occurring within a depositional
system." A lithosome is defined as a body of sediment deposited under uniform
physiochemical conditions (Bates and Jackson, 1984).

The architectural element approach is adopted here for two main reasons. First, by
grouping genetically related lithofacies into architectural elements, mapping of deposits can be
perforined at a larger spatial scale. The larger scale spatial assemblages of architectural
elements in two and three-dimensions permit analysis of basin fill at scales of hundreds of
meters to xilometers. Second, from a hydrogeologic perspective, architectura! ~lements may
provide an appropriate sedimentological framework for incorporating geologic information into
hydrologic modeling. Just as basin-scale stratigraphic concepts have often been used to infer
hydrogeologic conditions at the basin scale (aquifer-aquitard) in modeling large scale fluid
flow problems, architectural element analysis may provide a similar role in understanding the
spatial disﬁ'ibution of hydrologic properties at the scale of tens of meters to a few kilometers.

The bulk of the field work for this study involved mapping of architectural elements
around the perimeter of the outcrop as described in Chapter 2. The architectural elements are
defined based on an initial facies mapping exercise. The architectural elements at the field
site are generally on the order of one meter thick and exténd laterally for hundreds of meters.

In order to maintain adequate spatial control, traditional surveying techniques are employed.

Petrography

Sediments in the Rio Grande, Rio Puerco, and Rio San Jose drainage were
petrographically analyzed to assess the provenance of the deposits studied. To develop
standards for the source areas, samples of sand and gravel were collected from twenty
locations in the Albuquerque Basin (Figure 4.4). Most samples were taken from undisturbed
exposures of river terraces. Most samples were unconsolidated, however some required

excavation with a small trowel or shovel due to post-depositional carbonate cementation. Four
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samples were taken from the two high-energy channel elements (CH-I) studied at the field site
(two in each the upper and lower CH-I element). An additional sample was collected
approximately one kilometer north of the field site at the stratigraphic level of the upper high-
energy channel element.

In order to reduce the effect of grain size on rock fragment populations, samples were
split and dry sieved to remove the one-phi (0.5 millimeter) size fraction. The one-phi size
fraction is optimal for standard thin-section rock-fragment analysis (Dickinson, 1985). Debris
such as roots were removed from the unconsolidated grains. The prepared samples were split
to obtain a representative sample to be mixed with epoxy and placed in 0.5 x 1 x 2 ir~h paper
process. The hardened billets were trimmed for thin-section preparation. Thin sections were
stained for both plagioclase and potassium feldspar. Each of the 30 thin sections were puint
counted twice for 300 grains at 3 x 3 spacing using a Swift point counter and a Nikon
petrographic microscope. The first point count used the traditional method to establish
percents of quartz, feldspar, and lithic fragments. The second point count used the Gazzi-
Dickinson (GD) method to establish relative amounts of lithic sedimentary (Ls), volcanics
(Lv), and metamorphic (Lm) rock fragments as described by Graham et al: (1976), Ingersoll
(1978), and Ingersoll and Suczek (1979).

RESULTS
Architectural Element Type Descriptions

An initial facies-scale mapping exercise was conducted on an outcrop trending N35E
with an average slope of approximately 45 degrees (Davis et al., 1991). The outcrop was
approximately 25 meters high and 60 meters wide. The facies map constructed served as a
basis for defining the architectural elements. Miall's (1978) classification scheme was used as
a basis for the classification of observed lithofacies. Table 4.1 summarizes the lithofacies
observed during the outcrop study. Lithofacies Smb, Sfl, and Sm, were added to Miall's

(1978) classification. Facies Smb consists of crudely crossbedded sand, sand-size clay clasts
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and armored mud balls. The basal contact of the Smb facies is commonly erosional. The
facies Sfl consists of finely laminated sands with abundant climbing ripples. The Sm facies
consists of massive sand in which most or all sedimentary structures have been destroyed.
This facies is strongly associatéd with the paleosol facies and is interpreted as an immature
soil.

Four main types of elements were defined from the initial outcrop study: two types of
channel elements, an overbank fine element, and a paleosol element. The definitions follow

closely those described in Miall (1985) with the exception of the overbank fine element.

Table 4.1. Summary of lithologic facies groupings for architectural elements.
Ir =

r 4—"'
Element Facies Present Description |I

Comments
CH-1 Massive gravel (Gm) Channel element is
Trough cross-bedded gravel (Gt) dominantly gravelly and
Planar laminated sand (Sp) coarse sand facies.

it Trough cross-bedded sand (St)
Low angle cross-bedded sand (SI)
Massive sand and gravel (Sgm)

CH-2 Gms, St, Sp, Sl Sand dominates with rare 1

Horizontally laminated sand (Sh) sand size clay clasts and
Fining upward v. fine to coarse sand (Sfl) gravel lag,

Fine to medium sand with mud balls (Smb)
Finely laminated sand, silt and clay (FI)
Clay and silt, massive, desiccated (Fm)

i Laminated silt, sand, and clay (Fsc)

P Paleosol, fine to pebbly sand, massive, Soils and stacked soils
carbonate stringers and nodules (P)
Massive sand, immature paleosol (Sm)
Fsc

IL OF Silt, clay with rootlets (Fr) Overbank fines

Fm, Fsc, P

Miall (1985) includes the paleosol facies in the overbank fine element. This study treats
paleosols as a distinct architectural element. Allen (1974) demonstrated the utility of paleosols
in terms of studying the depositional environment of an alluvial sequence. In an arid to
semiarid climate, the amount of time required for the formation of a mature soil is on the
order of 10,000 to 100,000 years (Birkeland, 1984). In addition, the permeability of the sandy

paleosols is much greater than the overbank clays and silt. Since the overall objective of this
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study was to assess how the three-dimensional assemblage of lithologic units (specifically
architectural elements) relates to hydrologic heterogeneity, it is preferable to treat them

separately.

High-Energy Channel Element (CH-1)

The high-energy channel element is dominated by light to dark grey poorly sorted
coarse sand to gravel. Coarse gravel lag deposits and trough cross bedding structures are
common at the base of this element type. The deposits often fine upward into horizontally
laminated clean sands. Clay interbeds and clay rip-up clasts are rare in the gravel elements.
Elements of this type are generally between one and.three meters thick and tend to pinﬁhout
abruptly.

An intact obsid" .« cobble area was found in one of the gravel eleméﬁts located higher
in the section. This cobble is believed to be derived from East Grants Ridge, which was last
| active three Ma (Lipman & Mehnert, 1980), and lies w1tb1n the drainage basin of the Rio San

Jose. The gravel elements (CH-1) mapped at the field site appear to be deposits of a fast-

moving competent river.

Low-Energy Channel Element (CH-2)

The low-energy channel element is composed of undifferentiated scour-fill and sand-
sheet deposits. A high-order bounding surface (order three or four) is not observed between
- these two types of deposits in the CH-2 element and thus they are not differentiated in the
architectural element scheme.

The first type is characterized by sand scours filled with tan to light gray, fine to
medium sand with locally abundant 0.5 to 1.5 centimeter thick clay drapes. The deposits
consist of moderately to well sorted, subangular to subrounded sand grains. Sand-sized clay
clasts ar¢ commonly observed in these deposits. The base of these deposits are concave
upwards, with little to no observable gravel lag. Armored mud balls are also common at the

base, ranging from 2 to 60 centimeters in diameter. The deposits of the scour-fill are largely
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unconsolidated and range in thickness from one to nine meters. The occurrence of sand-size
clay clasts and armored mud balls indicates ephemeral flow conditions.

The sand-sheet deposits are laterally extehsive and consist of very-fine to fine sand
with some clay drapes. The basal contacts are flat with little erosion. The upper contacts are
sharp or gradational. Common sedimentary structures include continuous and discontinuous
horizontal-laminated medium sands, foresets of inclined-planar-cross-bedding within fine to
medium sands, ripple-cfoss-laminated fine to medium sands, and climbing-ripple-lamination in
very-fine to fine sands. Clay drapes interbedded with very-fine sand and laminated clay and

silt are common towards the top of these elements.

Overbank Fine Elzment (OF)

This element is composed of dark brown clay locally interbedded with tan silt and thin
immature sand and clay paleosols. The most common sedimentary structure is parallel
stratification between clay and silt. Interbeds of immature paleosols are especially common
higher in the section. Lower in the section, this element is often a massive dark brown clay
with red-brown sand-filled cracks. Elements of this type are very common and range from

one to seven meters thick.

Paleosol Elements (Ps, Pc, and Pgs)

The paleosol element is further divided into three sub-element classes based primarily
on parent material. These include the most common sand paleosol (Ps), a clay/silt paleosol
(Pc), and a paleosol that has' parent material consisting of a sand and gravel mixture (Psg).

The Ps element is an orange-red soil (5 YR 6/5 to S5YR 6/6; Munsell Soil Color Chart)
and is composed of moderately to well-sorted, very-fine to fine sand. The sand grains are
subangular to rounded, depending on location. Most of sandy paleosols exhibit few i.f any
sedimentary structures in the upper two-thirds, although weak, local horizontal-lamination is
visible in the lower third in some of the sandy paleosols. Rarely, sandy paleosols exhibit

ghost trough-cross-stratification indicating a possible eolian parent material. Many of these
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sand paleosols exhibit a marked zone of white CaC0, accumulation. The most mature of the
sand paleosols at the site coincide with Stage-1I of McGrath and Hawley (1987).

Due to the distinct hydrologic properties of the clays and silts, paleosols with
overbank-fine parent material are mapped separately as element Pc. The most extensive clay
paleosol element is a red-brown (2.5 YR, 4/6) paleosol consisting of clay and sandy clay.
This element was differentiated from the clay-silt (OF) element on the basis of its red-brown
color, its lack of original sedimentary structures, and its blocky texture. Only one notable
element of this type was mapped. The thickness of this element ranges from 0.3 to 1.5
meters. Thin clay paleosol layers (one to three centimeters) exist within some of the OF
elements.

The third paleosol element delineated in this study is the gravel-sand paleosol (Pgs).
Only one element of this type was mapped. It is red/pink in color (2.5 YR, 6/6) and is
composed of pebble and cobble-sized fragments in a matrix of sandy material. Preliminary
analysis of this element in thin section shows that the grains in the matrix are very fine to fine
sand and angular. The thin sections show that many of the grains are coated with clay, which
is evidence of eluviation in the soil profile. No sedimentary structures are preserved in this

largely calcite-cemented deposit.

Petrographic Analysis

Petrographic analysis of the Albuquerque Basin sediments indicates that sediment
source terrain may be delineated. Results of the traditional quartz-feldspar-lithic (Q-F-L) point
count are presented in Figure 4.5. From the Q-F-L data, no clear grouping is apparent to
delineate sediment source terrain. However, the Gazzi-Dickinson (GD) point counts (Figure
4.6) indicate compositional zoning of lithic fragments with respect to sediment source terrain.
Sediments derived from the ancestral Rio Grande system and the ancestral Rio Puerco/Rio San
Jose system appear to exhibit different abundances of sedimentary, plutonic, and volcanic
lithic fragments. There is insufficient difference in the relative abundances of lithic fragments

among the Rio Puerco and Rio San Jose deposits to delineate them.
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Figure 4.5. Temary plot of the relative abundances of quartz (Q), feldspar (F), and lithic
fragments (L) with respect to sample locations. (After J.S. Harris, unpublished data)
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Figure 4.6. Temary plot of the relative abundances of sedimentary (Ls), plutonic (Lp), and
volcanic (Lv) lithic fragments with respect to sample locations. (After J.S. Harris, unpublished
data)
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With the current results, we are able to perform a preliminary assessment of the hypothesis
that the high-energy (CH-I) elements represent deposits of the tributary system. However, two
issues must be kept in mind when interpreting the petrographic analysis. First, the relative

abundance of volcanics may be a weak criteria for“the delineation of source terrain since

volcanism was active in the Albuquerque Basin during the time of deposition. Currently, there
are insufficient time constraints on the relative age of the deposits used to characterize the
source terrain and the deposits at the field site. It is possible that the sediments used to
characterize the source terrain of the Rio Grande are contemporaneous or post-date the
Bandelier eruntion cycles (~1.1 - 1.5 Ma) while the sediments collected from the field site pre-
date the Bandelier eruptions and thus represent a-time of volcanic-poor source terrain.
Second, while most samples were unconsolidated, some carbonate cementation was present in
some of the sam] 5. The cementation occurred after deposition resulting in intrabésinal
sedimentary fragments. The delineation of intrabasinal sedimentary fragments and those
derived from the source terrain may also inhibit the use of sedimentary fragments as a
delineating criteria. Intrabasinal sand-size clay clasts are believed to play a subordinate role
since the samples were from high-energy sand and gravel deposits.

The resolution of the sediment source terrain analysis could be enhanced by quartz
grain trace element analysis via cathodoluminescence, and clay mineralogy via X-ray

diffractometry. These are possible future avenues of research.

Inte-vretation of Architéctural Elements

The occurrence and assemblage of lithologic facies within the architectural elements
and the architectural element external geometries provide a means of interpreting the
depositional regime of each of the element types. The petrographic analysis is used to
tentatively delineate sediment source terrain of some of the architectural elements.

The gravel (CH-1) elements appear to be axial deposits of a fast-moving competent
river. Due to the lateral persistence of these elements, flow directions are not readily apparent

from external geometry. The preliminary petrographic analysis indicates that the deposits are
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derived primarily from the Rio Puerco/Rio San Jose tributary system.

The CH-2 clements are believed to have been deposited by either the ancestral
northwestern tributaries toithe Rio Grande (Rio Puerco and Rio San Jose) and/or Rio Grande
floodplain sands. The occurrence of sand-size clay clasts and armored mud balls indicates
ephemeral flow conditions. In addition, the occurrence of climbing ripples indicates an
environment where an abundance of sediment was being deposited from suspension in slowly
moving waters (McKee, 1966). Such flow conditions occur during the waning phases of a
large flood (McKee et al., 1967), and in natural levee environments adjacent to the axial
channel.

The sandy soil clement (Ps) is interpreted as representing the pedogenesis of fluvial or
eolian sands. The degree of pedogenesis observed (Stage I-II) indicate a lack of significant
fluvial influx for thousands of years. Elements of this type exhibit both tabular and ler. -
shaped geometries. The tabular elements are commonly composed of well-sorted, well-
rounded quartz grains, indicating a possible eolian origin. The lens-shaped Ps elements may
represent fluvial sands abandoned by the channel, which received an eolian sand influx at the
surface as pedogenesis progressed. |

The clay paleosol element (Pc) is interpreted as a floodplain mud which was left
deprived of sediment for an extended period of time, probably due to the rapid movement of '
the fluvial channel away from the once proximal floodplain. The Pc element mapped grades
into an OF element to the southwest suggesting that the fluvial channel may have been located
further to the southwest.

The OF clements are interpreted as representing the portions of the floodplain where
the primary mode of sedimentation is from the slow settling of clay and silt-sized materials
from suspension. These eclements may represent deposition either in the distal portion of the
floodplain during relatively large flood events or the proximal portion of the floodplain during
small flood events. The relative abundance, thickness, and lateral continuity of the OF
elements suggest that the alluvial plain on which the river(s) flowed may have been relatively

wide and flat (Mack and Seager, 1990). A wide flat alluvial plain would cause individual
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flood events to easily overtop the river banks, and spread a sheet of fine sand near the channel
(McKee et al., 1967) and laterally continuous layers of clay and silt at greater distances from

the channel.

Architectural Element Cross Section

The spatial assemblage of the architectural elements allows for a limited interpretation
of the cyclicity of deposition. A northeast-southwest cross section through the region mapped
is presented in Figure 4.7. In between the lower and upper high-energy channel deposits
(CH-I), three significant CH-II type scour fills were encountered. The architectural elements
in Figure 4.7 are grouped into 7 packages, each believed to represent slightly different
configurations of the fluvial/interfluvial environment.

Packages 1 and 7 are the upper and lower boundaries of the mapped deposits,
respectively. These packages are believed to represent deposits of the Rio Puerco/Rio San
Jose tributary system.

Package 2 is characterized by distal floodplain deposits ofﬂoverbank sands, silts, and
clays and paleosols. Magnetite is present in some of the sand deposits of this package, which
is more indicative of ancestral Rio Grande deposits originating in southem Colorado than the
northwestern tributaries originating in the San Juan Basin. This package of deposits is
interpreted as representing deposits in the proximal-to-distal floodplain of the ancestral Rio
Grande.

Package 3 represents a significant scour-fill event. The scour of this package trends
S30E. The lower fill material is medium cross-bedded sand. The upper fill material consists
of multistory deposits of fine sand, silt, and clay. This package of deposits is believed to
represent the presence of either the main tributary or an associated distributary channel of the
tributary system.

Package 4 represents another significant scour-fill trending S35E. A high energy CH-I

element occurs at the same stratigraphic location to the south. The timing of the CH-I

element relative to the CH-II element is not clear, but it is likely that the two channels are




NEXT PAGE

Figure 4.7. Cross-section of architectural elements mapped at the field site. Cross-section
reference line is shown in Figure 4.2.
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associated. The CH-I element has been traced to the south approximately one kilometer and
attains a maximum thickness of approximately two meters. The overall orientation of this CH-
[ element is not apparent. One possibility for the relationship between the high-energy CH-I
element and the low-energy CH-II element of Package 4 is that the deposits of CH-II element
represent a tributary to the CH-I element.

Package 5 is characterized by overbank sands, clays, and paleosols. The low-energy
CH-II element pinches out to the west indicating an associated north-south flowing channel to
the east. This package could represent proximal floodplain deposits of the ancestral Rio
Grande.

Package 6 represents another significant scour fill CH-II element and the associated
deposits. The main channel of this package trends S55E and exhibits an asymmetric ribbon-
and-wing type of morphology where the channels are plugged with sediment prior to
significant lateral migration and the width to depth ratio (W/D) is generally less than 15 (Hirst,
1991). The long wing is to the northeast and the short wing to the southwest. To the
southwest the overbank sands interfinger with overbank fines and paleosols within 100 meters.
of the main channel. The limit of the northeast wing occurs at the very northern edge of the
mapped region and is approximately 200 meters from the main channel. One auxiliary
channel to the CH-II scour-fill occurs to the southwest. This smaller channel deposit grades
laterally into overbank fines and paleosols.

Package 7 has an erosional base with the onset of the deposition of a broad CH-II
deposit. Multistory sands and gravels (CH-II) represent a laterally extensive high-energy
depositional regime. Due to difficult access and lateral amalgamation, the dimensions of the
individual channels are not mapped but, from the limited exposure, are believed to be on the
order of five meters wide and two meters deep.

The overall abundance of overbank clays, silts and paleosols suggests that the field site
was located a considerable distance from axial fluvial channels for a large portion of the time
recorded by these deposits. Moreover, the sands themselves (CH-2) are characterized by

predominantly lower flow regime sedimentary structures and fine-grained sand, both of which
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indicate deposition in shallow, slow moving waters such as would be found on a floodplain.

DISCUSSION

This study provides the groundwofk for additional studies of the deposits of the Sierra
Ladrones Formation both in the vicinity of the field site described and for comparison
throughout the Rio Grande Rift Basins.

Within the section dominated by fine-grained deposits (Packages 2 - 6), several
general features of the channel geometries appear relevant to the large-scale depositional
controls. First, there appears to be a northern migration of the channel 1. .ation through time
as evidenced by the relative north-south location of the channel scours. This apparent
northern migration is accompanied by an apparent change in channel orientation. Using the
channel-scour orientation as an indicator of average channel direction, the channels associated
with Packages 3, 4, and 6 appear to have flowed in a progressively easterly direction. The
second general feature observed is that two of the channels exhibit asymmetric proximal
floodplain sand deposits and both have the broader side to the northeast of the channel.

These features are a possible indication of the fluvial system responding to a eastward
dipping basin floor. For each location of the channel, overbank deposits. spill out
preferentially to the northeast. The channel appears to migrate in small avulsive steps. Each
new channel location appears to be progressively to the north and exhibit a more easterly flow
direction.

A larger-scale control is likely forcing the major change in depositional regime
observed between the packages 1,2 - 6, and 7. The two most likely controls are climate and
channel grade. An increase in the annual precipitation of the catchment would result in an
increase in the competence and capacity of the fluvial system. Increasing the dip of the basin

floor tectonically would have similar effects.

CONCLUSIONS

In the study of the Sierra Ladrones Formation in the vacinity of Bosque, New Mexico,
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four main types of architectural elements were delineated based on lithologic facies
assemblages and external geometry. Two of the elements are interpreted as deposits of sandy

channels and are differentiated based on the relative energy of deposition, high and low-

energy. The overbank fine (OF) elements are interpreted as resulting from distal overbank
deposits. The paleosol elements (P) are interpreted as pedogenically altered surface materials
and were subdivided into three element classifications based on whether the parent material
was sand (Ps), sand and gravel (Pgs), or clay (Pc).

The architectural elements were on the order of one meter thick and laterally extensive
over hunareds of meters. The scours associated with the channel elements a~= oriented
toward the southeast. The scour orientations serve as an indicator for the channel orientation.
Based on the occurence of the observed architectural elements, the deposits of the Sierra
Ladrones Formation studied are interpreted as resulting from a fluvial-interfluvial system. In
addition, the orientation of the channel scours indicates that the northwesterly ancestral
tributary system of the Rio San Jose and Rio Puerco played a significant role in the
deposition. A schematic block diagram of the fluvial-interfluvial system is presented in
Figure 4.8. Petrographic analysis of sediments obtained from the sources areas and the field -
site confirms this.

Some information of the evolution of the fluvial system can be gained from the study
as well. There appeats to be a northern migration of channel location and progressively

easterly flow direction of the channel deposits. Several causes for this are possible including

tectonic and/or climatic variations.




Overbank

Tributary
System

[ Overbank Paleosol Sand & gravel

Figure 4.8. Inferred orientation and distribution of ancestral Rio Grande deposits in the
vicinity of the field site. Location of cross section is shown in Figure 4.3.
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CHAPTER 5: FACIES-SCALE HETEROGENEITY STUDY?

INTRODUCTION

The next two chapters investigate the correlation structure of the Sierra Ladrones
Formation at two scales. First, the small-scale variabilif:y was studied through intensive
permeability sampling of small outcrops (~ 1 m? ). Second, the large-scale variability (100's
of meters) was investigated by analyzing the three-dimensional spatial assemblage of the
architectural elements described in Chapter 4.

The objective of the two étudies was to investigate the relationship between observed
sedimentological features and the corresponding geostatistical characteristics of the
heterogeneity. In the small-scale studies presented in this chapter, mapping of the
sedimentological features follows the boun_ding surface framework (Allen, 1983; Miall, 1988).
Geostatistical analysis of air-permeability data consists of the estimation of population and
sub-population statistics and estimation of the overall correlation structure from spatially
located air-permeability measurements. In the large-scale analysis (Chapter 6), the correlation

structure is estimated by assigning mean permeabilities to the different architectural elements.

STUDY SITES

Approximately 880 measurements of permeability were obtained at six outcrop
locations. Five of the study sites, referred to SS1, SS2, SS4, SS5 and SS6, were lozated at
the main field site (Figure 4.1) referred to hereafter as the Bosque site. One study, ES1, was
located approximately 10 kilometers north of Socorro, New Mexico (two kilometers northeast

of Escondida, New Mexico) and is referred to as the Escondida site.

Bosque Site
The deposits of the Bosque site are interpreted as marginal ancestral Rio Grande

*Davis, .M., M.B. Gotkowitz, F.M. Phillips, and J.L. Wilson, Correlation structure of permeability at
the lithofacies scale, paper in prep. for submission to Geol. Soc. Amer. Bull.
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floodplain and tributary deposits (Chapter 4). Six architectural elements have been
delineated. The low-energy channel (CH-2) and sandy paleosol (Ps) elements were selected
for the small-scale study based on their range of permeabilities and their overall abundance
within the depositional system. Studies SS1, SS2 and SS5 were located in the CH-2 element
of Package 4 (see Figure 4.7). Studies SS4 and SS6 were in the sandy paleosol element, Ps,

of Package 5. The relative locations of the small-scale studies are shown in Figure 5.1.

CH-2 Element 7 |

The CH-2 element consists of low-energy, very-fine to medium channel sand.
Sedimentary structures commonly include continuous and discontinuous horizontal lamination,
foresets of inclined-planar crossbedding, ripple cross-lamination and climbing-riprle
stratification. Clay drapes from 0.5 to 1.5 centimeter thick are locally abundant, and are often
interbedded with very fine sand, and laminated clay and silt. With the exception of clay
drapes, the deposits are relatively homogeneous and the changes between facies are subtle.
These deposits are interpreted as proximal flood plain sands and trlbutary channel fill.
(Chapter 4; Lohmann, 1992).

Ps Element

The Ps element consists of an orange-red sandy paleosol composed of moderately to
well-sorted, very-fine to fine sand with scattered zones of calcium carbonate accumulation.
In general, the processes involved in pedogenesis have destroyed the sedim.entary structure of
the parent material, although, some of these deposits display weak sedimentary siructufes.
Based on stratigraphic location, grain size, and locally preserved sedimentary structures,
Lohmann (1992) interprets the paleosol element as pedogenically modified fluvial and eolian

sands.

Escondida Site

One small scale study, ES1, was conducted at a fluvial outcrop located at the







Escondida site. Based on the coarse grain size and large-scale trough cross-bedding, the
deposits are interpreted as originating from the ancestral Rio Grande. The specific age of the
deposits is unclear, however the deposits are stratigraphically lower than a broad geomorphic
surface that is interpreted as time-correlative to the Llano de Albuquerque. This indicates that
the age of the deposits at the Escondita site are comparable to the deposits of the Bosque site
(Pliocene-Pleistocene).

The purpose of the Escondida study was to obtain measurements from a fluvial deposit
exhibiting distinct changes in lithofacies. The study was conducted in an area of channel-fill |
sand, where grain size varies from very-fine to coarse. The deposit studied is analogous to the

high-energy-channel element (CH-1) of the Bosquc.site.

METHODS

The methods employed for the small-scale studies were 1) mapping of the sedimentary
features of each study location, 2) obtaining in situ measurements of permeability, and 3)
performing geostatistical analysis of the air-permeability data. For each study, either a single
photograph or a mosaic of several photographs served as a base map for the study.

Heterogeneity observed within each study site was mapped according to the
hierarchical system of bounding surfaces in fluvial deposits developed by Allen (1983) and
modified by Miall (1988). The bounding surfaces model is preferred over other ad hoc
definitions of hydrofacies because it is established in the sedimentological literature and
provides a potential framework for generalizing the results of the geostatistical analysis.

The bounding surfaces model identifies internal divisions in sandstone bodies that
separate regions of genetically related strata. At the scale of interest in the studies presented
her=, zeroth, first and second-order contacts (Figure 5.2) are of interest. Third and fourth-
order surfaces coincide with the architectural element boundaries presented in Chapter 4.

Zeroth-order boundaries are non-erosional, concordant bedding contacts which might
arise from deposition of a stratum parallel to the unit beneath it. First-order contacts are

usually erosional -and bound individual cross-bedding sets. First-order boundaries occur within
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Figure 5.2. Illustration of bounding surface classification scheme. (Modified from Collinson
and Thompson, 1982)
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lithofacies, and are interpreted as the result of bedform migration under steady flow
conditions. Boundaries of soft-sediment deformation that alter the primary sedimentary
structures are considered first-order surfaces in this study. Second-order contacts separate
cosets and commonly separate different lithofacies. The second-order surfaces are erosional
and signify a change in flow conditions.

Measurements of permeability were obtained with the lightweight, syringe-based, air-
minipermeameter (LSAMP) described in Chapter 3. Individual study sites were prepared by
digging away the colluvial cover to reach a vertical face of undisturbed deposit. The prepared
outcrop was allowed to dry for a few days before sampling took place to _..sure that soil
moisture would not affect measured permeabilities.-- Free-fall times are the time required for
the syringe to fall with the tip seal open to the air. These were measured regularly throughout
the studies to ensure against instrument malfunction.

Sampling of air-permeability was conducted in two stages. In all of the studies at the
Bosque site except for SS6, the first stage of Sampling employed a stratified random sampling
approach for the unbiased sampling of air-permeability at a variety of spatial scales. While
this methdd resulted in a data set with adequate spacing for variogram analysis, resolution of
the correlation structure at very small lags (approximately two centimeters) was poor. As a
result, a subsequent sampling campaign was conducted to improve the variogram estimate at
small lags.

For the initial sampling a stratified random sampling scheme was adopted. The
general method was developed for the study of alluvial fan deposits presented in Chapter 7 but
differed slightly in implementation. The objectives of the stratified random sampling scheme
were to obtain a spatial data set that 1) was unbizised, 2) covered as many lags as possible, 3)
was computationally efficient, and 4) covered as much of the outcrop as possible. To meet
these objectives a two-step sampling scheme was developed.

First, a fixed orthogonal grid of the desired number of control points was set up on the
photomosaic of each study. From each node on the overlay grid, a smaller sampling grid was

defined. This was determined by generating three uniformly distributed random numbers from
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zero to one (U(0,1)). The first random number was used to determine the number of nodes
on the sampling grid. For a number less than one-half, the sampling grid contained four
points. For a number greater than or equal to one-half, the sampling grid contained nine
points. The other two random numbers were used to determine the size of sampling grid.

. Each of the U(0,1) were multiplied by the horizontal and vertical overlay grid-element
dimensions. The photomosaic was used in the field to identify the locations of control points
on the outcrop. The sampling locations were measured from each control point according to
the determined sampling grid characteristics.

C..ing the the initial sampling stage, the minimum sample spacing was two
centimeters in order to prevent overlap in the measurements of permeability. The range of the
permeameter is suited for the measurement of weakly lithified dry sands and soils. In each of
the study areas there are features of the outcrop which have associated permeabilities that are
beyond the range of the permeameter, such as clay balls and clay drapes, calcite nodules,
lenses of loose matérial, fractures, and holes. Sampling points which fell on these areas were
recorded as a "non-measurement”.

The second stage of permeability sampling was performed to increase the number of
data separated by small distances. Air permeability measurements in the second sampling
campaign were obtained along perpendicular transects at two centimeter intervals. The two
sampling stages were separated by approximately one year. As a result, the small-scale study
areas had undergone some changes and the locations of the second campaign could not be
directly related to the coordinate system ~f the initial sampling. However, assuming second-
order stationarity and unbiased smnpﬁng, their relative locations provide sufﬁcient infonnation
to estimate the small scale variogram.-

Measurements at the study site SS6 were taken along a series of horizontal transects
that were juxtaposed laterally according to ease of sampling. The results are included here to
illustrate the difference between the unbiased stratified random approach and the biased
horizontal transect approach. |

Measurements at study site ES1 were taken along a vertical transect. The
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measurements were spaced at a variety of intervals to yield sufficient data for variogram
estimation within particular subsets of the transect. This sampling design was implemented in
order to better characterize the variability associated with the observed changes in depositional

regime. o

Geostatistical Analysis

The goal of the small-scale studies was to assess the relationship between the observed
sedimentary features and the correlation structure of penheability, The observed sedimentary
features include the scale of the cross-bed sets and the scale of the facies. In the context of
fluvial bounding surfaces, these are regions separated by first and second-order bounding
surfaces, respectively. It was hypothesized that the regions separated by bounding surfaces
exhibit different r -an permeability and that the dimensions of the regions are then the
dominant control of the correlation structure. To test this hypothesis the probability
distributions of the regions were compared against one another. Then, combined with the
measured dimensions of the regions, an analysis of the relationships between the observed
sedimentary features and the correlation structure was performed.

Comparison of the probability distributions between regions was performed with
Kolomogorov-Smimov (K-S) test. The K-S test relies on comparisons of the expected and
the observed relative frequencies to detect differences between two distributions.  Since the
K-S test is non-parametric, no a priori assumption regarding the shape of the distribution is
necessary and two empirical distributions can be compared directly (Till, 1974). The K-S test
is performed by estimating the probability distribution from the ranked log-permeability data
then comparing the difference in the probability estimates between the two distributions for
each value of log-k. The maximum observed difference is then compared to a critical value.
based on the level of significance and the number of data in each data set.

The correlation structure of each of the small-scale studies was estimated with

variogram estimator:




13 i )40

The variogram was estimated in the horizontal and vertical directions for the data obtained in
each sampling ‘stage. The two estimates are plotted together with the variogram of the initial
sampling represented by filled triangles and the variogram of the second sampling stage
represented by open triangles. Since the data of the initial sampling stage were not aligned on
a regular grid, the pairing of data for each separtion lag, &, was conducted with a search
window as shown in Figure 2.3. Throughout these studies, the search window was kept as
small as possible while maintaining a sufficient number of pairs. Sixty pairs was the
minimum number of pairs for each lag class. Sampling locations which fell on materials with
extreme values of permeability, such as clay or gravel, could not be measured with the
permeameter. These "non-measurements" were originally treated in the variogram estimation
by assigning values of permeability found in the literature.

The inclusion of values of permeability ranging over many orders of magnitude led to
very erratic variogram estimates. Reasonable estimates of the variogram can often be attained
by eliminating outliers (Armstrong, 1984), and this was the approach taken in the variograms
4presented here. The elimination of extreme values is justified in this case because they lack
spatial continuity within each study area, with no apparent correlation of their spatial
distribution. For example, a scattering of clay balls with an average diameter of five
centimeters might not significantly alter the effective permeability of a sand layer two meters
wide, but their inclusion in the estimation of the variogram will completely mask the
correlation structure of the sand layer.

In addition to the removal of outliers, the sets were analyzed for the presence of
linear trends. In the data sets that did exhibit a slight trend, no significant differences were
seen between the variograms estimated with the trend present or removed. Therefore, in the

analyses presented, no trends have been removed.
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RESULTS

Five of the small-scale studies were conducted at the Bosque site. The outcrop
consists of the Pliocene-Pleistocene Sierra Ladrones Formation, and at this particular location,
the deposits are interpreted to be of fluvial/interfluvial origin. Three of the small-scale studies
(SS1, SS2, and SS5) were performed within a single channel scour of the low-energy channel
element (CH-2). Two of the small-scale studies (SS4 and SS6) were performed in a single
sandy paleosol element (Ps).

One small-scale study was performed in a area approximately 60 kilometers south of
the main field site also on an ohtcrop of the Sierra Ladrones Formation. The deposits at this

- location (ES1) arc interpreted as high-energy fluvial-deposits of the axial drainage system.

CH-2 Element
The locations of SS1, SS2 and SS5 within the CH-2 channel element are shown in
Figure 5.1. SS1 and SS2 are oriented sub-parallel to the inferred paleoflow direction, and the

orientation of SSS3 is interpreted as sub-perpendicular to the paleoﬁow direction.

SS1

SS1 was approximately 2.1 meters wide and 1.6 meters high (Figure 5.3). Three
second-order bounding surfaces separate four regions within the outcrop. Region 1 was 0.7
meters thick and consisted of even and wavy-parallel, thickly laminated upper-fine and lower-
medium sands. Soft-sediment deformation was present near a large (0.1 meter in diameter)
61ay ball in the lower left-hand comer of the unit resulting in two small regions bounded by
first-order surfaces. Region 2 was 0.2 meter thick and consists of coarse sand and pebbles,
discontinuous clay drapes, and small (from two to five centimeters in diameter) clay balis.
Region 3 was 0.7 meters thick and consists of parallel, horizontal laminae. Within Region 3
grain-size fines-upward from a clean coarse sand to a fine sand at the top. Climbing ripples
were present at the top of Region 3. Region 4 was approximately 0.15 meters high and

consists of even, inclined parallel laminae. The average vertical dimension of the regions




Figure 5.3. Photograph of SS1 outcrop. Numerically labeled regions separated by second-
order bounding surfaces correspond to those described in the text.
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bound by first and second-order contacts was approximately 0.34 meters.

One hundred fifty-one sample locations were identified on SS1 of which 142 air-
permeameter measurements were obtained. All non-measurements were due to the presence of
clay balls. Statistics and results of the comparisons of these regions for SS1 are given in
Table 5.1 . Region 4 was too small to consider. The hypothesis that Region 1 exhibits a
similar distribution to the 6thers regions can be rejected. However, the null hypothesis
comparing Regions 2 and 3 cannot be rejected.

An anisotropic exponential model was fit to the directional variogram estimates of the
SS1 logarithmic data. The horizontal variogram (Figure 5.4a) was fit with a> nugget of 0.024,
a sill of 0.19, and a correlation length of 16 centimeters. The vertical variogram (Figure
5.4b) exhibits a similar nugget (0.024) and shorter correlation length (eight centimeters). The
sill estimate in both directions is approximately the same. The larger sill and shorter
correlation length in the vertical direction are consistent with the observed stratification. For
SS1, the ratio of the average thickness of the mapped regions to the effective range (which for
the exponential model is three times the correlation length) is 0.7.

The larger correlation length and slightly lower sill in the horizontal variogram estimate
for SS1 (Figure 5.4a) are consistent with the observed stratification, however the difference is
small relative to the thickness-to-width ratio of the regions. This appérent underestimation of
the horizontal correlation length is attributed to the variable thicknesses and slightly dipping
nature of the strata. The variable thicknesses are likely to enhance search window effects in
which vertically juxtaposed points are paired into a horizontal lag class. This effect is

expected to be most prominent in materials exhibiting abrupt changes in permeability.
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Table 5.1. Statistics of SS1 and sub-regions and results of Kolmogorov-Smimov test.

Population  Statistics Population Comparison "
Data set N i [In(k)] o Region 2 Region 3__,
SS1 (all) 142 2.96 021 - - I
Region 1 61 269 020 not equal not equal "
Region 2 19 325 0.12 - "equal” "
Region 3 59 3.12 0.12 "equal" - "
Region 4 3 349 n/a n/a n/a J,

- 882 _

S$S2 was about two meters above and to the east of SS1 and was approximately two
meters high and two meters wide. It was similar to SS1 in the predominance of medium and
fine sands. However SS2 was more homogeneous than SS1. The lithologic changes are more
subtle and the grain-size was less variable. |

Two second-order bounding surfaces were identified within SS2, dividing the outcrop into
three regions (Figure 5.5). The lowest region, Region 1, was approximately 0.9 meters thick
and consists of three sets of low-angle, cross-laminated sand. The laminae were two to four
millimeters thick, alternating between bands of lower-coarse and lower-fine sands. Region 1
was overlain by a 0.4 meter area of coarse sand interbedded with thinly laminated fine sand
(Region 2). The uppermost unit, Region 3, consisted of coarse trough-crossv laminated sand
filling a small scour (0.2 meters) and graded upward into bedded coarse and medium sand 0.1
meters). The average thickness of the regions bound by first and second-order surfaces was
approximately 0.2 meters.

One hundred twenty-eight measurements were obtained on SS2 from 130 sample
locations. One non-measurement was due to a calcite nodule, the other to a hole in the

outcrop. Results of the statistical analysis are presented in Table 5.2.
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Figure 5.5. Photograph of SS2 outcrop. Numerically labeled regions separated by second-
order bounding surfaces correspond to those described in the text.
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Table 5.2 . Statistics of SS2 and sub-regions.

Population  Statistics Population Comparison "

Data set N u [In(k)] o?[In(k))] Region 2 Region 3 J

$S2 (all) 128 3.00 0.16 - . j

Region 1 76 3.05 0.21 not equal "equal” {!
Region 2 21 2.78 0.04 - not equal

I Region 3 31 _ 3.03 0.09 not equal - "

The directional variograms of the SS2 log-permeability data (Figure 5.4 ¢ 1) are fit with
an anisotropic exponential model. The fitted model is aiiisb&bpic not only in the correlation
lengths but also the sill. In the horizontal direction the variogram estimate attains a sill value
of approximately 0.13 with a correlation length of 10 centimeters. The vertical variogram
attains a sill of approximately 0.16 with a correlation length of eight centimeters. The
statistical anisotropy observed in SS2 approximates a statistically stratified media with perfect
correlation in the horizontal direction and finite correlation in the vertical direction.

As in the SS1 variogram estimates, the correlation appears stronger in the horizontal than
the vertical é.nd is consistent with the observed stratified nature of the deposits. For SS2, the
ratio of the average thickness of the mapped regions to the effective range of the vertical

variogram is 1.2.

SS5

The third small-scale study in the CH-2 element (SS5) was located slightly above and to
the southeast of SS1. The prepared outcrop is approximately 1.2 meters high and 3.4 meters
wide. The outcrop is relatively homogenous and consists predominantly of medium and fine
grained sands with low-angle to planar cross-bedding throughout the outcrop (Figure 5.6).
The deposits of SS5 differ from those of SS1 and SS2 in that there are many lateral
truncations in bedding and discontinuous clay drapes. The contacts are generally

discontinuous and of zeroth and first-order but were not mapped.
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SSS yielded 192 air-permeameability measurements from 198 sample locations. Non-
measurements were due to the presence of insect holes in the outcrop. The mean and
variance of the natural-logarithm transformed permeability (k) are 2.69 and 0.23, respectively.

The directional variogram estimates concur with the general observation that SS5 exhibits
more lateral variability than SS1 and SS2. The horizontal variogram is fit with a nésted
exponential-bell-shaped model. The exponential component is adopted primarily for
consistency with the other two small-scale studies in similar materials. The bell-shaped
component is added to account for the linear behavior at larger lags. The nugget of the
horizontal variogram model is 0.03 and the correlation lengths for the exponential and "bell-
shaped" models are 8 and 200-centimeters, respectively. The vertical variogram is fit with an
exponential model with a nugget of 0.03, a correlation length of eight centimeters and a sill
equal to the estir ~ted population variance of 0.23.

While the contacts were not mapped and the average dimensions of the regions cannot be
directly compared to the variogram model, it is interesting to compare the variograms of SS5
to the other small-scale studies performed in the same channel element. First, the vertical
variogram is very similar to those of SS1 and SS2 as it attains a sill equal to the population
variance and exhibits a correlation of eight centimeters. The horizontal variogram, on the
other hand, behaves differently than those of SS1 and SS2. An increasing variance is
observed for all lags estimated in the SS5 study whereas the horizontal variograms of both
SS1 and SS2 exhibited a single simple sill. Recall that SS5 was located sub-perpendicular to
the inferred paleoflow direction. Geologically, it is reasonable that the correlation structure in
the horizontal direction transverse to paleoflow will exhibit a more complex correlation

structure.

Summary of CH-2 studies
In the SS1 and SS2 studies six regions were separated by second-order bounding
surfaces. In only two cases the means were found to be "equal” and in just one case the

regions with "equal" means were adjacent to one another. This indicates that, even in very
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homogeneous appearing deposits, the bounding surface classification may be a good indicator
of the spatial distributions of regions exhibiting different mean log-pchneability. The
variogram estimates all followed an exponential model for short lags. This exponential
behavior is interpreted as corresponding to the abrupt changes encountered when strata were

crossed.

The vertical variogram estimates from SS1 and SS2, the ratio of the average thickness of
regions separated by first and second-order contacts to the effective range of the vertical
variograms is 0.66 and 1.2, respéctivcly. In SS5, the dimensions cannot readily be compared
to the variogram model parameters but the vertical variogram exhibits the same correlation
length as SS1 and SS2 and the horizontal variogram exhibits more variability over longer
ranges.

In addition, the qualitative observations on the degree of variability and the horizo: *al
stratification correspond to the character of the variogram estimates of log-permeability.

Table 5.3 summarizes the population statistics of the three studies and clearly shows that the
most "homogeneous" appearing deposits exhibit the lowest variance. In addition, the
horizontal variograms of the studies that were roughly parallel to paleoflow (SS1 and SS2)
attain a sill within their respective sampling domains and the horizontal variogram of the study

roughly perpendicular to paleoflow (SS5) does not reach an apparent sill.

Table 5.3. Summary of statistics for small-scale studies in the CH-II element.
Permeability values in In(k) [darcy].

SS1 SS2 SSs
N 142 128 192
mean 2.96 3.00 2.69

0.21




Ps Element
SS4 & SS6 -

SS4 and SS6 were located approximately 70 meters apart, across the same arroyo that
separates SS5 from SS1 and SS2. The SS4 and SS6 study-areas were located in a single
sandy, orange-red paleosol element that lacks sedimentary structures in both locations. Grain
size is very fine throughout both study areas. SS4 is 1.5 meters high and 2.4 meters wide.
Calcite nodules ranging from 5 to 30 centimeters in diameter are scattered throughout the
central portion of the outcrop (Figure 5.7 ). SS6 is approximately 0.7 meters high and 1.1
meters'wide. Broad areas of weak calcic horizons were present throughout this exposure, and
there were fewer calcite nodules (Figure 5.8). As noted earlier; the sampling strategies in the
two studies differed. SS4 followed the unbiased stratified random approach and SS6 sampling
was conducted along horizontal transects that were juxtaposed according to ease of sampling.

Whereas fluvial processes and thé resulting bounding surfaces appear to control the |
heterogeneity in the CH-2 element, the heterogeneity within the soils likely results from
pedogenic processes. The primary pedogenic processes inﬂuencinghthe spatial variability of
permeability are bioturbation, the translocation of clay material, and precipitation of calcium
carbonate. Bioturbation chums the original deposit thus destroying much of the original
sedimentary structure. The physical and chemical alteration of parent material, colloid
migration, and carbonate precipitation should result in a more spatially continuous processes
than the abrupt changes observed in the channel deposiis that resulted from erosion and
deposition along distinct boundaries.

Two hundred and sixteen sample locations were identified in SS4, of which 213 air-
permeameter measurements were obtained. Two of the non-measurements were due to the
presence of calcite nodules, the third fell on a fracture in the outcrop. The fracture was
interpreted to be a result of surface eprsure. One hundred and three air-permeameter
measurements were obtained in SS6 from 104 sampling locations. The non-measurement was
due to calcite.

Statistics of the log-transformed data are summarized in Table 5.4. The




Figure 5.7. Photograph of SS4 outcrop.
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Figure 5.8. Photograph of SS6 outcrop.
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Kolomogorov-Smirmnov test was applied to compare the empirical cumulative distributions to
the theoretical normal. The results indicate that the SS4 and SS6 data are log-normally
distributed. In addition, we cannot reject the null hypothesis in comparing the empirical

distributions of SS4 and SS6 with one another at the 5% significance level.

Table 5.4. Summary of statistics of Ps studies. Permeability values in In(k) [darcy].

sS4 586

N | 26 134
mean 1.94 1.91
variance 012 025

Directional vériogram estimates of the SS4 and SS6 studies are presented in Figure 5.9.
Both the horizontal and vertical SS4 variograms are fit with a bell-shaped variogram model.
SS4 is fit with an isotropic model with a nugget of 0.03, a sill of 0.10, and correlation length
of 10 centimeters. For the SS6 directional variograms, a significant difference is observed
between the variogram of the two data sets. This is interpreted as resulting from the biased
sampling of the original data that tended to avoid regions that were difficult (low permeability)
to sample. From the results of SS6 it is difficult to fit a variogram and one the data is
presented without a model.

From a geological perspective the paleosols originate from spatially continuous processes
that obscure the original abrupt changes in fabric. These processes are manifested in the ,
paleosdls as absence of bounding surfaces and an appearance of continuous variation. This
spatial continuity is supported by the "bell-shaped” behavior of the variogram estimates.

The small-scale studies of heterogeneity at the Bosque provide insight into the
relationship between observed sedimentological features and variogram behavior. First, the
shape of the variograms differs between the deposits. This difference appears to correspond to
the presence or absence of bounding surfaces. For the deposits that result from fluvial

processes and exhibit geological discontinuities in the form of bounding surfaces, an
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Figure 5.9. Directional variograms of the Ps element studies, SS4 and SS6
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exponential model fits the variogram. On the other hand, the deposits formed by pedogenesis

lack bounding surfaces and a more continuous "bell-shaped" model fits the variogram
estimate.
Escondida Study (ES-1)

The objective of the Escondida small-scale study was to investigate the relationship
between the fluvial bounding surfaces and the correlation structure at a site where dense
sarripling could be performed across several distinct bounding surfaces. The outcrop of the
ES1 study area, located northeast of Escondida, New Mexico, was in_terpreted as deposits Qf
the ancestral Rio Grande. The outcrop was chosen due to the distinct changes in geologic
material (Figure 5.10).

The study involved a vertical transect 180 centimeters in length which crossed four
second-order surfaces, nine first-order surfaces and two zeroth-order snrféccs, as shown in
Figure 5.11. Five regions were defined by the second-order surfaces. The uppermost 50
centimeters, Region 1, encompassed seven first-order surfaces. The sand was of fine to
medium grain size with coarse lag deposits at the base of some of the first-order boundaries.
Region 2 is 42 centimeters thick and contained one zeroth-order and one first-order boundary.
Grain size within this region varies from coarse to pebbly sands. This is followed by Region
3, which is 56 centimeters thick and contained one first-order surface. Grain size is similar to
that found in Region 2. The next 27 centimeters of the transect, Region 4, contained a single
zeroth-order contact. Grain size here ranged from fine w0 medium sand. Region 6 consisted
of the bottom five centimeters of -the study area, where grain size ranged from medium to
coarse sand.

Seventy-five permeability measurements were taken at a variable spacing ranging from
1.5 to 6 centimeters. Statistics of the natural-log transformed peremeability data of ESI are
shown in Table 5.5 . The null hypothesis that the natural log-transformed data are normally
distributed is rejected at the 5% significance level.

Results of the Kolomogorov-Smirnov test comparing the distributions of the regions are

summarized in Table 5.6, indicating that Regions 1 and 4 and Regions 2 and 3 have




Figure 5.10. Photograph of ES1 outcrop. Shovel handle is approximately 40 centimeters long.
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similar distributions. Region 5 was too small to consider in this analysis. Figure 5.10 is a

plot of permeability as a function of location on the transect and reflects the findings of the

Kolomogorov-Smimov test in that second-order boundaries tend to separate areas of differing

mean permeability.

Table 5.5. Statistics of ES1 and ES1 sub-regions.

ES1 Region 1 Region 2 Region 3 Region 4 Region 5
n 75 33 19 11 10 2
mean 328 301 3.73 382 2.67 3.69
variance 027 - 0.12- 0.07 0.07 0.06 0.01

Table 5.6. Comparisons of distributions within ES1. D, is the difference between the two
distributions necessary to reject the null hypothesis and D, is the observed difference.

Regions D, Do Result
1and2 039 0.84 7 not equal
1and3 0.44 0.85 not equal
1 and 4 049 045 "equal"
2 and 3 0.49 025 "equal”
2 and 4 7 0.53 1.00 not equal
3 and 4 0.57 1.00 not equal

Variogram estimates were performed within regions bound by second-order surfaces and
showed weak correlation. The variogram estimate of the entire ES1 data set is shown in
Figure 5.12. The variogram exhibits distinct linear segments. This was interpreted as
resulting from the distinct regions of different permeability observed in the transect. In
addition, there appear to be different magnitudes of variability associated with the hierarchy of
the bounding surfaces. That is, the change in permeability associated with first- order surfaces
appears to be less than the variability associated with the second-order surfaces. This type of
variation is similar to that propésed by Burrough (1983b).
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Figure 5.12. Fitted nested model to ES1 variogram estimate.
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Burrough (1983b) proposed that variations in soil transects could be conceptualized as
resulting from various superimposed random processes acting over multiple scales. For
example, in soil science there is variability associated with parent material that may vary over
intervals of kilometers. Superimposed on the variation of parent material is the variability
associated with drainage patterns that may vary over intervals of hundreds of meters.
Vegetation patterns may influence soil variability over scales of meters, and so on. In the
- conceptual model of Burrough, the large-scale variation is represented by a single mean value
that persists over the length of variation (referred to as the range) then assumes another
independc-t mean value. The result of superimposing several scales of these processes is a

- variogram with linear segments. The variogram model is:

] by when har,

Where:  g= number of processes
o*=variance of the process acting of the smallest range
B=weight of the individual processes
h= lag
r=range of the individual processes

This model is adopted for the analysis of the ES1 data set. For the ES1 study, an
underlying random process was assumed to represent the nugget. This process was assigned a
weight, B,, of one and a range, r,, of one. The first and second-order bounding surfaccs
represent the next two processes. The range for each was estimated from the mean
thicknesses of the regions separated by the bounding surface of the hierarchy. For the first
process, representing the first-order bounding surfaces, the average thickness is 10 centimeters.
For the next process, representing the second-order bounding surfaces, the average thickness is
45 centimeters.

The model was fit to the variogram estimate by adjusting the weights. The result is

presented in Figure 5.12. In spite of the fact that the model assumes constant dimensions for

99




each process in the hierarchy and the processes observed (bounding surfaces) exhibit variable
dimensions, the model provides a good fit to the variogram estimate. The two most important
implications of this exercise are first, that the variability associated with the second-order
surfaces is the largest contributor to the overall variance and, second, the average dimensions

of the regions bound by second-order surfaces provide a good estimate of the variogrém range.

DISCUSSION

The probability distributions of the small-scale studies are summarized in Figure .5.13.
The groups according to geologic origin indicate similar distributions for each group and
different distribﬁtions between groups. The variogram parameters for the fitted models are
also summarized in Table 5.7. Certain attributes of the variogram can also be related to the
geologic origin of the deposits. Permeability within the sandy channel deposits exhibits
anisotropic exponéntial correlation structure with the maximum correlation length in the
horizontal direction. Permeability within the sandy paleosol element exhibits "bell-shaped"
correlation and in one case is fit with an isotropic model. The most heterogeﬁeous deposit,
ES1, exhibits nested linear correlation structure that differs from that observed in the other

types of deposits.

Table 5.7. Summary of variogram models and parameters used to fit the small-scale studies.
v, is the nugget, A is the correlation length, and o2 is the sill.

I ' Horiz. Varogram ll Vert.  Variogram I

| Data Variogram Model o A ol n A A o} ]

| SS1 Exponential 0.02 16 0.18 ' 0.02 8 0.18
$82 Exponential 0.02 10 0.11 0.02 8 0.16
885 Nested exp., bell 0.03 8; 260 0.23 0.03 8 023
Ss4 Bell-shaped 0.03 10 0.10 0.03 10 0.10
Ss6 Bell-shaped n/a n/a n/a " n/a nfa | na
ES1 Nested linear na na nfa 0.06 1; 10; 45 | 034 |
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Figure 5.13. Probability plots and box plots of the data sets.
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The results of these studies can also be discussed in the more general context of relating
sedimentological models with geostatistical quels. First, bounding surfaces tend to separate
regions with different mean permeability. There were enough cases that supported this to
warrant considering it as a model of the spatial variation and si.milarly, there were enough
exceptions to this to indicate that the tendency requires further study and quantification. One
hypotheses in statistical terms is: "The probability that a bounding surfaces separates regions
with different permeability is associated with the hierarchical class of the bounding surface."

In addition, the behavior of the variogram appears to coincide with the magnitude of the
variation across the bounding surfaces. In the paleosols, no bounding surféces were observed
as they were destroyed by pedogenic processes and.the variogram estimate appeared "bell-
shaped" indicating a smoothly continuous spatial process. In the channel studies. the
differences in permeability across the bounding surfaces were statistically significant but small,
and the bounding surfaces defined regions of variable thickness. The observed exponential
behavior of the variogram estimates can be interpreted as resulting from an equally weighted
process acting over non-constant ranges. Finally, the results of the ES1 study, that was
undertaken because of the observed contrast in materials separated by the bounding surfaces,
indicate that the marked contrast observed resulted in distinct breaks in thc correlation
structure.

The main implication of these findings is that hierarchical bounding surfaces may provide
a link between sedimentological models and geostatistical models of heterogeneity. In the
following chapters the theme of bounding surfaces as they relate to geostatistical models is
investigated further through studies of afchitecmral elements at the same field site and then
two supplementary studies in alluvial fan and eolian deposits.

Another model of interest is the threshold-crossing model of Phillips and Wilson (1989).
This model represents the spatial variation of a property as a single continuously varying
process with an inherent correlation structure. Phillips and Wilson (1989) demonstrated that
for a "bell-shaped” correlation structure, the correlation length can be estimated from the

average dimensions of contiguous regions exceeding some threshold of the probability
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distribution. They prcscnied the relationship between the average dimensions of the regions of
excursion above or below the mean value. Table 5.8 extends the relationship to two
additional threshold values located one and two standard deviations away from the mean.

As was discussed, the correlation structure in the paleosol studies exhibits a "bell-shaped"
behavior, and is interpreted as more continuous in space than the undisturbed sedimentary

deposits. It is then instructive to assess the threshold crossing approach for

Table 5.8. Ratio of the average dimensions (E(l,),) of regions exceeding a threshold (b) in the
estimating the correlation length (2, in the direction, ith direction. G°(b) is the complimentary
cumulative probabilit of the standardized variable, Z, at the threshold, b. See Phillips and
Wilson (1989) . -

I Threshold (b) Z : GW)
l B 0 : 0.5000
" uto 1 : 0.1587
" 2o 2 : 00228

estimating the variogram parameters. There are insufficient data to accurately define a
threshold value of permeability associated with the presence of observable proxy. However,
for SS4 an estimate can be made of a threshold value associated with the carbonate nodules.
The permeability of the calcite nodules is below the detection of the LSAMP (< 0.5 darcy).
The average size of the observable calcite deposits is approximately 10 centimeters. If these
regions are used as the proxy for the threshold two standard deviations below the mean, the
corresponding correlation length (Table 5.1) is approximately 6.7 centimeters. This matches
very well the seven centimeter correlation length used to fit the variogram model.

This same strategy does not work as well for SS6 where the carbonate nodules are much
smaller (two centimeters in diameter) and the range of the variogram estimate appears much
larger. This problem could also arise from the poor estimate of the correlation structure due
to the biased sampling or it could illustrate one of the fundamental problems of the threshold

crossing approach. Namely, the estimate is very sensitive to the threshold value and if the
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variability appears sufficiently continuous to assume a Gaussian random field with a bell-
shaped covariance, then an abrupt, distinctly discernable boundary of the region of excursion
may not exist. Unfortunately when regions of excursion are mappable, they are usually
associated with discrete boundaries and the presence of discrete boundaries inhibits the

application of theory based on spatially continuous processes.

CONCLUSIONS
Results of the small-scale studies of heterogeneity in the three different types of deposits
indicate that the permeability probability distribution and the overall behavior of the

- correlation structure differs between the types of deposits. The paleosols exhibit the lowest

mean log-permeability and the smoothest spatial process. The low-energy channel element
exhibits a Bigher mean log-permeability and a spatial distribution with abrupt interfaces
resulting in an exponential variogram. The high-energy channel deposits exhibits the highest
mean log-permeability and the abrupt spatial changes in permeability result in a nested linear
correlation structure. |

The bounding surface classification appears to provide insight into the correlation
structure of the different types of deposits and may prove a link between sedimentological
models and geostatistical models of heterogeneity. Larger-scale two and three-dimensional

studies would allow further testing and refinement of the bounding surface-correlation model.
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CHAPTER 6: ARCHITECTURAL-ELEMENT SCALE HETEROGENEITY*

INTRODUCTION

Effective use of sedimentological studies for the characterization of heterogeneity requires
a framework of analysis that possesses both geological and hydrogeological significance. In
Chapter 5, results of the facies-scale study suggest that first and second-order bounding
surfaces may provide insight into geostatistically modeling heterogeneity. In this chapter, third
and fourth-order bounding surfaces are investigated at the larger spatial scale. These higher-
order bounding surfaces separate the architectural elements described in Chapter 4.

Several workers (e.g. Phillips et al., 1989; Anderson 1991a) have suggested architectural
element analysis as an appropriaté sedimentological framework for fluvial dcpositsj An
architectural element is "a lithosome characterized by its geometry, facies composition and
scale [that] represents a particular process or suite of processes occurring within a depositional
system" (Miall, 1988). The geological significance of architectural elements is well
documented (Miall, 1985; Miall, 1988).

Architectural elements are attractive from a hydrogeological perspective because they
provide a means of studying fluvial deposits at scales of meters to kilometers. Architectural
element external geometries define large-scale hydrogeological trends and, as a suite of
genetically related lithofacies, they may be the most suitable geological units for the analysis
of hydrogeological effective properties. Outcrop studies of geology and permeability provide
the most comprehensive source of two- and three-dimensional information on hydrogeological
heterogeneity (Goggin et al. 1988a, Chandler et al., 1989; Dreyer et al., 1990; Kittridge et al.,
1989).

The objective of the architectural element study of heterogeneity was to develop a better
understanding of how information about larger scale depositional processes can be used to

quanﬁfy hydrogeological heterogeneity. The outcrop of the Pliocene-Pleistocene Sierra

*Davis, JM., R.C. Lohmann, F.M. Phillips, J.L. Wilson, and D.W. Love, 1993, Architecture of the
Sierra Ladrones Formation, central New Mexico: Depositional controls on the permeability correlation
structure, Geol. Soc. Amer. Bull, v. 105, p. 988-1007.
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Ladrones Formation provided the site for this study.

Three main steps of analysis were employed. First, a general understanding of the
depositional environment was developed by reviewing previous studies in the area. The
second step was to characterize mean air-permeability within architectural elements and ‘map
the elements over a 0.16 km? peninsular section of the outcrop. Third, the statistical properties
of the element-scale heterogeneity were related to the depositional processes by geostatistical

analysis of the architectural element map and air-permeability data.

SITE GEOLOGY

The Albuquerque Basin is located in the centrgl portion of New Mexico (inset of Figure
4.1). Structurally, the Albuquerque Basin is one of several en echelon basins resulting from
extension of the Rio Grande Rift. The Sierra Ladrones Formation (Pliocene-Pleistocene)
records the later stages of basin infilling with alluvial fan and fluvial sediments.

Basin filling ceased by mid-Pleistocene time (Lozinsky et al., 1991) and the Rio Grande
and its tributaries began to entrench. This entrenchment left a large portion of the up}ﬁer basin
fill isolated from deposition or erosion creating the Llano de Albuquerque, a broad low-
gradient geomorphic surface. Subsequent incision of the Rio Puerco and Rio Grande dissected
the Llano de Albuquerque forming the extensive Ceja del Rio Puerco and Cejita Blanca
escarpments.

Results of previous studies of the upper Sierra Ladrones Formation exposed within the
Ceja del Rio Puerco and the Cejita Blanca suggest that during the late Pliocene to early-
Pleistocene, the positions of the Rio Grande and its tributaries (Rio San Jose and Rio Puerco)
were similar to their current configuration. Figure 4.2 summarizes the drainage system which
Lozinsky et al. (1991) hypothesize deposited the upper Sierra Ladrones Formation. From the
hypothetical drainage configuration of Figure 6.2, it is possible to infer the orientation and
distribution of ancestral Rio Grande system deposits in the vicinity of the field site (Figure
4.8).

The field site for this study is located along the east-facing Cejita Blanca, just west of
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Bosque, New Mexico (Figures 4.1 and 4.2). The portion of the escarpment chosen for study
extends eastward as a peninsula from the north-south trending Cejita Blanca. The outcrop
studied is approximately 20 meters high and covers 0.16 km? The slopes on the outcrop are
at the angle of repose or steeper. Overbank clays and paleosols as well as some cemented
lenses of gravels and sands lend structural stability to the outcrop. The majority of the
sediments however are uncemented. Slope wash is present in some locations as a thin veneer,
generally less than 10 centimeters thick, and can be removed easily with a trowel or small
shovel. A

In a ;-cvious study, Davis et al. (1991_) defined architectural elements (Miall, 1985) at the
field site from a facies study of a 50 meter wide by.20 meter high outcrop. This earlier work
identified four main types of elements: two types of channel elements, an overbank fine :
element, and a paleosol element (Table 6.1). Miall (1985) includes the paleosol facies in the
ovcrbank fine element. Davis et al. (1991) treats paleosols as a distinct architectural element.
Allen (1974) demonstrated the utility of paleosols m terms of studying the depositional
environment of an alluvial sequence. In addition, the permeability of the sandy paleosols is
much greatér than the overbank clays and silt. Since the objective of this study is to relate
depositional processes to hydrogeological heterogeneity, it is preferable to treat paleosols

separately from overbank clays and silts.

METHODS
Empirical characterization of the geological heterogeneity observed in outcrop involved
detailed mapping of architectural elements, quantitative measurements of permeability, and

geostatistical analysis of the combined data.

Mapping
Mapping of the architectural elements described in this chapter corresponds to Phase I of
the mapping described in Chapter 2. Traditional surveying techniques were employed to

maintain adequate control on the spatial locations of architectural elements and permeability
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measurements. A topographic base map of the area was prepared by surveying approximately
one thousand points on the outcrop from twenty-two survey stations éncompassing the
peninsular escarpment. About three-fourths of the survey locations corresponded to
architectural element contacts while the remaining one-fourth corresponded to topographically
important features. The surveyed architectural element contacts were superimposed on the
base topographic map. Mapping was completed by measuring numerous vertical sections up
the outcrop with a five-foot Jacob staff and tracing units laterally between the vertical

sections.

Air-Permeabilify-

Air-permeability measurements were also made along the outcrop in order to obtain
quantitative hydrnoeological information. An air-minipermeameter developed for this study
enables rapid, in-situ, and non-destructive sampling of air-permeability. The air-
minipermeameter principle follows that of Goggin et al. (1988b), in which a constant pressure
is applied to a prepared surface via flexible tubing attached to a tip seal. However, our
device uses lower pressure, different design principles, and is more portable (Chapter 3). The
permeability is calculated from Darcy's law using the applied pressure, measured flow rate,
and geometry of the tip seal.

Calibration of the air-minipermeameter was conducted on laboratory fabricated standards.
Permeability measurements obtained with the air-minipermeameter were compared with
measurements obtained using the same tip-seal (i.e. flow geometry) but utilizing a continuous
air source and directly measuring the applied pressure and flow rate. Thirty-three
measurements of the different materials ranging from 0.5 to 250 darcy were made with the

two devices. The correlation (*=0.99) between the two measurement techniques was

excellent.
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Geostatistical Analysis

Univariate statistical analysis of the air-permeability measurements within architectural
elements was performed to estimate the mean permeability for each element. The mean
permeability values for each element were then used in conjunction with the architectural
element map data for geostatistical analysis. The purpose of the geostatistical analysis is to
quantify the hydrogeological heterogeneity by estimating the statistical correlation structure of
log-permeability, specifically to examine the spatial variability in log-permeability that results
from the structure of the architectural elements. While permeability within architectural
elements does vary spatially and analysis of the within-element variability is a subject of
continuing investigation, in this study the individual-architectural elements are represented by
a single mean value. |

A dense grid of test points (one point every meter in the x and the y directions) we<
overlain on the architectural element map. The (x,y) coordinates of the test points as well as
the coordinates of digitized polygons defining the areal distribution of architectural elements
were then introduced into a computer program (Lohmann, 1992) to determine within which
element (represented as a polygon) each test point lay. The programs TRIMAKE and
TRIMAT (Macedonio and Pareshci, 1991) were used to estimate the elevation (z) of each
horizontal data point. TRIMAKE constructs triangles from the irregularly spaced digitized
topographic contour data. Then the triangulation data is used in TRIMAT to estimate
elevations on the rectangular test point grid yielding an (X, y, z) value for each point. A mean
log-permeability value was then assigned to each test point according to element typ: (Table
6.1). The resulting data set consists of 54,402 records of three-dimcnsionaﬂ location, each with
an assigned mean log(k).

Three additional indicator data sets were constructed for the elements CH-II, OF, and P.
The indicator data sets consist of the locations and assigned values of ones and zeros
depending on the presence or absence of the element of interest. For example, in the CH-II
indicator data set, the value of one is assigned to locations where the CH-II element is present

and zero where one of the other elements is present. Indicator data sets are valuable in
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assessing how the various external geometries of the elements contribute to the overall
correlation structure. The spatial correlation structure is summarized by the experimental
variogram, and is fundamental to a variety of geostatistical models (see Journel and
Huijbregts, 1978; Isaaks and Srivastava, 1989; Cressie, 1991 ; Cristakos, 1992). Variograms of
the four data sets were estimated with GAMV3 (Deutsch and Journel, 1992). GAMV3 allows
the user to specify the direction of the search window, angle and distance tolerances, and
horizontal and vertical bandwidths. Variogram analysis of the data set was performed in six
equally-spaced horizontal directions and the vertical direction. Six directional horizontal
variograms weic separated by 30 degrees. Horizontal and vertical angle tolerances were 15
and 20 degrees, respectively. To obtain pairings as &ue to horizontal as possible, a vertical
bandwidth was set at 0.5 meters. In the vertical direction, due to the sloping mpoéraphy, a
cone-shaped search window with a 50 degree vertical angle tolerance was employed. A 50
degree vertical angle tolerance results in the pairing of points whose spatial separations vary
from the true vertical displacement to 1.55 times the true vertical displacement. The large
variability in separations for a given lag hinders the ability to assess the true vertical
correlation structure. Since the elements exhibit a large aspect ratio, the vertical correlation
structure is analyzed in terms of absolute vertical distances. GAMV3 was modified to record
the absolute vertical displacement as the separation lag. Essentially, this is equivalent to a

horizontal éxtrapo'lation of the architectural elements of a few meters.

RESULTS AND DISCUSSION
Architectural Element Type Descriptions

The four principal archifectural elements delineated (Table 6.1) are: 1) high-energy
channel element (CH-I); low-energy channel element (CH-II); overbank-fine element (OF);
and paleosol element (P). The CH-I elements are dominated by coarse sand and gravel, are
generally between 1 and 3 meters thick and pinchout abruptly. The CH-II elements are

characterized by very fine to medium sand with locally abundant clay drapes (0.5 to 1.5
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‘centimeters thick). Clay drapes interbedded with very fine sand and laminated clay and silt
are common towards the top of these elements. The CH-II elements range in thickness from
0.5 to 9 meters. The overbank-fine elements (OF) are composed of dark brown clay locally
interbedded with tan silt and thin immature sand and clay paleosols. Interbeds of immature
paleosols are common higher in the section. The OF elements range from one to seven meters
thick. The paleosol element is divided into two sub-element classes based on whether the
parent material is dominantly sand or clay. The elements Ps and Pgs are the result of
pedogenesis of sand and gravclly-sand parent material, respectively. The most common
paleosol element is Ps and consists of moderately to well-sorted, very-fine to fine sand. Due
to the distinct hydrogeological properties of the clays and silts, paleosols with overbank fine
parent material are mapped separately as element Pc. The architectural elements are defined
and described in greater detail in Lohmann (1992) and in Chapter 4.

The empirical cumulative probability distribution of log-pc.meability measured in the
elements CH-I, CH-II, and P are presented in Figure 6.1. In general, log-permeability
approximates normal distributions. However, measurements obtained in the CH-II elements
exhibit a pronounced tail of high log-permeability. Conversely, measurements obtained in the
Paleosol elements lack high-and-low extreme values. As indicated by the figure, and verified
by a Student t-test, log-permeability in these three elements exhibit different means (Table
6.1). Sufficient samples were not collected for analysis of full population statistics of the low-
permeability OF element. However, measurements of two independent samples of the OF
material were conducted in the lab using a triaxial cell apparatus and a falling head apparatus.
Both methods on both samples yielded permeability values on the order of 10 darcys. Table
6.1 also summarizes the population statistics for log-permeability measured in the architectural

elements.
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Figure 6.1. (a) Empirical cumulative probability plot of architectural element log-pemn eability
data; (b) Box plots of log penneability data. Boxes represent the 25th and 75th percentiles.
Bars extend to the Sth and 95th percentiles. Horizontal lines correspond to the means.
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Table 6.1. Summary of lithologic facies groupings and log-permeability statistics for
architectural clements. '

Element Facies Present Description Log(k)
Comments mean stand N  Studentt
dev

CH-1 | Massive gravel (Gm) Channel element is
Trough cross-bedded gravel (Gt) dominantly L
Planar laminated sand (Sp) gravelly and coarse 1
Trough cross-bedded sand (St) sand facies. 1.32 0.24 17

|| Low angle cross-bedded sand (SI)

Massive sand and gravel (Sgm) 6.06

CH-2 | Gms, St, Sp, S|, Sand dominates
Horizontally laminated sand (Sh) with rare sand size
Fining upward v. fine to coarse sand (Sfl) | clay clasts and
Fine to medium sand with mud balls (Smb) | gravel lag. 0.84 032 245 |
Finely laminated sand, silt and clay (FI)
Clay and silt, massive, desiccated (Fm) R
Laminated silt, sand, and clay (Fsc) 109

P Paleosol, fine to pebbly sand, massive, Soils and stacked
carbonate stringers and nodules (P) soils 0.44 032 110

Massive sand, immature paleosol (Smi)
Fsc ‘ n/a

OF Silt, clay with rootlets (Fr) Overbank fines -6 n/a 2
Fm, Fsc, P

Architectural Element Map

The architectural element map (Figure 6.2) was prepared by a combination of extensive
surveying and traditional geological mapping. Details of the geometries of the elements are
not readily apparent on the architectural element map due to the map scale and the relatively
steep topography. An analysis of the three dimensional character of the deposits was aided by
construction of cross sections (Figure 6.3) along the principal faces. The cross sections
represent a projection of mapped elements onto the planes shown on the architectural element
map. Since the scale of the elements greatly exceeds the projection distances, this method
provides an accurate means of studying the geometry of the elements in a series of two-
dimensional maps.

Analysis of the cross sections (Figure: 6.3) shows that the architectural elements at the
field site exhibit a large degree of lateral continuity with occasional scours by the sand and
gravel elements into the underlying units. Two axes of deposition are apparent from the cross

sections and the Architectural Element Map. First, the orientation of sand scours estimated by
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Figure 6.2. Architectural Element Map.
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Figure 6.3. Cross-sectional views of Architectural Element Map: (a) Cross Section A-A'; (b)
Cross Section B-B'; (¢) Cross Section C-C'. Cross-section locations shown on Figure 6.2.
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correlating sand scours across the field site ranges from S10W to S70E, with an average flow
direction of S30E. The other axis is north-south resulting in westerly pinchouts of CH-II
elements.b In" general, the abundance of lateraliy continuous sands with occasional scours
suggests that during large flood events, the flood waters overtopped the b‘anks and moved

across the floodplain in sheetlike flow in some areas, and channelized flow in others.

Geostatistical Analysis

The horizontal variograms of mean log-permeability in the directions N9OE and N30W
are presented in Figure 6.4. The horizontal variogram estimates exhibit a similar exponential
behavior-for lags up to 50 meters: In the N9OE direction (Figure 6.4a), the variogram
continues to increase for lags greater than 50 meters, reaching a sill of approximately 9 at lag
65 meters. In the N30W direction, the variogram for lags greater than 50 appears to increase
in a linear fashion, not attaining the value of 9 in the 200 meters analyzed. Larger-scale
analysis would be necessary to determine if the variogram reaches a constant sill, or continues
to increase as expected .of a non-stationary process. The directional dependence of the
variogram represents statistical anisotropy of the log(k) data set in the horizontal direction.

This statistical anisotropy is better revealed by contouring the variogram estimates for the
six different horizontal orientations. In the azimuthal variograms presented in Figure 6.5, zero
lag is located at the center. The radius from the origin corresponds to the lags in the six
different orientations. Since the variogiam is symmetric, the six orientations result in twelve
rays emanating from ihe origin separated by 30 degrees.

The correlation structures for the log(k) data set (Figure 6.5a), the CH-II indicator data set
(Figure 6.5b), and the OF indicator data set (Figure 6.5c) exhibit non-perpendicular anisotropy.
The principal orientations of correlation are N30W and N9OE. The correlation structure of the
log(k) data set most closely resembles the OF indicator correlation structure resulting from the
large relative difference of the OF mean log(k). The correlation in the N30W orientation

corresponds to the average direction of the CH-II scours i(SBOE).
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Figure 6.4. Horizontal variograms of the log-pemmeability data set: (a) N9OE; (b) N30W.
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Figure 6.5. Azimuthal horizontal variograms constructed by combining horizontal variogram
estimates with orientations NOE, N30E, N60E, N9OE, N30W, and N60W. (a) log-
pemeability data set; (b) CH-II element indicator data set; (c) OF element indicator data set;
(d) P element indicator data set. Contour ranges and intervals (range, interval): (a) (0 - 10,
1); (b-d) (0 - 0.25, 0.025).
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Significantly less correlation exists in the N9OE direction. This is believed to be controlled by
the lateral relationship between the CH-II and OF elements. The CH-II element grades
laterally into the OF element as the interbedded sands and clays become dominated by clays to
the west. This lateral gradation was probably controlled by the transition from the proximal
sandy floodplain to the distal mud-dominated floodplain, as illustrated in the block diagram
shown in Figure 4.8. The azimuthal variogram for the P (Figure 6.3d) indicator data set
differs from the CH-II and OF indicator variograms in two ways. First, the overall variability
is 'low¢r, and second, anisotropy appears to be orthogonal with strongest correlation in the
NOE orientation. The lower overall variability is partly attributed to the proportional effect
(Journel-and Huijbregts, 1978) in that the P element occupies a smaller volume fraction of the
deposits and thus has a lower indicator mean. Also contributing to the lower overall
variability is the tabular geometry of the P elements. The N90E orientation of the minimum
correlation is consistent with east-west relationship between the zones of overbank deposition
and pedogenesis. In the horizontal direction, the correlation structure of the mean log-
permeability and the indicator data sets appears to correspond with the configuration of the
palco-drainage system.

The vertical variograms for the four data sets are shown in Figure 6.6. The shape of the
log(k) variogram is seen to closely mimic the OF element indicator variogram as was the case
with the horizontal variograms. Also, the correlation structure is again largely controlled by
the external geometry (i.e. thickness) of the elements. The average thicknesses of the OF and
P elements are two meters, coinciding with the observed range. Similarly, the CH-II element
~ has an average thickness of three meters and is cyclic on a six meter interval.

The architectural elements defined appear to exhibit different mean log permeabilities
indicaﬁng that these elements may serve as suitable hydrogeologic units. The specific
effective hydrologic properties associated with each element would be a function of the
internal structure of lithologic facies. Results from the within-elcment studies (Chapter 5)
indicate that the lower order bounding surfaces associated with cross-bed sets and lithofacies

may provide a framework for quantifying the within-element heterogencity.
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Figure 6.6. Vertical variograms of the log-pemeability data set: (a) log-pemeability data
set; (b) CH-II element indicator data set; (c) OF element indicator data set; (d) P element
indicator data set.
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In the analysis of the architectural-element scale heterogeneity presented in this chapter,
the log-permeability spatial distribution is represented by the spatial distribution of the
architectural elements and the mean log-permeabilities of the elements. The geostatistical
analyses of this data suggest that the external geometries of the elements may exhibit a
significant control on the spatial correlation structures of the log-permeability. While this
relationship between deposit geometries and correlation structure has not been previously well
documented in studies with abundant geologic control, it is consistent with findings of Johnson
and Dreiss (1989_) who attributed stati;tical anisotropy of subsurface soil classification data to
elongate naleochannel deposits.

- Results of this chapter provide ficld-based support for the approaches to subsurface
characterization proposed by Anderson (1989) and Phillips et al. (1989). Large-scale trends in
the heterogeneity are seen to be directly related to the large-scale depositional processes. In
addition, the relationship between the element-scale correlation structure and depositional
processes appears strong. However, the amount of geologic information necessary to delineate
trends depends largely on the understanding of the depositional process-product relationship.
Poeter and Gaylord (1991) concluded that in the deposits at the Hanford Site which were
dominated by catastrophic flood events, the exiéting understanding of depositional process-
product relationship was not sufficient to predict three-dimensional configuration of deposits.

Overall, results of this study suggest that effective use of information about depositional
processes may be used to minimize the data requirements necessary for subsurface
characterization of heterogeneity. The results of the statistical analysis of the exhaustive data
set obtained in this study appear consistent with the observed and previously documented
geology. Specifically, the orientations of the statistical anisotropy appear to correspond to the
configuration of the paleo-drainage system, and the variogram ranges in the vertical direction
correspond to the average element thicknesses. In the characterization of subsurface
heterogeneity where site specific outcrop information is unavailable, the paleo-drainage
configuration and average bed thicknesses could be estimated from a variety of sources

including local geological investigations, provenance studies, analog outcrop studies, and
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borehole data.

CONCLUSIONS

The detailed hydrogeological study of the Sierra Ladrones outcrop demonstrates that
architectural element analysis is a useful tool in assessing hydrogeological heterogeneity at
scales commonly of interest in aquifer and reservoir problems. Architectural elements
deposited by the ancestral Rio Grande system are on the 6rder of one meter thick and are
laterally extensive over 100's of meters. There is a good correlation between architectural
element type and mean log-permeability.

Thc»exterﬁal geometry and spatial assemblage of the elements appear to be the dominant
control on the element-scale spatial correlation structure. The horizontal variograms estimated
from mean log-p-rmeability data exhibit non-orthogonal anisotropy, with the orientation of
greatest correlation (N30W) corresponding to the paleoflow direction of the tributary system
(S30E). The direction of poorest correlation (N9OE) is perpendicular to the paleoflow
direction of the ancestral Rio Grande. This direction (N90E) corresponds to the lateral
transition of ancestral Rio Grande floodplain deposits from the proximal overbank sands to the
most distal paleosols. The vertical variograms appear to be controlled by average element
thicknesses.

Results of the small-scale (Chapter 5) and the architectural-element scale study represent
a first step in increasing our understanding of how information about depositional processes
can aid in characterizing the spatial structure of fluvial/interfluvial deposits. Similar studies in
different depositional environments are necessary to better understand how information about
depositional processes can be used to quantify aquifer and reservoir heterogeneity. Two
similar, but significantly shorter, studies conducted in alluvial fan and eolian deposits are

presented in Part IV of this dissertation.
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SUMMARY OF SIERRA LADRONES STUDY

The studies of the Sierra Ladrones Formation resulted in an improved understanding of
the geology and hydrogeology of the specific field site study and provide a basis for
investigating the relationship between sedimentological models and geostatististical models of
heterogeneity.

The Sierra Ladrones Formation in the vicinity of the field site is interpreted as resulting
from a combination of fluvial and interfluvial depositional processes. The occurrence of the
four main architectural element types indicates déposition resulting from a high-energy channel
system (CH-I), a lower energy channel and proximal flood plain system (CH-II), a distal
flood ptaint (OF), and a stable interfluvial environment (P). The spatial assemblage of the
architectural elements and the orientation of the channel scours indicate that the fluvial system
was responding to some large-scale changes of the basin, probably either climate or tec*onic
variations.

Statistical analysis of permeability within the sandy elements indicates that the
architectural elements exhibit different mean log-permeability values. In addition, the
mapped lithologic facies also tend to exhibit different mean log-permeability. However, the
magnitude of the difference is less and occasionally a difference in the mean log-permeability
between two adjacent facies cannot be detected. From a sedimentological viewpoint, this
information may be generalized according to the hierarchical bounding surfaces that separate
the lithologic facies and architectural elements. That is, the second-order bounding surfaces
that separate lithologic facies correspond to boundaries of hydrogeologic regions exiubiting
different mean log-permeability. Third and fourth-order bounding surfaces that separate
afchitectural elements correspond to boundaries of larger-scale hydrogeologic regions
exhibiting different mean log-permeability. Qualitatively, the magnitude of the difference of
means also appears to correlate to the order of the bounding surfaces in the deposits studied.

In addition to defining hydrogeologic regions of different mean log-permeability, results
of the geostatistical analysis indicate that the bounding surfaces may also provide a framework

for relating geologic information to the permeability correlation structure. In the facies-scale
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studies, the behavior of the variogram differed in locations that exhibited different bounding
surface characteristics. Namely, the paleosols do not contain internal bounding surfaces and
tend to exhibit a fairly smooth spatial variatiéﬁ of log-permeability as indicated by the "bell-
shaped" variogram. The fluvial sand deposits do contain jnternal bounding surfaces and tend
to exhibit more short range variability as indicated by the exponential variogram. In the sand
and pebble deposits where the bouding surfaces are well defined and mark distinct changes in
mean log-permeability, the variogram exhibits a nested linear behavior with the dimension of
the nested ranges closely corresponding to the respective average distances between the
bounding surfaces.

- In-the architectural-element scale study, the behavior of the variogram closely corresponds
to the inferred depositional environment. Based on a method of assigning mean log-
permeability values to the architectural elements, the correlation structure in the horizontal
direction exhibited maximum correlation in the N30W direction corresponding to the inferred
direction of the ancestral tributary system. The shortest correlation length was in the N9OE
direction corrsponding to the direction of the transition between proximal and distal floodplain
deposition. In the vertical direction correlation lengths were observed on the order of a few
meters corresponding with the average thickness of the architectural elements.

In terms of geostatistical modeling, the study of the Sierra Ladrones Formation indicates
that models representing the spatial variation of permeability as a log-nofmal spatially
continuous process with one dominant scale of correlz*ion may be inappropriate at the scale of
meters to hundreds o meters. Permeability changes by several orders of magnitude over
distances of centimeters at architectual element contacts. In addition, the occurence of the
four elements exhibiting different mean log-permeability indicates that a multi-modal
probability distribution function is more appropriate than the normal distribution. The
occurence of the overbank fine element and the sandy channel and paleosol elements certainly
warrants a bi-modal model.

In addition to the abrupt spatial changes in permeability and the multi-modal nature of the

probability distribution, the correlation structure appears to exhibit multiple scales. The




correlation at the facies-scale studies exhibited a single simple sill in the vertical and, with one
exception, horiiontal directions. The correlation structure of the mean log-permeability
values at the architectural-clement scale exhibited a non-orthogonal anisotropy. The desired
characteristics of a geostatistical model of the heterogeneity of the Sierra Ladrones formation
would exhibit abrupt spatial changes in permeability (discrete model), a mﬁlti-modal
probability distribution, and a nesting of a finite number of scales corresponding to the

dimensions of the lithologic facies and architectural element.
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CHAPTER 7: HETEROGENEITY OF ALLUVIAL FAN DEPOSITS®

INTRODUCTION

The study of heterogeneity of the Sierra Ladrones Formation (Part III) is supplemented by
smaller studies of heterogeneity in deposits of different sedimentary origin. This chapter |
describes the methodology and results of a study of alluvial fan Heposits at the Nevada Test
Site (NTS) in conjunction with Reynold's Electrical and Engineering Company (REECo) and
Sandia National Laboratory (SNL). The two primary objectives of this study were first to
obtain information on the gross geologic features including the location and spatial dimensions
" of mappable units and second to obtain spatially distributed measurements of permeability for
geostatistical analysis.

Geologic mapping and permeability sampling was performed in two existing trenches in
the Radioactive Waste Management Site Area 5, NTS (Figure 7.7). The geologic mapping
for the study of heterogeneity was performed in consultation with Raytheon Services Nevada.
The geologic mapping delineated three types of deposits: sheet-flood, debris flow, and channel
stream.

In each trench studied (Pits 3 and 4), a portion of one of the trench walls (approximately
50 meters wide by 10 meters high) was the focus of study. For each wall, field observations
of the gross hydrogeologic features were mapped on a series of photographs. Measurements
of permeability were obtained with a protofype of the LSAMP (Chapter 3) at approximately
250 locations on each of the trench walls studied. The air-minipermeameter used in this study
differed in the electronic timing of piston fall. The locations of clusters of permeability
measurements were recorded on the photographs. Some locations on the trench walls w.ere
not measurable with the air-minipermeameter. For these locations, comments were recorded

regarding the nature of the non-measurement (e.g. material too coarse, or not consolidated

enough).

SAfter Davis, JM., 1992, Greater confinement disposal heterogeneity study, Nevada Test Site, Area
5, Radioactive Waste Management Site, DOE/NV/10630-26 UC-721, 57p.
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In a subsequent and independent geological investigation of the alluvial fan deposits

exposed in the pit walls, Snyder et al. (1993) concluded that the alluvial fan deposits are
Quaternary and are characteristic of lower-middle to distal alluvial fan deposits. The mapping
performed by Snyder et al. (1993) was on opposite walls of where the heterogeneity studies
were performed. While the general classification and gross geologic features mapped by
Snyder et al. (1993) were similar to those of the heterogeneity study, a direct comparison of
the detailed mapping results and those of original study is not possible at present since the two
studies were conducted on different walls of the trenches.

Both the original and subsequent geologic studies are used in the analysis of permeability
data. The original hydrogeologic classification is-used to test the hypothesis of different
mean permeability in the sheet flood and debris flow deposits. The subsequent and more
detailed geologic data is used to test two methods of estimating correlation structure based
solely on soft geologic information. The first method follows the method employed in
Chapter 6 where mean permeabilities are assigned to different lithologic units, a tight sampling
grid is overlain on the digitized geologic map, and the variogram is estimated. The second
method is the threshold crossing theory proposed by Phillips and Wilson (1989) where the
average dimensions of contiguous regions exceeding some threshold of the probability

distribution can be used to estimate the correlation length.

METHODS

One of the constraints of this study was the use of photo-mosaics for determining
locations on the outcrop. A methodology was developed to correct for the distortion of scale
resulting from photos taken at an oblique angle to the outcrop. A methodology was also |
developed for the unbiased sampling of air-permeability at a variety of spatial scales. The

methods developed for this study are directly applicable to studies of similar nature.

Photogrammetric transformation

For any study involving the spatial distribution of properties (in this case permeability and



geology), a mapping technique is required. The technique used here is a crude form of
photogrammetry. Photographs of the pit wall were provided as base maps. The photographs
are 20 x 25 centimeter (8 x 10 inch) color prints each covering approximately 10-12 horizontal
meters of the pit walls. Sufficient overlap was provided so that the photos could be combined
into a photo-mosaic of the entire study area.

The photographs on which the mapping was performed were taken from the bottom of the
pits looking up at the wall. The result of the oblique angle of projection is a distortion in
scale from the top of the photographs to the bottom. When the photos are placed together, a
significant concavity results. That iis, the photo-mosaic of a largely rectangular region
approximates a section of an annular ring. Given that the photographs were the only
economical means of locating control points and geologic contacts and the distortion was too
significant to be reglected, it was necessary to transform the data digitized from the photo-
mosaics into a new set of coordinates. Photogrammetric approaches were considered, however
not enough information regarding camera lens characteristics and projection of the photographs
were available. ;

A transformation was developed to correct for the photographic distortion. The goal of
the transformation was to map each point of the annular ring onto an associated rectangular
region. The conformal mapping technique of complex analysis provides us with such a

transformation (Spiegel, 1964). The complex natural logarithm is defined as:

w = In(r) +i0

Using this identity, any point in the z plane (z=x+iy) can be mapped into the w plane by

converting the x and y coordinates into cylindrical coordinates according to:

r= ‘/x2+y2 0 = m—ll

X

Each point in the annulus of the ring is defined according to cylindrical coordinates. Then

using the complex natural logarithm, the points are transformed into a rectangular region.
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Conceptually, each radius of the annulus corresponds to an elevation on the outcrop and each
vertical transect is represented by an angle. Thus the conformal mapping translates the
cylindrical coordinates of the photo-mosaic to the rectangular coordinates desired. The
transformation is summarized in Figure 7.2.

In practice, the transformation was performed as follows. First, the photo-mosaic was
aligned on a digiﬁziﬁg table so that the tangent of the bottom of the mosaic was coincident
with the horizontal axis of the digitizing table. The origin was placed at the bottom center of
the photo-mosaic so that points to the left of center were in Quadrant II and points to the right
of center were in Quadrant I. All points had positive y-coordinates. The points of interest
were then digitized from the photo-mosaics in rectangular coordinates with units of
centimeters. In order to apply the transformation, the locations of the digitized points were
converted to cylindrical coordinates and translated downward so that the region occupied an
annular ring centered at the origin. The constant of translation in the y direction was equal to
the radius of curvature of the photo-mosaic. In principle, the radius of curvature can be
obtained given two points on the ring (a and &) and the arclength between them, L, from the
equation: '

L=R [sin"('%l) - sin“(ﬁfl)]

The radius of curvature, R, can be solved for numerically given two horizontal locations, a
and b, on the photograph and the arclength, L. However, it was difficult to obtain accurate
measurements of the arclength. In addition, it «1s found that the transfor:n ation is very
sensitive to the radius of curvature and a graphical method of trial and error was preferred. In
 the trial and error method, the comers of the overlay grid were digitized and were used as the
basis for estimating the transform parameters.

Figure 7.3b presents the best fit rectangular grid to the original Pit 3 overlay grid corner
data (Figure 7.3a). Cénain imperfections are apparent in the transformed grid that result from
a combination of several factors. The most important factor is that the transform is only an

approximate transform as it is not based on principles of photogrammetry but rather
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Figure 7.2. Schematic illustration of transformation used to obtain locations from photo-
mosaics. Sequence of operations is counterclockwise.
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on the appearance of the photo-mosaics and the appearance of the actual outcrop. Another
reason for the slight deviations of the transformed grid to that of a true grid result from the
way the grid was prepared on the photographs. The grids on the photograph were established
by measuring from the top of the photograph down in 1.22 meter increments but a variable
scales. For example, the scale of the photographs of Pit 3 was 0.62 meters per centimeter at
the top of the photos and 0.54 meters per centimeter at the bottom of the photos, a vertical
scale gradient of 0.008 meters per centimeter per meter. For each 1.22 vertical interval, the
scale changes by 0.01 meters per centimeter. In the case of Pit 4, the vertical scale gradient is
estimated to be 0.001 meters per centimeter per meter. In both cases the vertical scale
gradient ‘was taken into account when plotting the grid comers on the photos. Since the top of

the wall is of variable elevation, this is translated downward throughout the grid.

Sampling Strategy
A stratified random sampling approach was developed for the unbiased sampling of air-

pemmeability at a variety of spatial scales. Estimation of the spatial correlation of pemneability
requires sampling at spacings below the correlation length. Since the correlation structure was
unknown at the outset, it was desirable to measure pemneability at a variety of spacings. To

- accomplish sampling at a variety of spacings without introducing bias, a two step random
approach was developed to detemmine sampling locations. This method is similar to that used
in the facies-scale studies of Chapter 5.

First, a fixed orthogonal grid was set up on the entire trench wall. Then a random
deviation (horizontal and vertical) from the lower left node of each ¢lement was generated.
This was determined by generating two uniform random numbers from zero to one (U(0,1))
and multiplying each by the horizontal and vertical dimensions of the overlay grid elements
(Figure 7.4). The location of the control points were then marked directly on the photograph
by measuring from the lower left comer of overlay grid elemehts the horizontal and vertical
deviations detemined by the stratified random approach described above. Considering the
stratified nature of the deposits along with the time constraints, the grid dimension were set at

3.05 meters (horizontal) and 1.22 meters (vertical).
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For each control point, measurements were takén on a grnid with the control point at the
center of the grid. The characteristics of the sampling grids around each control point were
also determined randomly. The grid characteristics were determined by first generating a
U(0,1) random number. If the number was less than one-half, the grid contained four nodes;
if the number was greater than or equal to one-half, the grid contained nine nodes. The
horizontal and vertical dimensions of the sampling grids were determined by generating two
additional U(0,1) random numbers and multiplying each by the overlay dimensions.

The grid elements were numbered consecutively from left-to-right and top-to-bottom on
the photo-mosaics. For each grid element, the set of random horizontal and vertical offsets
were plotted on the photo-mosaics from the overlay-grid comers. In the field, each control -
point was located by identifying the physical location on the outcrop that corresponded to the
control point marked on the photomosaic. The final locations of the control points were
obtained by digitizing the locations on the photo-mosaics and app'ying the same transform

used in the mapping exercise.

Sampling of Air-Permeability and Mapping of Hydrogeologic Units

The equipment for this task included the prototype of the air-minipermeameter (Chapter
3), a lift for accessing the trench wall, a small shovel for preparing sampling locations, and a
two meter flexible tape measure for locating measurements relative to the control points. A
minimum of two personnel were required: one to operate the air-permeameter and another to
operate the lift. In order to assess malfunction or drift of the air-permeameter, a standard was
taken into the field and sampled regularly. The standard was a porous stone fabricated in the
laboratory from sieved sand and epoxy. The times measured with the air-minipermeameter on
the standard and were recorded on the data sheets as a "sample standard”.

The air-flow-rate data measured with the air-minipermeameter were converted to
permeability according to the equations presented in Chapter 3. The standard used in the field
was measured under laboratory conditions to have a permeability of 105 darcys. When the

mean measured air-flow-rates of the field standard for Pits 3 and Pit 4 (see Table 7.1,
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Standard mean) were used to calculate permeability, values of 81 and 70 darcys were
obtained, respectively. It is also noted that the mean free-fall time (Table 7.1) differed for the
two pit studies indicating that there was a chaﬁge in the permeameter.

First, it is important to note that the air-minipermeameter used for the NTS study was the
prototype device for the LSAMP described in Chapter 3. The main differences between the
two was the electronic timing of the piston fall. The device used in the NTS study used
flashlight bulbs and photoresistors connected to a circuit board as the timing device as
described by Davis et al. (1991). The upgrade of the timing device was performed prior to
the discovery of the discrepency in measurements between the two Pit studies.

Table 7.1. Means and variances of repeated measurements
in units of seconds and seconds-squared, respectively.

I Free-fall Free-fall ‘ Standard . Standard
mean variance mean variance

Pit 3 (n=11) 1.16 0.0022 1.44 0.0042

Pit 4 (n=15) 1.22 0.0025 1.54 0.0047

As a result, the cause for the discrepancy between the standard measured under laboratory
and field calibration conditions as well as the difference in free-falls times measured in Pit 3
and 4 is unclear. The permeameter was disassembled and shipped to REECo (Mercury, NV)
for each pit study. The device was reassembled in the Mercury dormitories the evening prior
to the first day of sampling. The same components configured in the same manner were uséd
for both pit studies. After sampling was completed, the permeameter was disassembled and
shipped back to New Mexico Tech (Socorro, NM). There is no clear indication of which
parameter changed to result in different response of the air-minipermeameter to free-fall and
standard measurements. The sensors were not moved between the sampling campaigns so it is
unlikely that the measured volume changed. One possibility is that the photoresister
connections were reversed between the Pit 3 and Pit 4 studies. If there was a delay in one of

the electronic switches to the stopwatch then this could account for the observed difference.
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Without a physical explanation of the difference in the standard and free-fall
measurements obtained in Pits 3 and 4, the coefficient of friction, p was used as a fitting
parameter. With all other parameters held constant, B, was varied until the time measured for
the standard in the field resulted in the permeability obtained with the calibrated device under
calibration conditions. This was performed using the mean measured time for the standard for
each pit study. The resulting values for the coefficient of friction, B, for Pits 3 and 4 are 210
and 275 [Ns*m?], respectively.

From the field measured free-fall and standard times, the permeameter measurement error
was assessed. One possible source of measurement error was instrument drift. For each of
the Pit studies, there was no apparent correlation ofag;easurement values with time of day so
drift of the instrument is regarded as negligible. Another form of measurement error is the
repeatability of the instrument. To test the repeatability of the instrument triplicate
measurements were performed in three locations. At control points (3-19 and 3-78) cither the
horizontal or vertical grid spacing were less than one centimeter. Instead of obtaining very
closely spaced measurements, three sets of triplicate measwements were taken at these control
points. This set of repeated measurements is used in assessing permeameter repeatability at a
given location on the outcrop.

An analysis of variance (ANOVA) was performed on the six groups of data, each group
containing three measurements. The natural log transform was applied to the permeability
measurements since it is expected to exhibit a log-normal distribution. The result of the
analysis indicates a much smaller variance within groups (0.068) than between groups (0.419).
The F statistic, which is defined as the ratio of the between group variance to the within group
variance, is 6.16 indicating that the variability of the population is much greater than the
variability associated with measurement error. The error associated with repeatability is

expected to contribute to the nugget of the variogram estimates.

RESULTS

The hydrogeologic units were mapped in Pits 3 and 4 concurrent with permeability data
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acquisition. The location of the contacts were recorded on the photo-mosaics of the pit walls
and were digitized and transformed. Three basic types of geologic material were mapped:
sheet flood, debris flow, and channel deposits. In general, the sheet flood material was
characterized by clast supported material exhibiting sedimentary structures; the debris flow
material was characterized by matrix-supported clasts without any apparent sedimentary
structures, and the channel depositsv consisted of large clasts (cobbles and some boulders) with
infilling sands.

For the study in Pit 3, Stuart Rawlinson (Raytheon, Las Vegas, NV) produced a line
geologic map on the pit wall photo-mosaic. While this was performed concurrent with
permeability sampling, the tasks were separate.

The result was two slightly different interpretations of the geology and hydrogeology.
When collecting permeability measurements, the locations on the pit wall were recorded as
debris flow (DF) or sheet flood (SF) depending on the absence or presehce of sedimentary
structure (no permeability measurements were obtained in the channel (CH) deposits). The
presence or absence of sedimentary structure was the hydrogeologic definition of the sheet
flood and debris flow deposits, respectively. The geologic map of Pit 3 by Rawlinson (Figure
7.5) delineates two sheet flood deposits in the upper part of the pit wall.. The muddy‘shect
flood (MSF) and very-muddy sheet flood (VMSF) were interpreted hydrogeologically as debris
flow as they exhibit no apparent sedimentary structure. There is a strong possibility that the
MSF and VMSF deposits were genetically sheet flood and have undergone pedogenic
processes destroying the primary sedimentary structures. Another region of considerable
disagreement between the two interpretations occurs in the lower sheet flood (PSF) unit. At
control points in this lower unit, material interpreted by Rawlinson as sheet flood were
recorded as debris flow when air-permeability measurements were taken. Most of these
discrepancies occur near a mapped contact and may be the result of slight errors in mapping

the contact.
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The hydrogeologic map for Pit 4 (Figure 7.6) was produced by the author with the
assistance of Warren Cox (REECo, Mercury, NV) and Erik Webb (DOE Fellow/Sandia
National Labs). The same three units (SF, DF, and CH) were observed and mapped in Pit 4.
The mapping was performed after sampling of pemeability was complete. Since the map was
constructed by the same personnel that perfommed theé pemmeability measurements, the

hydrogeology mapped is consistent with the hydrogeology recorded during sampling.

Pit3y 7

On the first trip (January 23 - January 25, 1991), permeability measumments were made
on the north wall of Area S, Pit 3. The wall was approximately 10 meters high and well over -
250 meters long. A 55 meter segment of the wall extending from wall-marker 11 to wall-
marker 20 was targeted for measurement. The wall itself consisted of unconsolidated alluvial
fan sediments that maintain some slight cohesion possibly due *o calcite cementation and
minor compaction. The surface of the wall is essentially vertical (approximately three meters
off vertical) with local irregularities such as cavities and crevasses.

Of the total 384 data locations, 292 successful measurements were made (76% success
ratio). There were 60 missed measurements in the sheet flood material and 32 in the debris
flow material. Table 7.2 summarizes the distribution and reason for the non-measurements.

In both types of material (debris flow and sheet flood) there were a significant number of non-
measurements due to friable surfaces and ]arge. rocks. A smaller number of nondneasurements
were caused by poor seals on rough surfaces (blow out), caliche, slope cover, burrows and
instrument problems. However, in the sheet flood unit, the major cause of non-measurements
was a dense matrix of pebbles. It is not entirely understood what effect these missing data
have on the shape of the resulting statisﬁcal distributions. However, if the rock and caliche
represent the lowest pemmeability and the pebbly and "too friable" regions represent the highest
pemeability, the estimated probability distribution would tend to underestimate the tails of the
actual distribution. The locations of the "missed” values seem to be evenly distributed in

space and are not taken into account in the geostatistical analysis.
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Table 7.2. Summary of non-measurements in Pit 3.

TYPE OF PROBLEM NO. IN SHEET FLOOD NO. IN DEBRIS FLOW
Friable surface 5 6
Large rocks 11 10
Poor seal (blow out) 1 2
Caliche 3 1
Slope cover 3 0
Burrows ' 0 ' 2
Instrument Problems ) 0 | 3
Pebbles 37 | 7 “
" TOTAL 60 32 "
" Success rate 70% 83% "

Permeability measurements were made beginning at the lower left hand corner of the
gridded area of the outcrop. Given the time constraints of two days of sampling per pit and
the objective of obtaining a sufficient number of data points distributed o{rer as much of the
wall as possible, alternating columns of control points were skipped after the first two columns
were completed. Thus, of the 124 control points mapped in Pit 3, permeability measurement

were made at only 59.

Pit 4

Permeability measurements were made in Pit 4 on February 12-13, 1991, under the same
conditions as described for Pit 3. Of the 56 mapped control points, 48 were used, and of the
337 attempted measurements, 213 were successful (63% success ratio). Table 7.3 summarizes
the distributions and reasons for the non-measurements at Pit 4. The problems encountered in
making permeability measurements in Pit 4 were similar to those in Pit 3.

However, in comparing the two data sets, Pit 4 had a lower overall percentage of sheet flood
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deposits. These were generally of coarser, more friable material and difficult to sample. Of

the 213 successful permeability measurements from Pit 3, only 11% were from sheet flood

deposits.

Pit 4 was not as deep as Pit 3, the pit wall dimensions were only 6.1 meters high by

approximately 43 meters long. The same sampling design was used in Pit 4 as that used in Pit

3. While the practice of skipping every other column was followed in Pit 4, the lowest

control point in each skipped column was occupied.

Table 7.3. Summary of non-measurements in Pit 4.

TYPE OF PROBLEM

NO. IN SHEET FLOOD

NO. IN DEBRIS FLOW

Friable surface 9 17

Large rocks 10 27

Poor seal (blow out) 3 8

Caliche 0 0

Slope cover 0 0

~ Burrows 0 0

Instrument Problems 0 25

Pebbles 12 3

TOTAL 34 30
Success rate 42% 70%

DATA ANALYSIS AND INTERPRETATION

Hydrogeologic maps were generated based on the field mapping of geologic units.

Classical statistical analysis was performed on the permeability data and compared with the

theoretical normal distribution for associated means and standard deviations. In the cases of

both data sets, the hypotheses of log-normal distributions appears valid. . Variogram estimates

were also performed with the GAMV3 routine (Deutch and Journel, 1992).
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The sampling strategy employed appears to have worked very well. The locations of the
successful measurements in Pit 3 and Pit 4 are presented in Figures 7.7. The data set is
believed to be largely unbiased and very amenable to variogram estimation. Variogram
analysis of the entire Pit 3 data set was performed at two scales. Small-scale correlation (< 1
meter) was estimated with an omni-directional variogram to obtain as many pairings as
possible. The lag interval of the small-scale variogram was 0.2 + 0.1 meters. The large-scale
variogram were then estimated in the horizontal and vertical dircctions with lag intervals of
0.5 + 0.25 meters and search window tolerance angle of + 25 degrees. For Pit 3, each lag
estimate had at least 50 pairs with a vast majority of lags containing more than 200 pairs. For
Pit 4, again all variogram estimates except lag #1 are based on more than 50 pairs with most

lags containing more than 200 pairs.

Pit 3

The Pit 3 data consists of 292 permeability measurements taken from two different
hydrogeologic units. The measurements are distributed evenly between the two types of
deposits with 157 from the debris flow and 133 from the sheet flood.

Distribution analysis of the Pit 3 data indicate a skewed right distribution of the original
data. A natural-logarithm transform was applied and apparently normal distributions resulted.
The empirical cumulative probability distribution of log-permeability are presented in Figure
7.8a. The log-data were then split into two hydrogeologic sub-sets. Empirical distributions of
the hydrogeologic data sub-sets were also estimated and are presented in Figure 7.8b. The
population statistics are summarized in Table 7.4. The variance of the Pit 3 log-permeability
data is much larger than that observed in the within-facies studies of Chapter 5. When the
data is split according to debris flow and sheet flood, the variances associated with the subsets
is much less than the total variance but still larger than the variance observed within the
fluvial and paleosol facies. The difference is attributed to the higher variability of depositional
and diagenetic (pedogenenic) processes of an alluvial fan over the scale of tens of meters

versus the variability of the fluvial and pedogenic processes
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acting over the scale of tens of centimeters in fluvial/interfluvial environments. The
correlation structure was investigated at two scales. The results of the small-scale variogram
estimate are presented in Figure 7.9a. The small-scale variogram exhibits fairly consistent

values between lags of 0.1 and 0.8 meters, however, the ﬁrst variogram estimate at 0.1 meters

is slightly lower than the others. If the measurement error of the field study is equivalent to
the apparent sill (0.4), then no inference can be drawn regarding the small-scale correlation
structure. However, this value is larger than that observed in the other field studies. The
variance of repeated field measurements of standards presented in Chapter 3 indicates that the
measurement variance of log-permeability (base-e) is less than 0.03. In the small-scale studies
presented in Chapter 5, a nugget of 0.04 is consistently observed and overall population
variances do not exceed 0.3. In addition, the triplicate measurements obtained in this study
indicate a vaﬁance associated with instrument repeatability on the order of 0.07. As a result, V
the small-scale variogram is likely to reflect small-scale correlation. An exponential model is
fit to the estimate with a nugget of 0.07 and correlation length of 0.08 meters. An important
feature of the small-scale correlation is that a single simple sill is apparently reached for lags
between 0.1 and 0.8 meters. The increase in the variogram estimate at lag 0.87 is interpreted
as the onset of the larger-scale correlation structure. |

The large-scale horizontal and vertical variograms are presented in Figures 7.9b and 7.9¢,
respectively. At the scale of meters, the correlation structure also exhibits an exponential
behavior. The modeled nugget (0.4) results from the sill of the small-scale correlation .
structure. Some periodicity is seen in the variogram estimate that may result from periodic
horizontal variations in permeability. However, with the significant amount of noise in the
variogram estimate it is difficult to discern the cause of the periodicity. One possibility is that
the periodicity is an artifact of the sampling every other column on the overlay grid. Recall
that the horizontal dimension of the overlay grid elements was 3.05 meters. Skipping every

other column may have resulted in a poor pairings for lags that are multiples of three.
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Figure 7.9. Small-scale (a) omni-directional, (b) horizontal, and (c) vertical variogram
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The horizontal variogram is fit with:

Y,(E) = 04 + 0T [1 - exp(l%n

The vertical variogram (Figure 7.9¢) exhibits periodic structure and is fit with a cosine-

exponential variogram model.

= 04 + 0.4 [1-exp(—LElycos( L
Y,(8) »0.4 04 [1-exp(—1cos( =]

The deviation from the model at large lags may result from a vertical trend in the data.

The anisotropic nature of the variogram is consistent with the field observations of a stratified

medium.
Table 7.4. Summary of permeability statistics for Pit 3 data.
Permeability values are in darcys.
Data Set Mean [In(k)] Var [In(k)] N
All 3.12 1.104 292
Debris flow 2.53 0.735 159 “
Sheet flood 381 0.664 133 '
o !
Pit 4

The Pit 4 data consist of 213 permeability measurements taken from two different
hydrogeologic units. Unlike Pit 3, the measurements obtained from Pit 4 are not evenly
distributed between the two types of deposits sampled. Only 25 measurements were obtained
from the sheet flood deposits in Pit 4 while 188 measurements were obtained from tﬁe debris

flow deposits.
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Distribution analysis of the Pit 4 data was performed. As with Pit 3, the original data
resulted in a skewed right distribution. A natural logarithm transform was applied and the
resulting empirical and theoretical normal distributions are presented in Figure 7.10a. The
data set was split into two subsets for analysis of the popu]ation statistics. The resulting

distributions are shown in Figure 7.10b and summarized in Table 7.5 .

Table 7.5. Summary permeability statistics for Pit 4 Data.
Permeability values are in darcys.

" Data Set Mean [In(k)] Var [In(k)] N l
" All 203 0.667 213
" Debris flow 1.88 0.424 188
" ~ Sheet flood 321 1.106 25 "

As in the case of Pit 3, small-scale and large-scale variograms were estimated with the
same variogram search window parameters. The small-scale variogram of the Pit 4 data
(Figure 7.11a) is very similar to that of the Pit 3 data and is modeled in a similar fashion.
The small-scale variogram reaches a sill of approximately 0.3 at lags greater than 0.2 meters.
This sill value is used as the nugget for the large scale directional variograms. The horizontal
variogram exhibits exponential behavior with a correlation length of 2 meters (Figure 7.11b).

The vertical variogram is presented in Figure 7.11¢ and exhibits a crude periodic behavior.

¥4(E) = 025 + 0.5[1 - exp(%")]
=025 + - exn(=18hcos( 181
yv(E) 025 + 04 [ 1- exp( 3 )cos(0.6) ]

An exponential-cosine model is used to model the vertical variogram :
The sill of the Pit 4 horizontal variogram is less than the sill estimated in the horizontal
variogram of Pit 3 reflecting the apparent difference in overall log-permeability variance of the

two pit walls (Tables 7.4 and 7.5). The correlation length of the horizontal
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Figure 7.10. (a) Empirical cumulative distributions for Pit 4 data. The maximum difference
observed between the empirical and theoretical distributions is 0.129. (b) Empirical
cumulative distributions for Pit 4 sheet flood (SF) and debris flow (DF) sub-populations. The
maximum difference in the estimated and theoretical probabilities are 0.074 (debris flow) and
0.121 (sheet flood).
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variogram in Pit 4 is also shorter than the estimated correlation length of the Pit 3 data.
Since the Pit 4 data set is dominated by debris flow units, the smaller correlation length is
interpreted as reflecting the correlation length of the debris flow deposits more than the
correlation length of the spatial assemblage of the debris flow and sheet flood observed in Pit
- 3. The vertical variograms in Pits 3 and 4 are fit with the same model indicating that the
average thickness of the deposits does not vary appreciably over the 400 horizontal meters

separating the two pits.

Geological Approaches to Estimating the Variogram

With the permeability data collected and the geologic information available through this
work and the subsequent work by Snyder et al. (1993), two approaches are investigated for
incorporating geologic information into the estimation of the correlation structure. Since the
Pit 3 data contaih fewer "non-measurements" and the instrument calibration is closer to the
laboratory calibration, it is probably more representative of the actual permeability distribution.
For both approaches, the Pit 3 data are used.

The first method was to represent the spatial variation of permeability as a function solely
of the spatial distribution of lithologic facies. The detailed geologic mapping of Snyder et al.
(1993) delineated nine lithologic facies each differing slightly in sorting and grain-size. From
the descriptions of the lithologic facies, they are binned into five groups based on sorting and
grain size. The groups were then qualitatively ranked according to permeability and assigned
mean log-permeability values differing by one-quarter of an order of magnitude. Since the
lithologic map and facies descriptions used in this excercise were performed on the opposite
pit wall of the permeability measurements, the measured permeability values were not used in
the assigning of the mean log-permeability values. The descriptions and assigned mean
permeabilities are listed in Table 7.6.

The geostatistical analysis of the assigned mean permeabilities was performed in a similar
manner to the analysis in Chapter 6. The two-dimensional cross-section of Snyder et al.

(1993) was digitized using GSMAP. The PTPOLY routine was used to assign mean
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permeabilities to the regions occupied by different lithologic facies. The variogram estimate
of the assigned mean permeabilities employed the same search window angle as the variogram
estimate (= 25 degrees). The results of the analysis are compared with the variogram estimate

of the data in Figure 7.12. The resulting variogram shapes in the horizontal and vertical

direction closely mimic the shape of the variogram estimate of the data. The variogram of

the model in the vertical direction appears slightly out-of- phase with the variogram estimate

Table 7.6. Summary of lithologic facies descriptions, ranking of estimated permeability and
assigned mean log-permeability.

Facies Description Assignea
designation [Snyder et al., (1993)] Permeability | mean log(k)
Class
H a soil structure, translocation of CaCO,, 5 0.50

occasional cementation of matrix

b structureless, mod. to poorly sorted, 4 0.75
fine grained sediments

c structureless, mod. to poorly sorted, 3 1.00
coarse grained sediments

d bedded, mod. to poorly sorted, fine 3 1.00
grained sediment

e bedded, mod. to well sorted, coarse 2 1.25
grained sediments

f poorly sorted, little bedding, coarsest 1 1.50
grained material, large clasts (25-
50%)

g poorly sorted, little bedding, coarsest 1 1.50
grained material, large clasts (50-
75%)

h poorly sorted, little bedding, coarsest 1 1.50
grained material, large clasts (>75%)

i mod. sorted, predom. pebbles with 2 1.25
some fine sand, silt, clay.

of the data. This could be attributed to non-stationarity in the average unit thickness between

the pit wall where measurements were taken and the pit wall where the mapping was
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lag [meters]

Figure 7.12. Nommalized horizontal (a) and vertical (b) variogram results of assigned mean
pemeabilities (solid line) and theshold crossing (dotted line). Variogram estimates nomalized
to respective sill values.
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performed. However, the results of the vertical variogram estimates from the permeability
data in Pits 3 and 4 indicate uniformity in average thicknesses over a larger distance. The
overall underestimation of the variogram is attributed to the lack of variability within the

lithologic units and more importantly the lack of tails on the resulting assigned probability

distribution.

The second geological approach tested with the Pit 3 data is the threshold crossing
approach (Phillips and Wilson, 1989) described in Chapter 5. Here, the map of Snyder et al.
(1993) is again used to estimate the average dimensions of regions exceeding some threshold
of the permeability probability distribution. The facies assigned with the highest mean
permeabilitics (f,g,h) are taken as a proxies for the threshola of the mean plus one standard
deviation (u+o). Again since the lithologic descriptions and mapping were performed on the
opposite pit wall, the assigned theshold is not based on measured permeability values.

Twenty-four of these "extreme valued" facies occur on the map of Snyder et al. (1993).
The average horizontal and vertical dimensions of the designated facies are 17 and 0.7
meters, respectively. For these average dimensions and the specified threshold, the estimated
correlation lengths of the bell-shaped variogram in the horizontal and vertical directions are
7.4 and 0.3 meters, respectively, and are presented in Figure 7.10. In general, the threshold
crossing approach with a bell-shaped variogram appears to yield an overestimate of the
observed correlation length. However, the search window imposed on the variogram estimates
of the data and the assigned means may result in an underestimation of the "actual” correlation
length.

While both approaches appear to provide reasonable estimates of the correlation length,
the method of assigning mean permeabilities to lithologically different units appears to ﬁ)rovide
a better estimate of the overall correlation structure and the effective range. In addition, this
method does not require a priori assumptions regarding the correlation structure. This
experiment indicates that the correlation structure is strongly controlled by the spatial
assemblage of lithologic facies. This result can be of practical importance in estimating the

correlation structure at sites where a spatial representation of the lithologic facies can be
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obtained either from a conceptual geological model or an analog outcrop.

CONCLUSIONS

Five hundred and five measurements of air-permeability were collected to assess the
spatial variability of permeability in the alluvial fan deposits of the Radioactive Waste
Management Site, Area 5, Nevada Test Site. A two-step random sampling strategy was
developed‘and implemented. Based on the number of pairs obtained in the estimation of the
variogram and the ability to estimate the variogram at several scales, the goal of the sampling
strategy was achieved. In addition the method of conformal mapping the control points and
geologic contacts recorded on photo-mosaics to a rectangular region appears to have worked
well.

Geostatistical analysis of the data collected indicates 1) permeability is log-normally
distributed in the areas studied, 2) the means of the debris flow and sheet flood material
appear to be different, and 3) correlation length structure exhibits two distinct scales. The first
structure reaches a sill at approximately 0.2 méters and the larger-scale horizontal structure
attains a sill at approximately five meters.

The method of assigning mean permeabilities to different lithologic facies appears to
provide an adequate data base for the estimation of the shape of the correlation structure.
However, the method does not provide information on the small variability represented in the

nugget or the overall population statistics, both of which may be important in modeling

applications.




CHAPTER 8: HETEROGENEITY STUDY OF EOLIAN DEPOSITS

INTRODUCTION

An additional outcrop study of heterogeneity was conducted on the Miocene Popotosa
Formation. The study site is located 14 miles south of San Antonio, New Mexico on State
Highway 1 where the railroad tracks cross the highway (Figure 8.1). The outcrop is a result
of the railroad track excavation.

The purpose of this study was to provide a third type of depositional environment for the
analysis of the relationship between observed geological features and the spatial statistics of
permeability. The primary objectives were to 1) estimate the mean and variance of air-
permeability for comparison with deposits of other depositional origin, and 2) assess the
relationship between the correlation structure of air-permeability with observable geological
features.

The deposits in the outcrop are interpreted to be of eolian origin based on the large-scale
cross-bed sets that are steeply dipping at the top and tangential to horizontal at the base. |
(Figure 8.2). The lamination withip sets is crudely defined and contacts between laminae are
gradational indicating that the sediments were deposited by grainfall on the upper lee-side part
of the dune (Collinson, 1986). In outcrops of various orientations in the vicinity of the study
site, the dip of the cross-bed sets appears variable indicating that the dune was of rather

complex morphology.

METHODS

A photo-mosaic of the outcrop was constructed from four 10 x 12 centimeter color prints.
Spatial control of set boundaries and permeability control points was maintained with
traditional surveying techniques. Air permeability measurements were obtained wiﬁ the

LSAMP (Chapter 3). Permeability measurements were taken on rectangular grids around each
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Figure 8.1. Location map of study site on the Bosque del Apache National Wildlife Refuge.
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Figure 8.2. Photograph of eolian outcrop studied. Outcrop is approximately 5 meters high.




control point. The location of these control points was also marked on the photo-mdsaic with

a permanent marker.

RESULTS B

The map of the lithologic facies and control point locations is presented in Figure 8.3.
Four lithofacies were identified. The lithofacies represent cross-bed sets and are all of similar
type. Facies 1 (F1) and Facies 4 (F4) were subdivided into two sub-facies along surfaces
exhibiting marginal erosion. All facies consist of laminated fine to medium sand. The angle
of lamination is variable with the steepest dipping laminae near the top of each facies. The
observed facies are interpreted as grain-fall deposits.of an eolian dune field. The variébi]ity of
the prevailing wind direction and thus the type of dung field has not been ascertained. While
cementation is more prevalent in these deposits than any of the others presented here, the
deposits were still workable with a small trowel. Cementation appeared relatively uniform
with isolated well-cemented concretions on the order of a few centimeters in length.

The sampling of permeability was performed by scrambling up the outcrop to reasonably
accessible locations. Once a location for sampling was identified, a sampling grid was
determined with an effort to sample over a variety of spacings. The unbiased method used in
Chapters 5 and 7 was not employed. Sampling locations are shown in Figure 8.4. Two
hundred and eleven permeability measurements were obtained. The empirical cumulative
probability distribution of the entire data set appears to exhibit log-normal behavior (Figure
8.5a). Separating the data according to facies, F1, F2, and F4 exhibit similar means while F4
exhibits a significantly lower mean (Figure 8.5b and Table 8.1). |

The variance of the log-permeability is much smaller than the variances observed in the
alluvial fan deposits and comparable to the variances observed in the fluvial/interfluvial facies-
scale studies. This is consistent with the difference in depositional processes between the
three environments. Since all of the facies originated from the same type of process the
interfacies variability is small. Similarly, eolian deposits tend to be well sorted resulting in

low intrafacies variability.
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Figure 8.5. (a) Probability plot of log-pemneability. N=211. (b) Probability plots of air-
pemmeability separated according to lithologic facies.
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Table 8.1 Summary of statistics for eolian log-permeability data set.
Permeability in darcy units.

Data Set N u [Ink)] o’
ALL 211 1.92 0.19
Fl 68 2.04 0.19
F2 36 1.97 0.07
F3 39 1.49 0.07
F4 68 2.05 0.22

The variograms were estimated with variable lag spacing and are presented in Figure 8.6.

For lags up to one meter, the unit lag was 0.20 meters. For lags greater than one meter, the

unit lag was 2.5 meters. For the horizontal variogram, a search window with an angle

tolerance of 45degrees and maximum bandwidth of two meters was also imposed. The same

lag progression was used for the vertical variogram and a 45 degrees search window was used

for the search window but no bandwidth was imposed.

A nested correlation structure is apparent for both variograms at small lags. A nugget of

0.04 is employed to represent measurement error and correlation below the detection of the

LSAMP. A nested exponential-"bell-shaped" model is used to fit the variogram estimates.

Y4(E) = 0.04 + 0,06 [1 - exp(%l.l%[)] + 011 [1 -

Y, (8) = 004 + 0.06 [1 - exp(%lél)] +010[1 -

_ IE |2
exp( (5.3)2)]

- 2
exp(J—J—(o.s)z)m

The "bell-shaped" correlation structure is similar to that observed in the paleosol facies

studies (Chapter 5). The eolian deposits differ from the paleosols in that internal bounding

surfaces are present in the eolian deposits. However, those surfaces separate regions with

similar mean permeability and thus do not greatly inhibit the smoothness of the variability.
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(dotted line).
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The appearance of the "bell-shaped” variogram estimates and the relatively smooth nature
of the heterogeneity, prompted the investigation of the threshold crossing approach to estimate

correlation lengths from the observed geological features. Log-permeability in only one of

the mapped facies (F3) is consistently below the mean. The log-permeability in the other
facies is on average slightly higher than the mean. The mean was taken as the threshold and
the facies boundaries were taken as the boundaries of regions that, on average, separate
regions above and below the mean. In addition, since the mean was the threshold used, both
regions above and below the mean were used in estimating the average dimensions. This
results from the symmetry of the threshold crossing theory. The average dimensions of the
facies were estimated from the facies shown in Figure 8.2 and are 18.5 and 3.2 meters in the
horizontal and vertical directions, respectively. This translates into estimated "bell-shaped"
correlation lengths of 4.2 and 0.7 meters. These values correspond well to the fitted values of
5.3 and 0.8 meters. At the present time the influence of the nugget and the small-scale
exponential correlation structure on the threshold crossing theory is unclear. However, a pure
nugget representing a lack of small-scale correlation would be expectéd to diminish the clarity
of the boundaries of the regions of excursion.

The assigned mean methodology was also employed to estimate correlation structure from
the observed geological features. The facies map of Figure 8.2 was digitized and respective
estimated means of the facies were assigned. The variogram estimate for the assigned mean
data set used the same search window as the variogram estimate of the data. As in Chapter 7
this method provides a good estimate of the range in the horizontal direction but in this case
overestimates the correlation at small lags since the assigned means are perfectly correlated

within facies.

CONCLUSIONS
The study in the eolian deposits of the Popotosa Formation is a good illustration of the
differences in permeability statistics for a different depositional setting. The variance of log-

permeability of the eolian deposits is much lower than the variance of log-permeability of the
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alluvial fan deposits of the Nevada Test Site and the interfluvial/fluvial deposits of the Sierra
Ladrones Formation.

The correlation structure of log-permeability in the eolian deposits appears to exhibit a
large nugget and "bell-shaped" variogram. Both of these differ from the results of the other

deposits studied.




PART V
DISCUSSION AND CONCLUSIONS
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CHAPTER 9: CONCEPTUAL MODEL

INTRODUCTION

The challenge facing hydrogeologists of predicting fluid flow through heterogeneous
media is two-fold. First, a quantitative representation of the spatial variation of hydrologic
properties is necessary. Then, a body of theory is necessary for predicting fluid flow and
solute transport through heterogeneous media. The development of theory has experienced
significant progress in the last two decades with the application of stochastic models to flow
and transport throﬁgh heterogenecus media (e.g. Gelhar and Axness, 1983; and Neuman,
1990). |

This theoretical advance provides a quantitative framework and a set of specific questions
for the investigation of the nature of heterogeneity. The quantitative framework adopted here
is that of stochastic groundwater hydrology. This framework is preferred over deterministic
facies modeling (e.g. Anderson, 1989) since the models explicitly account for the uncertainty
associated with the subsurface. One of the main objectives of this study was to develop a
framework for incorporating geological information into the characterization of heterogeneity.
This chapter utilizes the results of the outcrop studies to develop a generalized conceptual
model of the relationship between sedimentological features and geostatistical properties.
Here, geostatistical properties refer primarily to the univariate probability distribution, the
spatial correlation structure, and a qualitative ranking of the continuity of regions exhibiting
similar mean permeabilities.

The proposed conceptual model addresses two aspects of geostatistical characterization.
First, a geostatistical characterization entails the selection of a random field model. In this
aspect, the overall spatial characteristics of a deposit as inferred from sedimentological models
can yield insight into which model is best suited to represent heterogeneity in a particular type
of deposit. While at present the relationship between sedimentological models and random

field models is largely qualitative, it is in many respects superior to incorporating no physical




~information. The second aspect of geostatistical characterization is the estimation of the
random field model parameters. The correlation structure is an important feature of many of

the random field models and was the focus of this study.

BACKGROUND

The conceptual model is an attempt to provide some integration of the fields of stochastic
subsurface hydrology and clastic sedimentology, particularly the aspects of the disciplines that
focus on the spatial distribution of properties. For stochastic subsurface hydrology, this is the
adoption of a random field model of heterogeneity for either analytical or numerical modeling
of flow and transport. In sedimentology, this is the study of the relationship between the

observed spatial distribution of lithologic units and the physical processes of deposition.

Geostatistical Framework

In recent years a wide variety of statistical models have been proposed in the literature to
represent the spatial variation of permeability. Each model is based on a different method for
mathematically representing or computationally generating spatially-correlated random
variables and each exhibits overall differences in appearance. The most common model is
the multi-variate Gaussian mpdel that represents the hydraulic conductivity as a log-normal
distribution at each location with a single scale of correlation. The spatial variation of
hydraulic conductivity in these models is continuous and relatively smooth. The primary
benefit of such a corceptualization is that the equations of flow and transport can be solved
analytically (e.g. Bakr et al., 1978; Gelhar and Axness; 1983). Results of field tracer
experiments generally show good comparison between the theoretical models and the observed
plume behavior (e.g. Freyberg, 1986, Garabedian et al., 1991). The main disadvantage of the
multi-variate Gaussian model is the tendency for regions of extreme (high and low) values to
be isolated and volumetrically under-represented (Journel and Alabert, 1988).

Deviations of the macrodispersivity predicted by the multi-variate Gaussian model and

that observed in the field have been attributed a variety of unmodeled physical processes (e.g.
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non-uniform or time-varying flow field, or spatial variability of porosity) and uncertainty
associated with the estimatioﬁ of the hydraulic conductivity correlation length and variance
(Hess et al., 1992). These various factors could undoubtedly result in the observed difference.
However, another possible reason for the discrepancy between predicted and observed
dispersivities is the appropriateness of the multi-variate Gaussian conceptualization of
heterogeneity.

The multi-variate Gaussian model can also be used to represent multiple scale
h;tgroger;eity. Several workers (e.g. Wheatcraft and Tyler, 1988; Hewitt and Behrens, 1990;
Neuman, 1990) have proposed that the fractal model may be more appropriate for geological
media. Geological features are known to occur at a van'gty of scales, however the degree to
which this is manifested in a self-similar correlation structure of permeability has yet to be
evaluated. Results of the field studies presented here indicate that the fractal model may be
useful as a special case but generally is not warranted.

Burrough (1983a, 1983b) assessed the applicability of the fractal model to the spatial
variation of soil properties along a one-dimensional transect but preferred a nested non-fractal
model in which a finite number of correlation lengths correspond to the scales of the dominant
pedogenic processes. The non-fractal nested model (Burrough, 1983b) preserves the abrupt
change in soil properties at the large scale that result from abrupt changes in parent material
and the smaller-scale processes such as bioturbation and chemical weathering.

Also, in an effort to simulate abrupt spatial changes in properties, Colarullo and Gutjahr
(1991) have proposed a multi-dimensional model of heterogeneity based on a discrete Markov
random field. The Markov RF model enables the definition of a finite number of states
which can be thought of as lithologic types. Each lithologic type then corresponds to a
characteristic permeability. The Markov RF model is fundamentally a single-scale, multi-
modal, discrete representation of heterogeneity.

The random field models of heterogeneity described differ in their mathematical
formulation and the details of implementation. In this context however, the point of interest is

how they differ in their overall spatial statistical properties. Such statistical properties include
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the permeability probability distribution, the spatial correlation of permeability, and the spatial
continuity of relatively homogeneous regions. Incidentally, while each model differs in their
basic characteristics, they can be superposed in varying combinations to honor a variety of
spatial properties. Table 9.1 summarizes the chafacteristics of some of the proposed random

field models.

Table 9.1. Summary of random field model characteristics with respect to modality and
spatial correlation.

" Random Field Model Multi-modal J Multi-scale Continuity l
Multivariate Gaussian No 1 No Low I
Fractal No Yes Low |

, Nested non-fractal Yes Yes High
Indicator Yes Yes Moderate
Markov  Yes Yes High |

Sedimentological Framework

The sedimentological framework of interest is the process/product relationship of clastic
sedimentology. The underlying premise of sedimentology is that a suite of sedimentary
features observed over a variety of scales can be associated with a suite of depositional
processes. Based on field observations of sedimentary deposits of modemn and well- |
understood processes, sedimentologists have developéd a set of models relating the overall
sedimentological characteristics to the depositional environment (suite of processes). The
relationship from modern environments is then applied to observations in ancient deposits to
infer the depositional processes. In the context of the conceptual model relating -
~ sedimentological models to geostatistical models, the process/product relationship is extended
to relate the depositional product with a suite of geostatistical properties

(process/product/properties). This provides a physical basis for the stochastic modeling of
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heterogeneity.

GENERALIZED CONCEPTUAL MODEL

The conceptual model is based on the general hypothesis that there exists a relationship
between observable geological features and quantitative parameters suitable for characterizing
the spatial distribution of permeability. Observable geological features include sedimentary
strucmres; lit_hologic facies, architectural elements and the surfaces s.eparating these volume
filling entities. Quantitative hydrogeological parameters include the permeability probability
distribution, the spatial statistical correlation of permeability, and the spatial continuity of
relatively homogeneous regions.

The field of sedimentology is based on the premise that deposits resulting from different
combinations of depositional processes differ in 1) the type of lithofacies, 2) the spatial
dimensions of the lithofacies, and 3) the spatial association of the lithofacies. A corollary to
the general hypothesis can then be stated in that: "the geological controls governing the
occurrence and spatial distribution of geologic features also govern the overall geostatistical
properties".

Results of the outcrop studies presented indicates relationships between 1) the
occurrence of lithofacies with the modality of the permeability distribution, and 2) the spatial
dimensions and orientations of hierarchical bounding surfaces with the permeability'correlation
structure. From these relationships, two aspects of geostatistical characterization are
addressed. First, the selection of the most appropriate model of heterogeneity under a given

set of geological conditions, and second, the estimation of the correlation structure.

Selection of random field model

Currently, in hydrologic studies of the influence of heterogeneity on solute transport, the
selection of random field models is not based on any compelling field evidence. Much debate
has arisen from various workers speculating on the stochastic models best suited to represent

heterogeneity and universal laws for the estimation of hydrologic effective properties (e.g.
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Journel and Alabert, 1988; Gelhar et al., 1992; Neuman, 1990, 1993; and Gelhar et al., 1993).
These studies often concede that a better understanding of the nature of heterogeneity is
necessary before an educated choice of model can be made. ‘

Figure 9.1 suggests a &mnework for selecting a random field model based on geological
information. Essentially, two geostatistical properties are used in the seléction. One is the
permeability univariate behavior, and the second is the nature of the correlation structure. The
arrows drawn to the various types of random field models based on different combinations of
modality and ‘scaling are only examples; many more combinations exist. »

The "modality" refers to the number of discernable sub-populations within the overall
populaticn. The results of the ficld studics presented indicatc that the different observed
lithologic facies tend to exhibit different mean permeability. As a result, it is proposed that
the "modality" can be inferred from an understanding of the specific lithologic facies present
and their relative abundances.

In addition, the results of this study indicate a relationship between the spatial dimensions
and orientations of the sediments separated by a hierarchy of bounding surfaces and the
overall characteristics of the correlation structure. This is the second component proposed for

_the selection of the most appropriate random field model.

For example, in the Sierra Ladrones study, the occurrence o_f the four main architectural
element conprised of fluvial sand/gravel, sand, silt/clay, and paleosols indicate a multi-modal
distribution of permeability. In addition, the results of Chapters 5 and 6 indicate a multi-scale
correlation structure arising from the hierarchical bounding surfaces. From Figure 9.1, a
hybrid Markov-Multivariate Gaussian random field model appears most appropriate for

representing the heterogeneity.

The alluvial fan deposits presented in Chapter 7 exhibit a weakly multi-modal distribution
arising from the occurrence of two depostional units that exhibit different mean log-
permeability: sheet floods and debris flows. The continuity of regions exhibiting similar
mean permeability, that is the hydrogeologic units, was observed to be on the order of tens of

meters and the spatial changes in permeability were not extremely abrupt. Based on the
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Figure 9.1. Conceptual model relating the characteristics of depositional environment and
sedimentological model to random field models of heterogeneity.
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occurrence of two main types of lithologic (hydrogeologic) units of different depositional
mechanisms, the conceptual model (Figure 9.1) would suggest a multi-modal distribution of
log-permeability. The spatial assemblage of lithologic units can be characterized as relatively
uniform over scales of tens of meters and, according to the conceptual model, a single scale of
variability would be sufficient. Given the characteristics of the modality and the correlation
structure, a random field model could be chosen. In this case, a random ficld based on the
indicator approach may be most applicable.

The eolian deposits on the other hand consist of one type of lithologic facies separated
by bounding surfaces of a single level in the hierarchy. A "normal”, single-scale process
would be a rcasonable first selection for chafacten'zing the heterogeneity in that deposit. From
the conceptual model, this would imply that a multi-variate Gaussian model would be most
appropriate for these deposits. The small-scale correlation observed in the actual deposits may
be the result of diagenetic alteration which is not explicitly accounted for in the current
conceptual framework. However, if the spatial distribution of the diagenesis and the effects of
the specific diggeneﬁc alteration on permeability were better understood, they could be
superimposed to arrive at a nested model. _

Incorporating the results of this study into the selection of the most appropriate random
field model is still somewhat subjective. However this model provides a physically-based
framework on which to ground the continued debate of the most appropriate random field
model for the characterization of geological heterogeneity. In the future quantitative methods
of discriminating between random field models based on field data would enable some degree
a validation of the proposed model. - The measure of spatial entropy (Journel and Deutsch,
1993) may be of some assistance. To date, the estimation has been performed only on
exhaustive data sets of simulated fields and only subtle (15%) differences in entropy were

reported. Application to sparse data sets with measurement error is expected to be of limited

use.




Quantitative estimates of correlation statistics
In addition to developing a framework for the selection of the most appropriate random

field model of heterogeneity, the results of the studies indicate that some aspects of the

correlation structure can be estimated from geological information. One approach is the
method of assigning mean permeabilities to a map of the spatial distribution of lithofacies to
estimate the variogram. This approach appears to provide a reasonable estimate of the overall
shape and range of the correlation structure. Another method for estimating the correlation
length from geological information is the threshold crossing approach. This approach appears
to work reasonably well, however it is difficult to define regions of excursion above or below
a threshold and maintain confidence in the underlying assumption of a continuously varying
and smooth process.

While both of these approaches may prove useful in thé estimation of correlation
parameters, they do not have a physical geological basis. As such, they do not provide a
geological foundation on which to investigate the presence or absence of a fundamental
relationship between depositional processes -and statistical models of heterogeneity. Clearly,
such a relationship must be investigated within a geological framework that physically relates
depositional processes and products and allows for quantitative analysis of geostatistical
characteristics. '

The results of the facies-scale (Chapter 5) and architectural-element-scale studies (Chapter
6) of heterogeneity indicate that the hierarchical bounding surface framework may provide
such a foundation for investigating the basic quantitative relationship between the depositional
processes and the characteristics of the spatial correlation structure. For the vertical
variograms, the ranges appear to coincide with the average dimensions of regions bounded by
first and second order surfaces. For the lower variability deposits, the variogram exhibited
exponential behavior, and for deposits exhibiting more variability (ES1), the variogram
exhibited a nested linear behavior with the second-order bounding surfaces contributing the
majority of the overall variability. The paleosols did not contain internal bounding surfaces

and exhibited a smoothly varying permeability as indicated by the "bell-shaped" correlation




structure. At the larger scale, the correlation structure of the architectural-element mean
permeability coincided with the directions of the large-scale depositional processes.

The relationship between bounding surfaces and geostatistical models appears amenable

to theoretical development. In the studies that possess bounding surfaces, the model of
Burrough (1983b) presented in Chapter 5 provides a simple example of the spatial correlation
of soil properties as a function of a hierarchy of pedogenic controls. Also the lack of
bounding surfaces is reflected in the observed "bell-shaped” correlation structure. For
Gaussian random fields exhibiting a "bell-shaped" correlation structure, theoretical models
such as the threshold crossing are applicable.

For the model of discrete heterogeneity presented by Burrough (1983b), further theoretical
development is necessary. Some important characteristics of such theoretical development
include: 1) extension to multiple spatial dimensions; 2) accounting for variable ranges of
processes in the hierarchy; and 3) further work on the physical significance of the weighting

parameters.

CONCLUSIONS

The results of the outcrop studies of heterogeneity provide insight into a relationship
between sedimentological properties and geostatistical characteristics. From these results, a
generalized conceptual model was constructed to relate two fundamental characteristics of
sedimentological models of depositional environment with two fundamental properties of
geostatistical models of heterogeneity.  Specifically, sedimentological models are based on
the occurrence and spatial distribution of lithofacies and/or architectural elements. The
occurrence of a suite of lithofacies can be used to estimate the basic properties of the
probability distribution function of a geostatistical model. Information about the spatial
distribution of these lithofacies can be used to infer basic characteristics of an appropriate
spatial correlation structure.

The results of the outcrop studies also indicate that the geological classification of

hierarchical bounding surfaces may provide a means of better understanding geological




heterogeneity under different depositional settings.
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CHAPTER 10: CONCLUSIONS

The objective of this study was two-fold. The first objective was to obtain intensive data
sets of the spatial distribution of permeability and observed geological features in a variety of
geological settings then, second, to investigate the relationship between the observed
sedimentological characteristics and quantitative models of heterogeneity. Three outcrop
studies were conducted in which the spatial distribution of permeability was mapped along
with geological features. The main field site was at an outcrop of the Pliocence-Plciétocene
Sierra Ladrones Formtion in central New Mexico. Four main architectural elements were
defined and mapped over a 20 meter vertical section along two kilometers of outcrop.
Approximately 2,000 permeability measurements were obtained. Two other studies were
conducted on outcrops of different depositional origin. The first of the supplemental studies
was conducted on walls of waste pits cut into alluvial fan deposits at the Nevada Test Site.
Two subperpendicular pit walls were mapped and approximately 500 permeability
measurements were obtained. The other supplemental study was conducted south of Socorro,
New Mexico on an outcrop of Miocene eolian dune deposits. Approximately 200 permeability
measurements were obtained. In the process of these various studies, a set of methods for the
data collection and analysis were developed. The methods are applicable to other studies of |
similar nature. Geostatistical anlaysis of the data provides important information and insight
into the nature of the spatial variation of bermeability in clastic sedimentary materials. The
results of the various studies collectively provide a basis for constructing a conceptual model

relating sedimentological models and geostatistical models of heterogeneity.
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SIGNIFICANT METHODS DEVELOPED

| Air-Minipermeameter

The lighweight, syringe-based, air-minipermeameter (LSAMP) represents another
significant contribution to the methods of outcrop studies of heterogeneity in weakly lithified,
high permeability materials in rugged terrain. The device developed weighs two kilograms
and provides rapid and accurate measurements of permeability for materials ranging from 0.5
to 200 darcy. The LSAMP is an improvement over previous similar devices in its portability

and ability to operate at very small pressures (approximately one kilopascal).

Sampling Strategy

In the collection of field data, a sampling strategy was developed for the unbiased
sampling of permeability over a variety of scales. The method was employed in various forms
in the facies-scale studies (Chapter 5), the alluvial fan studies (Chapter 7), and the eolian
study (Chapter 8). The two stage sampling of the facies-scale studies where additional data
was collected one year after the initial sampling to improve the estimates for very small lags
provide a means of asseséing the method. Results of five facies-scale studies were presented.
In the four studies that employed the unbiased nested sampling method, the variogram
estimates of the secondary saxnpling coincide with the variogram estimates of the initial
sampling. In the one study that did not employ the unbiased nested sampling method, the two

variogram estimates differed considerably.

Approximate Photogrammetric Transform

An approximate photrammetric transformation was developed for the correction of the
distortion associated with oblique photographs of outcrops. The complex natural logarithm
transformation appears to provide an adequate means of projecting information on the distorted
photo-mosaic to a rectangular grid. The method is advantageous in situations where the

camera characteristics or the projection angle are not known.




CHARACTERISTICS OF HETEROGENEITY IN THE THREE DEPOSITIONAL
ENVIRONMENTS

Sierra Ladrones: Interfluvial/fluvial deposits

The Sierra Ladrones Formation in the vicinity of the field site is interpreted as resulting
from a combination of fluvial and interfluvial depoéitional processes. The occurrence of the
four main architectural element types indicates deposition resulting from a high-energy channel
system (CH-I), a lower energy channel and proximal flood plain system (CH-II), a distal
flood plain (OF), a stable interfluvial environment (P). The spatial assemblage of the the
architectural elements and the orientation of the channel scours indicate that the fluvial system
was responding to some large-scale change of the basin, probably either climate or tectonic
variations.

| Statistical analysis of permeability within the sandy elements indicates that the
architectural elements exhibit different mean log-permeability vaiues. In addition, thé mapped
lithologic facies also tend to exhibit different mean log-permeability; however, the magnitude
of the difference is less and occasionally a difference in the mean log-permeability between
two adjacent facies cannot be detected. From a sedimentological perspective, this information
may be generalized according to the hierarchical bounding surfaces that separate the lithologic
facies and architectural elements. That is, the second-order bounding surfaces that separate
lithologic facies correspond to boundaries of hydrogeologic regions exhibiting different mean
log-permeability. Third and fourth-order bounding surfaces that separate architectural
elements correspond to boundaries of larger-scale hydrogeologic regions exhibiting different
mean log-permeability. Qualitatively, the magnitude of the difference of means also appears
to correlate to the order of the bounding surfaces in the deposits studied.

In addition to defining hydrogeologic regions of different mean log-permeability, results
of the geostatistical analysis indicate that bounding surfaces may provide a framework for
relating geologic information to the permeability correlation structure. In the facies-scale
studies, the behavior of the variogram differed in locations that exhibited different bounding

surface characteristics. Namely, the paleosols do not contain internal bounding surfaces and
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tend to exhibit a fairly smooth spatial variation of log-permeability as indicated by the "bell-
shaped" variogram. The fluvial sand deposits do contain internal bounding surfaces and tend
to exhibit more short range variability as indicated by the exponential variogram. In the sand
and pebble deposits where the bounding surfaces are well defined and mark distinct changes in
mean log-permeability, the variogram exhibits a nested linear behavior with the dimension of
the nested ranges closely corresponding to the respective average distances between the
bounding surfaces.

o Th¢ relationship beMeen the bounding surfaces and the correlation structure was also
observed in the architectural-element scale study. The behavior of the variogram closely
corresponded to the inferred depositional environment. Based on a method of assigning mean
log-permeability values to the architectural elements, the correlation structure in the horizontal
direction exhibited maximum correlation in the N30W direction corresponding to the inferred
direction of the ancestral tributary system. The shortest correlation length was in the N9OE
direction corresponding to the direction of the transition between proximal and distal
floodplain deposition. In the vertical direction correlation lengths were observed on the order

of a few meters corresponding with the average thickness of the architectural elements.

Nevada Test Site: Alluvial fan

The heterogeneity in the alluvial fan deposits of the Nevada Test Site can be
characterized as relatively high variance, two-scale heterogeneity. The high variance is
attributed to the high degree of variability within and between the depositional processes of
sheet flood, debris flow, and subsequent pedogenesis. Collectively, these processes result in
deposits ranging from very coarse and moderately sorted to fine and poorly sorted. Based on
505 measurements of air-permeability, the geostatistical analysis of the data collected indicates
1) permeability is log-normally distributed in the areas studied, 2) the means of the debris flow
and sheet flood material appear to be different, and 3) correlation length structure exhibits two
distinct scales. The first structure reaches a sill at approximately 0.2 meters and the larger-

scale horizontal structure attains a sill at approximately five meters.
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Popotosa: Eolian deposits

The heterogeneity in the eolian deposits of the Popotosa Formation can be characterized
as low variance with a nested correlation structure. The low variance is attributed geologically
to the predominance of one type of lithologic facies (grain-fall) that is relatively homogeneous.
The multi-scale correlation structure was fit with a nested exponential-"bell-shaped" model.

Of the deposits studied, diagenetic alteration is most pronounced in this deposit. From
macroscopic observations, the amount of cement appears to vary in a continuous fashion
ranging from well cemented concretions to friable sand. Without a more detailed study of the.
impact of diagenesis on permeability, it is difficult to assess what role the alterations play in

the overall correlation structure.

GENERAL CONCLUSIONS

The heterogeneity in the three deposits studied differed significantly. In each case, the
characteristics of the heterogeneity can be explained in terms of the processes of deposition
| and subsequent alteration. From this exercise, it was possible to construct a conceptual model
relating the processes of deposition to the general characteristics of geostatistical models. The
conceptual model serves several functions. First, it provides a framework for interpreting
information on the form of sedimentological models for application in geostatistical modeling.
Second, it provides a physical basis for developing and testing further hypotheses regarding
geostatistical modeling of heteroée_neity.

The conceptual model presented is largely qualitative. However, the results of the data
analyses indicate that the classification scheme of hierarchical bounding surfaces may provide
an important quantitative component to the link between depositional processes and

geostatistical models.

FUTURE WORK

Recommendations for future work fall into three main categories. The first area coincides

with the emphasis of this study, namely investigations of the physical heterogeneity of
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geological material. = Second, future work is needed in the area of theoretical developments
focusing on specific quantitative tools that would aid in the analysis and prediction of realistic
distributions of permeability.

Several issues regarding the physical heterogeneity of geological deposits deserve further
attention. First, the relationship between the hierarchical bounding surfaces and correlation
structure may provide a powerful tool in the characterization of aquifer heterogeneity. Field
studies of continuous exposures will be necessary to understand how the small-scale bounding
surfaces progress with increased scale and the influence on the correlation structure. Such
studies 'will require intensive field sampling so that the probability distribution and correlation
statistics can be estimated at a variety of scales. '

Transporting the results of the bounding surface-correlation structure model to the
subsurface will need to be tested via tracer tests. In this phase, appropriate geophysical
methods should be investigated to condition the model on a particular level of bounding
surface. |

Another related area of research that will require future work is the sedimentology of
recent geologic deposits. Quantitative mapping of bounding surfaces in deposits with well-
understood depositional processes will not only enhance the process/product relationship of
sedimentology but will also provide valuable information for the characterization of aquifer
heterogeneity. Also, studies of the diagenesis of aquifer material will be necessary to
understand heterogeneities resulting from post-depositional processes. Both of these types of
information will be vital for the successful incorporation of geologic information intc
quantitative models.

In the area of theoretical developments, the primary need is a quantitative framework for
multi-dimensional nested processes exhibiting discrete behavior. Such a framework is
necessary for 1) quantification of field studies of heterogeneity, 2) simulation of realistic
random fields exhibiting nested, non-fractal correlation, and 3) quantification of the uncertainty

associated with the different levels of the nested structures.
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APPENDIX A: AIR-MINIPERMEAMETER CIRCUITRY

The circuitry of the prototype device measures the time that is required for the piston to
displace a known distance. From the measured time, the piston velocity and volumetric flow
rate are obtained for the calculation of permeability.

The prototype circuitry consists of two sets of miniature photo-sensors (Microswitch®).
Each set of seusors consists of an infrared light emitter and receiver. The sensors are
insensitive to ambient light and operate on a 9 volt direct current (VDC) source. The photo-
sensor pairs act as switches and are connected to a stop-watch via the circuitry shown in
Figure Al. The photo-sensor "switch" (Figure A1) is open (9VDC) when the sensors‘ are in
contact and closed (ground) when the piston passes. This hi-lo signal is sent to a bounceless
switch circuit (Figure A1). When the piston passes either pair of sensors, the photo-sensor
switch closes, and the bounceless switch sends a square-wave pulse of duration 0.1 second to
the OR-GATE. When the OR-GATE receives a square-wave pulse from either set of sensors,
a 1.5 VDC pulse of duration 0.1 second is sent to the start-stop switch of the stopwatch.
While the duration of the pulse is controlled by the circuitry, the shortest measurement time is
approximately one-half second. Thus, the first pulse of 0.1 second ceases prior to the piston
passing the second set of sensors.

The circuitry of the prototype device provides one example of how the signal from the
photo-sensors can be sent to the stopwatch. The circuitry shown generally works well under
laboratory and field conditions. However, a more sophisticated design would likely improve

the power efficiency and minimize instrument problems in the field.
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Figure A1l. Circuit diagram for timing device. A=modulated light emitter; B=modulated light
receiver; C=stopwatch.
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APPENDIX B: AIR-PERMEAMETER DATA®

Sierra Ladrones Study
Nevada Test Site

Popotosa Formation (Eolian)

®Facies-scale data sets (Chapter 5) c..1 be found in Gotkowitz (1993).
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Sierra Ladrones

Date Control Facies Arch. Northing Easting Elev. Perm.
{yr mo dy} Point Element (meters] [meters]  [meters] {darcy]
910516 14-1 p p -28.19 47.58 1526.10 1.06
910516 i4-2 p P -28.19 47.58 1526.40 2.65
910516 14-3 p p -28.73 47.44 1526.10 1.66
910516 - 144 p p -28.73 . 4744  1526.40 1.34
910516 14-5 p P -27.52 47.76  1526.10 1.25
910516 14-6 p p -27.52 47.76 1526.40 1.18
910516 15-1 p P -32.49 45.23 1526.10 1.26
910516 15-2 p p -32.71 45.11 1526.10 0.66
910516 15-3 P P -32.49 4523 1526.40 5.53
910516 154 p p -32.71 45.11 1526.40 4.60
910516 15-5 p p -32.36 45.31 1526.10 1.23
910516 15-6 p p -32.36 4531 1526.40 4.09
910516 16-1 sh ch2 -33.25 45.99 1527.70 12.04
910516 i6-2 sh ch2 -33.50 46.43 1527.70 14.21
910516 16-3 sh ch2 -33.50 46.43 1527.60 13.39
910516 16-4 P P -33.50 46.43 1526.90 1.47
910516 16-5 sh ch2 -33.70 46.77 1527.70 16.61
910516 16-6 sh ch2 -33.70 46.77 1527.60 13.76
910516 16-7 sh ch2 -33.78 16.90 1527.60 16.89
910516 16-8 sh ch2 -33.78 4690 1527.60 13.51
910516 16-9 P p -33.88 4690 1526.90 1.07
910516  16-10 p p -33.65 46.69 152690 2.36
910516  17-1 sh ch2 -36.49 4417  1528.60 7.49
910516 17-2 sh ch2 -36.83 4411 1528.60 4.72
910516 17-3 sh ch2 -36.09 4424  1528.60 7.82
910516 174 s ch2 -36.09 44,24 1529.00 4.66
910516 17-5 p P -36.49 4417 1529.00 4.83
910516 17-6 p p -36.49 4417 1528.80 0.97
910516 17-7 p p -36.78 44.11 1528.80 3.94
910516 18-1 sp ch2 -45.99 38.34 1528.60 14.93
910516 18-2 sp ch2 -45.99 38.34 1528.90 12.70
910516 18-3 ST ch2 -45.99 38.34  1529.30 8.20
91051¢ 184 sr ch2 -45.99 3834  1529.50 451
910516 18-5 sp ch2 -45.99 38.34 152940 17.50
910516 18-6 sh ch2 -46.20 37.78 1528.60 17.09
910516 18-7 st ch2 -46.20 37.78 1529.30 5.52
910516 18-8 sp ch2 -46.20 37.78 1529.40 16.80
910516 18-9 ST ch2 46.20 37.78 1529.50 5.86
910516  18-10 sh ch2 -46.20 37.78 1529.00 11.19
910516 19-1 ST © ch2 -46.12 45.84 1533.80 8.89
910516 19-2 Sr ch2 -46,12 4584  1534.00 14.28
910516 19-3 ST ch2 -46.12 45.84 1534.20 5.11
910516 194 sr ch2 ' -46.12 4584 153440 3.28
910516 19-5 sr ch2 -45.54 46.24  1533.80 7.64
910516 19-6 ST chg T -45.54 4624  1534.00 7.74
910516 19-7 sr ch2 45.54 4624  1534.20 4.66
910516 19-8 sr ch2 -45.54 46.24 153440 1.65
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Sierra Ladrones

Date Control Facies Arch. Northing Easting Elev. Perm.
[yr mo dy] Point Element {meters] [meters]  [meters] [darcy]
910516 19-9 sr ch2 -44 .97 46.65 1533.80 9.68
910516  19-10 sr ch2 -44 97 46.65 1534.00 12.09
910516  19-11 Sr. ch2 -44.97 46.65 1534.20 5.57
910516  19-12 sr ch2 -44.97 46.65 1534.40 2.73
910516 19-13 st ch2 -44.68 46.85 1533.80 8.86
910516 19-14 sr ch2 -44.68 46.85 1534.00 8.42
910516  19-15 st ch2 -44.68 46.85 1534.20 4.51
910516 19-16 sr ch2 -44.68 46.85 153440 142
910520  20-1 p p -42.89 43.68 1529.10 1.31
910520  20-2 p p -42.29 43.78 1529.10 3.94
910520  20-3 p P -42.15 43.81 1529.10 1.98
910520 204 p p -41.65 43.90 1529.10 6.41
910520  20-5 p P -43.28 43.61 1529.50 1.96
910520 20-6 p p 4348 4357 1529.70 5.04
910520  20-7 P p -43.67 4354  1529.10 2.40
910520  20-8 P p -44.46 4340  1529.90 3.17
910520  20-9 p p -44 .46 4340  1529.70 . 4.69
910520 20-10 p p -46.43 43.05 1529.70 3.69
910520 20-11 p p -45.74 4317  1528.80 322
910523 21-1 p of -23.93 48.68 1524.60 0.001
910523 21-2 p of -24.73 48.68  1524.60 0.001
910523 21-3 P of -23.33 48.68  1524.60 0.001
910523 214 fs of -23.93 48.68 1524.10 0.001
910523 21-5 fs of -24.73 48.68 1524.10 0.001
910523 21-6 fs of -23.33 48.68 1524.10 0.001
910523 21-7 fr of -23.93 48.68  1524.90 0.001
910523 21-8 fr of -24.73 48.68 152490 0.001
910523 21-9 fr of -23.33 48.68 152490 0.001
910523 22-1 XX XX -52.03 43,68 1525.50 0.001
910523 22-2 XX XX -52.03 43.68 1525.00 0.001
'910523 - 22-3 XX XX -52.03 43.68 152580 0.001
910523 22-4 XX XX -52.17 4330  1525.50 0.001
910523 22-5 XX XX -52.17 4330  1525.00 0.001
910523  22-6 XX XX -52.17 4330 1525.80 0.001
910523 23-1 XX XX -52.58 30.75 1525.50 0.001
910523  23-2 XX XX -52.58 30.75 1525.00 0.001
910523  23-3 XX XX -52.58 30.75 1526.00 0.001
910523 23-4 XX XX -52.40 31.74  1525.50 0.001
910523 23-5 XX XX -52.40 31.74  1525.00 0.001
910523 23-6 XX XX -52.40 31.74  1526.00 0.001
910523 24-1 P of -34.87 78.79 1525.20 1.86
910523 24-2 fs of -34.87 78.79  1525.60 0.001
910523 24-3 p of -34.87 78.79 1525.90 2.75
910523 24-4 fs of -34.87 78.79 1526.10 0.001
910523 24-5 p of = -34.87 78.79 1526.20 3.02
910523 24-6 fsc of -34.87 78.79 1524.90 0.001
910523 24-7 P of -33.39 78.53 1525.20 1.16
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Sierra Ladrones

Date Control Facies Arch, Northing Easting Elev. Perm.
[yr mo dy] Point Element [meters}] [meters]  [meters] [darcy]
910523 24-8 P of -33.39 78.53  1525.80 1.75
910523 . 24-9 fs of -33.39 78.53 1525.40 0.001
910523 24-10 fs of -33.39 78.53 1524.70 0.001
910523  25-1 fs of -42.86 97.14  1525.10 0.001
910523  25-2 fs of 4286 97.14  1525.70 0.001
910523 25-3 p of -42.86 97.14 1524.30 -0.89
910523  25-4 fsc of -42.56 97.66  1525.10 0.001
910523  25-5 p of -42.56 97.66  1524.30 0.95
910523 26-1 p of -71.08 126.03  1525.50 2.10
910523  26-2 fs of -71.08 126.03  1525.70 0.001
910523 26-3 P of -71.08 - 12603  1526.00- 2.25
910523  26-4 fsc of -71.08 126.03  1526.10 0.001
910523 26-5 p of -70.60 126.31 1525.50 2.95
910523 26-6 fs of -70.60 126.31 1525.70 0.001
910523  26-7 p of -70.60 126.31 1525.90 2.90
910523 26-8 fsc of -70.60 126.31 1526.10 0.001
910523 - 26-9 P of -71.60 125.73  1525.50 247
910523 26-10 fs of -71.60 125.73  1525.20 0.001
910523  27-1 p of -91.14 13356  1525.50 2.02
910523 27-2 st ch2 -91.14 13356  1525.90 39.76
910523 27-3 fs of -91.14 133.56  1525.00 0.001
910524  28-1 p p -26.52 56.69  1531.60 3.94
910524  28-2 P p -26.52 56.69  1531.20 3.31
910524 283 p p -26.52 55.69  1531.60 6.87
910524 284 p p -26.52 55.6%  1531.20 2.09
910524  28-5 sm P -26.52 55.69  1531.00 14.15
910524  28-6 P p -26.52 57.84  1531.60 - 4.03
910524  28-7 p p -26.52 57.84  1531.20 2.07
910524  29-1 p p -30.25 53.06 1531.60 2.82
910524  29-2 p P -29.22 53.77 1531.60 3.26
910524  29-3 p p -29.22 53.77 1531.10 5.60
910524 294 p p -30.25 53.06 153120 7.66
910524  29-5 p P -31.20 5239  1531.60 2.09
910524  29-6 p p -31.20 5239  1531.10 4.88
910524  29-7 p p -31.56 52.14 1531.60 2.10
910524  29-8 p P -31.56 52.14  1531.20 3.55
910524  29-9 p p -33.60 50.71 1531.60 3.96
910524  29-10 P p -33.60 50.71 1531.30 328
910524  30-1 sh ch2 -38.25 53.83 1534.10 10.49
910524  30-2 sh ch2 -38.06 53.88 1534.10 13.15
910524  30-3 sh ch2 -38.45 53.78 1534.10 12.60
910524 304 sh ch2 -38.45 53.78  1534.00 11.32
910524  30-5 sh ch2 -38.25 53.83  1534.00 " 11.49
910524  30-6 sh ch2 -38.06 53.88 1534.00 8.26
910524  30-7 st ch2 -38.25 53.83 1535.00 3.31
910524  30-8 sr ch2 -37.85 53.94  1535.00 2.84
910524 309 sr ch2 -38.54 53.75 1535.00 '3.89
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Sierra Ladrones

Date Control Facies Arch. Northing Easting Elev. Perm.
{yr mo dy] Point Element [meters] fmeters]  [meters] [darcy]

910524  31-3 sp ch2 -28.65 57.76  1531.70 8.52
910524 314 sp ch2 -29.05 57.07 1531.70 14.63
910524  31-5 sp ch2 -29.05 57.07 1532.00 311
910524  31-6 sp ch2 -29.05 57.07  1531.70 0.001
910524  31-7 sp ch2 -29.05 5707 1531.60 6.50
910524  31-8 sp ch2 -29.05 57.07  1531.30 2.48
910524  32-1 P p -39.69 46.24  1532.20 0.001
910524  32-2 p P -39.69 46.24  1532.00 2.37
910524  32-3 p p -38.87 46.62  1532.00 1.54
910524 324 p P -37.87 47.08  1532.00 3.69
910524  32-5 P P -41.95 45.18  1532.00 5.98
910527  33-1 sh ch2 -50.90 43.16 1534.10 9.44
910527 = 33-2 sh ch2 -50.20 4437  1554.10 6.46
910527  33-3 sh  ch2 -50.90 43.16  1534.60 8.76
910527 334 st ch2 -50.90 43.16 153490 8.22
910527  33-5 st ch2 -50.90 43.16  1535.00 6.78
910527 33-6 sr ch2 -50.20 4437 153490 7.90
910527  33-7 ST ch2 -50.20 4437  1535.00 5.75
910527  33-8 sr ch2 -50.60 4568  1535.00 3.91
910527 34-1 sh ch2 -57.33 3892  1534.10 7.92
910527 34-2 sr ch2 -58.48 3796  1534.10 8.49
910527 343 sr ch2 -60.01 36.67 1534.10 13.33
910527 344 SSC ch2 -60.01 36.67 1534.60 6.21
910527 34-5 sh ch2 -58.48 3796 153470 8.09
910527 346 sr ch2 -58.48 3796  1535.10 6.23
910527 34-7 sh ch2 -57.33 3892  1534.70 7.90
910527 34-8 sX ch2 -57.33 3892  1535.10 5.54
910527 349 fsc ch2 -57.33 38.92  1535.20 0.001
910527  35-1 ST ch2 -64.47 3456  1534.70 5.78
910527 35-2 sr ch2 -64.12 3476  1534.70 335
910527  35-3 sl ch2 -63.51 35.11 1534.70 2.60
910527 354 sh ch2 -64.12 3476 153440 7.45
910527 35-5 sX ch2 -63.51 35.11 1534.30 7.01
910527  35-6 | ch2 -64.12 34.76° 1533.70 8.09
910527  35-7 st ch2 -63.51 35.11 1533.70 7.12
910527  35-8 $X ch2 -64.47 3456  1535.00 11.44
910527 359 sX ch2 -64.12 3476  1535.00 18.04
910527  36-1 P p -52.24 37.58 1530.70 6.04
910527 36-2 p p -52.14 37.86  1530.70 7.72
910527  36-3 p P -52.14 37.86  1531.00 8.59
910527 364 P p -52.14 37.86  1531.40 4.18
910527  36-5 p p -52.24 37.58 153140 4.03
910527  36-6 P p -52.35 3730 153140 3.37
910527  36-7 p p -52.35 37.30 1531.20 847
910527  36-8 p p -52.24 37.58 1531.20 348
910527 369 P P -52.24 37.58 153040 7.58
910527 36-10 fx of

-52.24 37.58  1531.90 0.001
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910527

43-6

-50.68

87.90

1528.90

Sierra Ladrones
Date Control Facies Arch, Northing Easting Elev. Perm.
lyr mo dy] Point Element [meters]) {meters]  [meters]) fdarcy]

910527 36-11 fx of -52.14 37.86  1531.90 0.001
910527 37-1 P p -50.32 39.53 1530.70 5.29
910527 37-2 p p -50.17 40.11 1530.70 7.36
910527 37-3 P p -50.32 39.53 1531.80 7.09
910527 374 P p -50.22 39.92  1531.80 7.07
910527  38-1 sm ch2 -60.66 4359  1540.10 1.77
910527 38-2 sp chl -60.66 4359 154090 26.30
910527 38-3 st chl -60.66 43.59 1541.10 64.14
910527 384 sm ch2 -60.45 4457  1540.20 294
910527  38-5 sp chl -60.45 44.57 1540.90 7.70
910527 38-6 st chl -60.63 43.68 1541.10 34.13 -
910577  39-1 sl ch2 -55.29 4645  1540.80 9.65
910527  39-2 st ch2 -55.01 46.55  1540.00 1471
910527 39-3 sX ch2 -55.29 4645 1541.00 74.28
910527 394 sX ch2 -55.01 46.55 1541.00 55.34
910527  39-5 st ch2 -55.29 4645 1541.30 60.88
910527 39-6 st ch2 -55.01 46.55 1541.30 141.19
910527  40-1 p P -51.88 4798 153840 248
910527  40-2 fsc of -51.88 4798  1538.80 0.001
910527  40-3 sr ch2 -51.88 4798  1539.00 3.60
910527 404 p p -51.26 4849  1538.40 2.09
910527  40-5 fsc of -51.26 4849  1538.80 0.001
910527  40-6 st ch2 -51.26 4849  1539.00 1.06
910527  40-7 p P -50.35 4926 ~ 1538.40 241
910527  40-8 fsc of -50.35 4926 1538.80 0.001
910527  40-9 -sm ch2 -50.35 49.26  1539.00 2.00
910527  41-1 sh ch2 -41.03 79.46  1527.00 7.84
910527 41-2 sh ch2 -41.03 7946  1527.50 18.61
910527 413 sm ch2 -41.03 7946 152790 5.90
910527 414 st ch2 -41.03 79.46  1528.30 4,93
910527 41-5 st ch2 41.23 79.12  1528.30 5.29
910527 41-6 st ch2 41.58 78.51 1528.30 11.32
910527  41-7 fx chz -41.03 79.46  1528.50 0.001
910527 41-8 fx ch2 -41.23 79.12  1528.50 0.001
910527 419 st ch2 -41.58 78.51 1528.60 7.07
910527  42-1 sX ch2 -46.09 82.21 1528.00 7.96
910527  42-2 SX ch2 4641 81.82  1528.00 4.66
910527  42-3 sX ch2 -46.73 8144  1528.20 11.03
910527 424 sr ch2 -46.73 8144 152840 5.57
910527  42-5 sX ch2 -46.73 8144  1528.60 3.09
910527  42-6 sX ch2 -46.41 81.82  1528.60 394
910527  43-1 $X ch2 -50.38 8726  1528.00 5.68
910527  43-2 sX ch2 -50.68 8790  1528.00 5.11
910527 433 sX ch2 -50.68 8790 1527.80 511
910527 434 sX ch2 -50.53 87.58 1528.00 429
910527  43-5 SX ch2 -50.68 87.90 1528.90 3.33
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Sierra Ladrones

Date Control Facies Arch. Northing Easting Elev. Perm.
[yr mo dy] Point Element [meters] [meters]  [meters] {darcy]

910527  43-7 $X ch2 -50.38 87.26  1528.60 1.06
910527  43-8 $X ch2 -50.38 8726  1529.00 2.36
910527 439 $X ch2 -50.38 8726  1529.30 6.35
910527 43-10 p p ~=.-50.38 87.26  1531.30 1.67
910527 43-11 p p -50.38 8726  1531.90 224
910527 44-1 sh ch2 -59.28 8544 153500 6.95
910527 44-2 sh ch2 -59.58 86.07 1535.00 426
910527 44-3 sh ch2 -59.28 8544  1535.20 7.64
910527 444 sh ch2 -59.45 8580  1535.20 5.06
910527 44-5 sh ch2 -59.58 86.07 153520 8.81
910527 446 sfc ch2 -59.28 8544 153540 0.001
910527 44-7 sfc ch2 -59.58 86.07 153540 0.001
910527 +4-8 sfc  ch2 -59.45 85.80 153540 0.001
910527 449 sm ch2 - -59.28 8544 - 153590 2.07
910527 44-10 sm ch2 -59.58 86.07 1535.90 3.14
910527  45-1 p r -66.42 94.12  1531.60 236
910527 452 p r - -66.42 94.12  1532.00 0.83
910527  45-3 p r -66.42 94.12 153240 0.69
910527 454 p r -66.42 94.12 1532.60 1.30
910527  45-5 P r -66.68 95.60  1531.60 1.35
910527 456 P I -66.68 95.60  1532.00 1.14
910527  45-7 p r -66.68 95.60 153240 0.79
910527  46-1 sp ch -46.06 65.11  1542.50 21.52
910527  46-2 sp chl -46.06 65.11  1542.60 16.15
910527  46-3 sp chl -46.06 65.11  1542.80 1140
910527 464 sp chl -46.06 65.11 154290 21.20
910527  46-5 p of -46.06 65.11 154210 4.79
910527 471 sr ch2 -40.81 3920 153470 6.08
910527 472 st ch2 -40.42 39.13 153470 4.27
910527 473 sX ch2 -39.83 . 39.02  1534.60 16.61
910527 474 sX ch2 -40.42 39.13  1535.20 599
910527 47-5 sp ch2 -40.42 39.13 153540 11.58
510527 476 sp ch2 -40.81 3920 153520 14.15
910527  47-7 fsc ch2 -40.81 3920  1535.80 0.001
910527  47-8 sX ch2 -40.81 39.20 1536.10 3.28
910527  48-1 p p 4724 76.72  1532.50 14.49
910527  48-2 p p 4744 77.07  1532.50 13.82
910527  48-3 p P -47.59 7732 1532.60 7.60
910527 484 P p -47.24 76.72 153290 6.53
910527  48-5 P p -47.44 77.07 153290 481
910527 48-6 p P -47.59 7732  1532.90 10.79
910624 1-1 p p -86.87 140.21  1524.00 9.36
910624 1-2 fr p -86.87 140.21 ° 152430 0.001
910624 1-3 p p -86.45 140.56  1524.00 10.95
910624 14 p p -86.45 140.56  1524.30 3.04
910624 1-5 fr P -86.45 140.56  1524.40 0.001
910624 1-6 P p -86.45 140.56  1524.50 242
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Sierra Ladrones

Date Control Facies Arch. Northing Easting Elev. Perm.
{yr mo dy] Point Element [meters] [meters]  [meters] [darcy]

910624 1-7 p p -85.99 14095  1524.00 7.16
910624 1-8 p p -85.99 14095 152430 412
910624 1-9 fr p -85.99 14095 152440 0.001
910624 1-10 p p -85.99 14095  1524.60 1.48
910626 2-1 sh ch2 -76.81 127.71  1523.10 12.34
910626 22 sh ch2 -77.20 127.81 1523.10 11.71
910626 2-3 sh ch2 -76.81 127.71 1523.30 11.49
910626 24 sh ch2 -76.81 127.71  1523.60 7.35
910626 2-5 sh ch2 -77.34 127.85  1523.60 5.92
910626 2-6 p p -76.62 127.66  1523.90 247
910626 2-7 P p -77.20 127.81 1523.90 3.74
910626 2-8 fx of -77.20 127.81 152430 0.001
910626 29 fx of -76.62 127.66  1524.30 0.001
910626 4-1 p p -85.04 11400  1533.00 - 0.001
910626 4-2 ST ch2 -85.04 11400  1533.40 1.61
910626 4-3 sr ch2 -85.04 113.90  1533.60 2,77
910626 4-4 sr ch2 -85.04 11425  1533.60 5.29
910626 4-5 p p -85.04 11425  1533.90 0.J01
910626 4-6 st ch2 -85.04 113.75  1533.90 2.46
910626 4-7 st ch2 -85.04 113.75  1534.20 13.76
910626 4-8 st ch2 -85.04 113.55  1534.20 7.21
910626 4-9 sr ch2 -85.04 113.70 153440 2.94
910626  4-10 sr ch2 -85.04 113.50 153440 433
910626 5-1 p ru -89.21 111.64  1542.80 0.70
910626 52 p ru -88.39 111.17  1542.80 0.98
910626 5-3 fr of -88.39 111,17  1542.30 0.001
910626 5-4 fr of -89.21 111.64 154230 0.001
910626 3-1 p P -82.91 118.87 1529.50  0.001
910626 3-2 st ch2 -82.91 118.87  1529.80 5.43
910626 33 st ch2 -82.91 118.87  1529.40 16.80
910626 34 st ch2 -82.91 118.837  1529.00 6.75
910626 35 st ch2 -82.91 118.87  1528.60 16.33
910626 3-6 sh ch2 -83.86 11858  .529.50 5.57
910626 3-7 B p -83.86 118.58  1529.40 0.001
910626 3-8 st ch2 -83.86 118.58  1529.70 3.17
910626 39 st ch2 -83.86 118.58  1529.90 297
910626  3-10 sh ch2 -83.86 118.58  1529.20 4.61
910626  3-11 P p -83.86 118.58  1529.10 0.001
910626  3-12 sr ch2 -83.86 118.58  1529.10 8.86
910626  3-13 $X ch2 -83.86 118.58  1528.60 32.49
910626  3-14 sh ch2 -84.82 . 11829  1529.50 4.59
910626  3-15 sm ch2 -84.82 11829  1529.80 222
910626  3-16 p p -84.82 118.29  1529.40 0.001
910626  3-17 sh ch2 -84.82 11829  1529.20 6.38
910626  3-18 p p -84.82 11829  1529.00 0.001
910626  3-19 sX ch2 -84.82 11829  1528.90 15.98

910626  3-20 " p P -84.82 11829  1528.80 0.001 -




Sierra Ladrones

Date Control Facies Arch. Northing Easting Elev. Perm.
[yrmody] - Point Element [meters] [meters]  [meters] [darcy]

910626 3-21 sh ch2 -84.82 118.29 1528.70 13.57
910626 6-1 sh ch2 -148.35 140.75 1528.60 16.33
910626 6-2 sh ch2 -147.95 140.68 1528.60 = 18.73
910626 6-3 st ch2 -148.35 - 140.75 1529.00 C7.11
910626 6-4 st ch2 - -147.95 140.68  1529.00 2.85
910626 6-5 fr of -148.74 140.82  1527.70 0.001
910626 6-6 fr of -148.35 140.75 1527.70 0.001
910626 6-7 sh ch2 -148.86 14049  1528.60 15.81
910626 6-8 sp ch2 -148.86 14049  1528.90 9.65
910626 6-9 sh ch2 -149.03 140.02  1528.60 15.31
910626 6-10 st ch2 -149.03 140.02  1528.90 10.07
910626 6-11 sh ch2 -149.15 139.69 1528.60 13.27
910626  6-12 st ch2 -149.15 139.69  1528.90 6.56
910626  6-13 sh ch2 -149.29 139.31 1528.60 13.63
910626 6-14 st ch2 -149.29 139.31 1528.90 5.09
910626  6-15 sm ch2 -149.15 139.69  1529.30 4.13
910626  6-16 sm ch2 -149.03 140.02  1529.30 2.99
910626 7-1 p p -142.34 135.33 1534.60 1.99
910626 7-2 p p -142.91 135.54  1534.50 2.59
910626 7-3 sX ch2 -142.34 13533  1534.90 2.63
910626 74 fx ch2 -142.34 135.33  1535.10 0.001
910626 7-5 fx ch2 -142.62 13543 1535.10 0.001
910626 8-1 st ch2 -72.54 19294  1533.20 6.70
910626 8-2 sm ch2 -72.54 192.94  1533.50 5.68
910626 8-3 sX ch2 -12.54 19294  1533.70 6.42
910626 84 sr ch2 -72.54 19294  1533.00 1.47
910626 8-5 sp ch2 -72.54 19294  1532.80 2.32
910626 8-6 sp ch2 -72.93 192.83 1532.90 3.06
910626 87 sh ch2 -72.93 192.83 - 1533.20 5.81
910626 8-8 $X ch2 -72.93 192.83  1533.50 3.51
910626 8-9 sX ch2 -73.80 192.60  1533.20 7.76
910626 8-10 sX ch2 -73.80 192.60  1533.40 7.84
910620 9-1 sp ch2 -45.72 205.74  1525.50 14.49
910626 9-2 sp ch2 -45.72 205.74  1525.80 7.45
910626 9-3 sp ch2 -46.01 206.08 1525.40 11.40
910626 94 _ sp ch2 -46.01. 206.08  1525.80 9.65
910626 9-5 sp ch2 -46.36 206.51 1525.40 5.60
910626 9-6 sp ch2 -46.36 206.51 1525.70 7.01
910703 10-1 st ch2 -123.14 186.23  1528.80 7.82
910703 10-2 st ch2 -123.14 186.23  1528.90 3.03
910703 10-3 sh ch2 -123.14 186.23 1529.40 5.11
910703 104 sh ch2 -123.14 186.23 1529.50 526
910703 10-5 sh ch2 -122.98 185.35 1528.80 8.86
910703 10-6 sh ch2 -122.98 185.35 152030 = 9.59
910703 10-7 sh che -122.98 185.35 1529.40 349
910703 10-8 st ch2 -122.98 185.35 1529.50 3.67
910703 10-9 sh ch2 -122.98 185.35 1529.60 3.59
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Sierra Ladrones

Date Control Facies Arch. Northing Easting Elev. Perm.
[yr mo dy] Point Element [meters] [meters] [meters] {darcy]
910703 10-10 sh ch2 -122.98 185.35 1529.80 4.13
910703  10-11 sh ch2 -122.86 184.66  1528.80 11.80
910703 10-12 st ch2 -122.79 184.26 1529.30 4.52
910703 10-13 sh ch2 -122.79 - 184.26 1529.50 3.28
910703 10-14 sh ch2 -122.71 183.77  1528.80 4.38
910703  10-15 sh ch2 -122.71 183.77  1529.40 5.71
910703 10-16 sh ch2 -122.71 183.77 1529.50 3.20
910703  10-17 sh ch2 -122.57 182.98 1529.50 3.23
910703  10-18 sX ch2 -122.57 182.98 1529.60 18.38
910703  10-19 sh ch2 122.57 182.98 1529.60 70.80
910703  10-20 sh ch2 -122.60 183.18  1528.80 3.19
910703  10-21 fr of -123.14 186.23 1530.50 0.001
910703 10-22 fr of -122.98 185.35 1530.50 0.001
910703 10-23 fr of -122.79 18426  1530.50 0.001
910703 10-24 fr of : -122.71 183.77  1530.50 0.001
910703  10-25 fr of -122.57 182.98  1530.50 0.001
910703 11-1 $X ch2 -117.35 198.12  1529.10 7.58
910703 11-2 sh ch2 -117.35 198.12  1529.40 14.49
910703 11-3 sh ch2 -117.48 19764  1529.00 16.33
910703 114 sh ch2 -117.48 197.64  1529.40 5.96
910703 11-5 sX ch2 -117.48 197.64  1529.70 8.26
910703 11-6 sh ch2 -117.66 19696  1528.80 13.69
910703 11-7 sp ch2 -117.66 196.96  1529.30 4.90
910703 11-8 sX ch2 -117.66 196.96  1529.70 327
910703 119 sh ch2 -117.89 196.09  1528.80 9.41
910703 11-10 $X ch2 -117.89 196.09  1529.10 7.22
910703 11-11 sX ch2 -117.89 196.09  1529.30 9.00
910703  11-12 sh ch2 -117.89 196.09  1529.60 4.30
910703  11-13 sX ch2 -112.35 198.12  1529.70 8.40
910703 11-14 fsc of -117.35 198.12  1530.50 0.001
910703  11-15 fsc of -117.48 197.64  1530.50 0.001
910703 11-16 fsc of -117.66 196.96  1530.50 0.001
910705 11-17 fsc of -117.89 196.09  1530.50 0.001
910703 12-1 p p -110.95 196.60  1533.50 0.001
910703 12-2 p p -110.79 194.80 1533.50 0.001
910703 12-3 sX ch2 -110.95 196.60  1534.00 5.95
910703 124 $X ch2 -110.95 196.60 153420 7.58
910703 12-5 sX ch2 -210.95 196.60 153440 341
910703 12-6 fr of -110.95 196.60  1534.80 0.001
910703 12-7 sX ch2 -110.79 194.80  1533.90 2.90
910703 12-8 sX ch2 -110.79 194,80  1534.20 8.69
910703 129 sX ch2 -110.79 194.80 1534.50 8.40
910703  12-10 fr of -110.79 19480 1534.80 0.001
910703 13-1 gx chl -108.20 190.50  1538.10 300.00
910703 13-2 sh ch2 -108.20 190.50  1537.60 25.12
910703 13-3 sh ch2 -108.20 190.50 153730 10.49
910703 134 pc p -108.20 190.50  1536.80 0.001
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Sierra Ladrones

Date Control Facies Arch. Northing Easting Elev, Perm.
[yr mo dy] Point Element [meters] [meters]  [meters] [darcy]

910703 13-5 gx chl -108.36 189.92  1538.10 300.00
910703 13-6 sh ch2 -108.36 189.92  1537.60 31.37
910703 13-7 sh ch2 -108.36 189.92  1537.30 20.02
910703 13-8 pc p -108.36 189.92  1536.80 0.001
910703 14-1 gm chl -113.08 17831  1538.70 300.00
910703 14-2 sh chl -113.08 17830 153790 27.88
910703 14-3 pc p -113.08 17831  1536.90 0.001
910703 144 gm chl -113.13 178.11 1538.70 300.00
910703 14-5 sh chl -113.13 178.11  1537.90 44,54
910703 14-6 pc p -113.13 178.11 1536.90 0.001
910703 14-7 gm chl -113.24 177.73  1538.70 300.00
910703 14-8 pc P -113.24 177.73  1536.90 0.001
910703 14-9 sh chl -113.24 17773 1537.90 44.54
910703 15-1 sx  chl -119.48 150.27  1544.60 20.59
910703 15-2 sX chl -119.56 150.20 1544.60 15.00
910703 13-3 SX chl -121.40 . 148.66  1544.60 10.68
910703 15-4 sx chl . -121.47 148.60  1544.60 16.61
910703 15-5 fx of -119.48 150.27  1543.80 0.001
910703 15-6 fx of -121.40 148.66  1543.80 0.001
910703 15-7 P ru -121.40 148.66  1543.30 3.54
910703 15-8 P ru -122.16 148.02 154330 231
910703 15-9 sh chl -121.40 148.66  1542.10 15.16
910703  15-10 sh chl -122.16 148.02  1542.10 13.45
910703 16-1 sX ch2 -120.40 169.77  1535.10 9.27
910703 16-2 SX ch2 -120.40 169.77  1534.90 357
910703 16-3 p p -120.40 169.77  1534.60 1.90
910703 16-4 p P -120.40 169.77  1534.20 1.75
910703 16-5 sX ch2 -120.63 169.58  1535.10 6.90
910703 16-6 sX ch2 -120.63 169.58  1534.90 2.53
910703 16-7 P p -120.63 169.58  1534.60 2.13
910703 16-8 P P -120.70 169.52  1534.60 2.33
910703 17-1 st ch2 -125.58 174.65 1529.90 9.56
910703 17-2 SX ch2 -125.58 17465  1529.70 0.88
910703 17-3 sh ch2 -125.58 17465  1529.50 2.78
910703 17-4 sp ch2 -125.58 174.65  1529.30 26.30
910703 17-5 sp ch2 -125.58 174.65  1529.20 24.68
910703 17-6 sh ch2 -125.58 174.65  1529.10 4.87
910703 17-7 st ch2 -125.75 17435  1529.90 20.16
910703 17-8 sh ch2 -125.75 17435  1529.50 4.01
910703 17-9 sp ch2 -125.75 17435  1529.30 26.05
910703 17-10 sp ch2 -125.75 17435  1529.20 13.21
910703 17-11 st ch2 -125.85 174.17  1529.90 5.33
910703 17-12 sh ch2 -125.85 174.17  1529.60 3.16
910703  17-13 sp ch2 -125.85 17417 1529.30 16.24
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Nevada Test Site -- Pit 3

N Control X Y Hydro time perm
Point [meters]  [meters] Geo [seconds]  [darcy]

1 3-124-1 6.04 0.79 DF 866 798
2 3-124-6 6.22 0.57 DF 4.00 18.70
3 3-124-7 6.04 0.36 DF 8.51 8.13
4 3-124-9 6.22 0.79 DF 7.31 9.55
5 3-109-1 4.74 2.08 SF 493 . 14.69
6 3-109-2 5.41 2.08 SF 2.60 32.59
7 3-109-3 474 1.65 SF 2.70 30.89
8 3-1094 5.41 1.65 SF 430 17.18
9 391-1 4.39 2.65 SF 8.75 7.89
10 3913 4.39 2.04 SF 4.67 15.62
11 3914 5.12 2.04 SE 2.52 34.10
12 3731 6.16 3.58 SF 4.49 15.34
13 3-732 662 3.8 SF 3.14 25.22
14  3-73-3 7.07 3.58 SF 236 37.63
15 3-734 6.16 3.54 SF 4.71 15.47
16 3-73-5 6.62 3.54 SF 2.33 38.39
17 3-73-7 6.16 3.51 SF 2.31 38.91
18 3-73-8 6.62 3.51 SF 5.77 12.33
19 3-55-1 5.93 5.03 DF 7.52 9.26
20 3-55-2 6.20 5.03 DF 5.59 12.77
21  3-55-3 6.47 5.03 DF 8.30 8.34
22 3-554 5.93 487 DF 1.80 60.75
23 3-55-5 6.20 487  DF 5.75 12.38
24 3-55-6 6.47 472 DF 7.95 8.73
25  3-55-7 5.93 472 DF 1.68 70.69
26 3-55-8 6.20 472 DF 2.30 39.17
27 3-559 6.47 472 DF 6.81 10.30
28  3-37-1 3.45 6.39 SF 2.09 45.85
29 3372 425 6.39 SF 1.49 96.95
30 3374 425 6.03 DF 6.42 10.98
31 3-19-01 462 7.10 DF 3.78 20.01
32 3-19-02 5.15 7.10 DF 447 16.42
33 3-19-03 5.68 7.10 DF 3.28 23.85
34 3-19-04 4.62 7.10 DF 592 11.99
35 3-19-05 5.15 7.10 DF 9.96 6.89
36  3-19-06 5.68 7.10 DF - 4.64 15.74
37 3-19-07 462 7.10 DF 5.62 12.69
38  3-19-08 5.15 7.10 DF 8.61 8.03
39 3-19-09 5.68 7.10 DF 3.95 18.98
40 3-1-01 5.78 8.81 DF 22.75 2.95
41 3-1-02 6.40 8.81 DF 21.99 3.06
42 3-1-03 7.03 8.81 DF 14.48 4.68
43 3-1-04 5.78 8.71 DF 9.84 6.98
4  3-1-05 6.40 8.71 DF 11.96 5.70
45 3-1-06 7.03 8.71 DF 7.62 9.13
46  3-1-07 5.78 8.62 DF 6.40 11.01
47  3-1-08 6.40 8.62 DF 9.30 7.40
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Nevada Test Site -- Pit 3

N Control X Y Hydro time . perm
Point [meters]  [meters] Geo {seconds] [darcy]

48 3-1-09 7.03 8.62 DF 13.44 5.05
49 3-2-01 6.41 8.61 DF 22.10 3.04
50  3-2-02 7.11 8.61 DF 8.34 8.30
51 3-2-4 6.41 8.39 DF 11.29 6.05
52 3-2-05 7.11 8.39 DF 19.74 3.41
53 3-2-06 7.82 8.39 DF 9.38 7.34
54 3-2-07 6.41 8.18 DF 8.16 8.49
55 3-2-08 7.11 8.18 DF 13.63 4.98
56 3-20-01 8.81 7.30 SF 5.03 14.36
57 3-20-02 9.24 7.30 SF 2.89 28.14
58 3-20-03 8.81 7.18 - DF 6.41 10.99
59  3-20-04 9.24 7.18 DF 11.91 5.72
60 3-38-1 7.25 7.00 SF 1.30 161.4.
61 3-38-3 792 7.00 SF 1.40 118.96
62 3-38-7 7.25 6.79 SF 1.99 50.01
63 3-56-1 8.14 5.39 DF 4.09 18.22
64 3-56-2 8.87 5.39 DF 10.41 6.58
65 3-56-3 9.60 5.39 DF 9.70 7.08
66 3-56-4 8.14 5.19 DF 9.49 7.25
67 3-56-5 8.87 5.19 DF 10.81 6.33
68  3-56-6 9.60 5.19 DF 4.40 16.73
69 3-56-7 8.14 4.99 - DF 3.59 21.31
70  3-56-8 8.87 499 DF 7.49 9.30
71  3-56-9 9.60 4,99 DF 8.36 8.28
72 3-74-1 9.73 3.64 SF 2.06 47.02
73 3-74-2 9.33 3.64 SF 2.17 43.03
74  3-744 9.73 3.59 SF 1.31 155.74
75 3-74-5 9.33 3.59 SF 2.31 38.91
76  3-74-6 8.94 3.59 SF 1.39 122.11
77  3-74-7 9.73 3.55 SF 2.03 48.25
78  3-74-8- 9.33 3.55 SF 1.79 61.46
79  3-749 8.94 3.55 SF 1.76 63.71
80 3-92-2 10.91 Z.10 DF 2.09 45.85
81 3-924 10.48 2.72 DF 297 27.13
82 3925 10.91 272 DF 2.38 37.15
83 3926 11.34 2.72 DF 1.66 72.71
84 3-92-7 10.48 2.66 DF 2.67 31.38
85 3-92-8 10.91 2.66 DF 437 16.86
86 3-110-1 8.01 229 SF 241 36.45
87 3-110-2 6.73 229 - SF 2.63 32.06
88 3-110-3 8.01 1.89 DF 1.88 55.66
89 3-1104 6.73 1.89 SF 2.38 37.15
90 3-58-1 14.12 5.83 DF 5.16 13.96
91 3-58-2 14.38 5.83 DF 12.23 5.57
92  3-58-3 14.64 5.83 DF 8.41 823
93 3-584 14.12 5.63 DF 12.38 5.50
94  3.58-5 14.38 . 563 DF " 426 17.37
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Nevada Test Site -- Pit 3

N : Control X Y Hydro time perm
Point fmeters]  [meters] Geo [seconds]  [darcy]

95 3-58-6 14.64 5.63 DF 3.53 21.75
96 3-58-7 14.12 5.43 DF 13.00 5.23
97 3-58-9 14.64 5.43 DF 127  181.51
98  3-40-1 14.43 6.63 “SF 2.70 30.89
99  3-40-2 13.91 6.63 SF 1.54 88.14
100  3-40-3 14.43 6.53 SF 342 22.62
101 3-22-01 14.48 8.00 DF 8.79 7.85
102 3-22-02 14.79 8.00 DF 5.83 12.19
103 3-32-1 44.04 7.79 DF 1.33 145.57
104 3-324 44 .43 7.46 DF 5.19 13.87
105 3-14-03 45.00 9.08 SF - 791 8.78
106 3-106-1 50.37 2.50 DF 3.32 23.48
107  .-106-3 50.37 231 DF 3.59 21.31
108 3-106-4 5061 231 DF 3.27 23.94
109 3-88-1 50.76 428 DF 3.25 24.13
110 3-88-2 51.65 428 DF 10.06 6.82
111 3-2°3 50.76 422 DF 2.93 27.62
112 3-854 51.65 422 DF 7.53 9.25
113 3-86-1 4391 3.86 SF 3.24 24.22
114 3-86-2 44.28 3.86 SF 3.09 25.75
115 3-86-3 4391 3.62 SF 3.06 26.08
116 3-864 4428 3.62 SF 1.70 68.79
117  3-68-1 45.76 5.66 SF 1.38 125.44
118  3-68-2 4592 5.66 SF 1.56 85.08
119  3-68-3 46.07 5.66 SF 445 16.51
120  3-68-5 4592 5.63 SF 1.34 141.00
121  3-68-8 4592 5.60 SF 1.30 161.43
122 3-504 4572 6.04 SF 2.06 47.02
123 3-50-5 4583  6.04 SF 2.57 33.14
124 3-50-7 45.72 5.73 SF 2.73 30.42
125  3-50-8 4583 . 573 SF 1.73 66.14
126  3-50-9 4593 5.73 SF 225 40.56
127 3-12-01 39.74 9.57 DF 6.02 11.77
128 3-12-02 40.20 9.57 DF 7.36 9.48
129  3-12-03 40.65 9.57 DF 6.67 10.53
130 3-12-04 39.74 9.29 DF 9.07 7.60
131 3-12-05 40.20 9.29 DF 11.37 6.01
132 3-12-06 40.65 9.29 DF 10.25 6.69
133 3-12-07 39.74 9.02 DF 12.73 5.34
134 3-12-08 4020 9.02 DF 17.14 3.94
135 3-12-09 40.65 9.02 DF 11.71 5.83
136 3-122-1 45.28 1.71 SF 3.20 24.61
137 3-122-2 4530 1.71 SF 3.38 22.96
138 3-122-3 45.28 122 - DF 745 936
139 3-1224 45.30 1.22 DF 5.64 12.64
140 3-104-1 46.23 325 SF 2.04 47.83
141 3-104-2 46.26 3.25 SF 1.78 62.19
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Nevada Test Site -- Pit 3

N Control X Y Hydro time perm
Point [meters]  [meters] Geo [seconds] [darcy]
142 3-104-3 46.23 322 SF 2.31 38.91
143 3-1044 46.26 3.22 SF 1.61 78.36
144  3-66-2 39.27 5.11 SF 1.41 115.99
145  3-66-3 39.27 493 SE 1.22 230.34
146 3-30-02 38.01 7.55 DF 3.06 26.08
147  3-30-03 38.08 7.55 DF 2.16 43.36
148 3-30-04 37.93 7.49 DF 4,75 15.32
149 3-30-05 38.01 7.49 DF 3.22 24.41
150  3-30-06 38.08 7.49 DF 14.87 4.56
151 3-30-07 37.93 7.43 DF 2.84 28.81
152 3-30-08 38.01 7.43 DF 3.23 - 2432
153 3-120-3 40.24 1.94 DF 8.36 8.28
154 3-1204 39.97 1.66 DF 10.39 6.59
155  3-102-1 39.04 281 SF 2.56 33.33
156 3-102-2 39.40 2.81 SF 1.60 79.61
157 3-102-3 39.75 2.81 SF 347 22.22
158 3-102-4 39.04 2.57 - SF 4.59 15.93
159 3-102-5 39.40 2.57 SF 1.97 50.94
-160  3-102-6 39.75 2.57 SF 2.82 29.09
161 3-102-8 39.40 2.32 - DF 2.93 27.62
162 3-102-9 39.75 2.32 DF 3.14 25.22
163 3-84-1 38.90 4.61 SF 1.52 91.45
164 3-84-2 39.03 461 SF 481 15.10
165 3-84-4 38.90 4.37 SF 1.31 155.74
166 3-84-5 39.03 437 SF 1.42 113.17
167 3-84-6 39.15 4.37 SF 1.39 122.11
168 3-28-01 33.49 7.36 DF 6.69 10.50
169 3-28-02 33.61 7.36 DF 8.95 771
170 3-28-04 33.61 7.30 DF 9.11 7.56
171 - 3-10-01 32.09 9.57 DF 6.66 10.55
172 3-10-02 33.61 9.57 DF 5.74 12.40
173 3-10-03 32.09 9.39 DF 8.01 8.66
174 3-10-04 33.61 9.39 DF 14.91 4.54
175  3-100-3 33.88 2.89 SF 6.89 10.17
176 3-100-5 33.68 2.82 DF 4.81 15.10
177 3-100-7 33.49 2.75 DF 6.88 10.19
178 3-100-8 33.68 2.75 DF 2.33 38.39
179 3-82-1 31.83 3.79 SF 1.74 65.31
180 . 3-82.-2 32.12 3.79 SF 491 14.76
181 3-82.3 32.41 3.79 SF 1.76 63.71
182 3-824 31.83 3.64 SF 1.70 68.79
183  3-82-5 32.12 3.64 SF 1.69 69.73
184 3-82-8 32.12 3.49 SF 1.31 155.74
185 3-64-1 33.94 6.02 DF 6.08 11.64
186 3-64-2 33.94 6.02 DF 574 - 1240
187 3-64-3 33.94 6.02 DF 1.85 57.46
188 3-64-4 33.94 5.87 DF 3.77 20.07
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Nevada Test Site -- Pit 3

N Control X Y Hydro time perm

Point [meters]  [meters] Geo [seconds]  [darcy]
189 3-64-5 33.94 5.87 . DF 4.20 17.66
190 3-64-6 33.94 5.87 DF 822 8.43
191  3-64-7 33.94 5.72 DF 8.38 8.26
192 3-64-8 33.94 5.72 DF - 374 2027
193 3-64-9 33.94 5.72 DF 6.00 11.81
194 3-26-01 27.64 7.36 DF 1.91 53.98
195 3-26-02 29.16 7.36 DF 1.70 68.79
196 3-26-04 29.16 7.18 DF 4.77 15.25
197  3-8-01 27.44 9.66 DF 4.52 16.22
198 3-8-02 26.07 9.66 DF 36.97 1.81
199  3-8-03 27.44 917 = DF 22.35 3.01
200 2-8-04 26.07 9.17 DF 20.56 327
201 3-118-1 33.62 1.58 SF 1.51 93.20
202 3-118-2 3392 158 SF 4.04 18.48
203 3-118-4 33.62 1.55 SF 2.30 39.17
204 3-118-5 33.92 1.55 SF 2.10 45.48
205 3-118-7 33.62 1.52 SF 5.08 14.20
206 3-118-8 33.92 1.52 SF 1.37 128.97
207 3-118-9 34.23 1.52 SF 1.27 181.51
208  3-80-1 27.43 464 SF 1.20 258.78
209 3-80-2 27.50 4.64 SF 1.39 122.11
210 3-80-3 27.58 4.64 SF 1.77 62.94
211  3-80-4 27.43 461 SF 2.06 47.02
212 3-80-5 27.50 461 SF 1.56 85.08
213 3-80-6 27.58 461 SF 1.42 113.17
214  3-80-7 27.43 458 SF 1.34 141.00
215  3-80-8 27.50 458 SF 1.91 53.98
216  3-80-9 27.58 458 SF 1.31 155.74
217 3-62-1 26.01 5.94 SF 3.54 21.68
218  3-62-2 26.60 5.94 SF 1.59 80.91
219  3-62-3 27.20 5.94 SF 3.53 21.75
220 3-62-4 26.01 5.79 SF 1.40 118.96
221 3-44-1 26.53 6.63 SE 3.87 19.45
222 3-44-2 27.15 6.63 SF 1.77 62.94
223 3443 27.78 6.63 SF 2.02 48.68
224 3444 26.53 6.50 SF 3.34 23.31
225  3-6-01 19.37 9.38 DF 7.44 9.37
226  3-6-02 19.89 938 DF 16.82 4.02
227  3-6-03 20.40 938 DF 1854 3.64
228  3-6-04 19.37 9.19 DF 19.49 3.46
229  3-6-05 19.89 9.19 DF 20.13 3.35
230  3-6-06 20.40 9.19 DF 7.98 8.70
231 3-6-07 19.37 9.01 DF 8.12 8.54
232 3-6-08 19.89 9.01 DF 10.87 6.29
233 3-6-09 20.40 9.ul DF 14.44 4.70
234 3-116-1 28.40 2.08 SF 272 30.58
235  3-116-2 28.52 2.08 - SF 1.82 59.39

212




Nevada Test Site -- Pit 3

N Control X Y Hydro time perm
Point [meters]  [meters} Geo [seconds] [darcy]

236 3-116-3 28.65 2.08 SF 3.82 19.76
237 3-1164 28.40 1.95 SF 340 22.79
238 3-116-5 28.52 1.95 SF 2.55 33.52
239 3-116-6 28.65 1.95 SF . 1.96 5142
240 3-116-7 28.40 1.83 SF 293 27.62
241 3-116-8 28.52 1.83 SF 3.87 19.45
242 3-116-9 28.65 1.83 SF 3.12 2543
243 3-98-3 28.37 347 . SF 2.35 37.88
244  3-984 26.94 3.25 SF 3.01 26.65
245  3-60-1 2028 - 588 DF 5.94 11.94
246  3-60-2 20.76 5.88 DF 3.67 20.74
247  3-60-4 20.28 5.81 DF 3.60 21.23
248 3-24-03 20.24 7.32 SF 1.52 91.45
249 3-24-04 2021 721 SF 151 93.20
250 3-114-2 21.88 2.06 SF 1.34 141.00
251 3-114-3 22.60 2.06 SF 1.38 12544
252 3-1144 21.17 1.95 SF 2.05 47.42
253 3-114-5 21.88 1.95 SF 1.45 105.55
254 3-114-6 22.60 1.95 SF 2.33 38.39
255 3-114-7 21.17 1.85 SF 11.91 572
256 3-114-8 21.88 1.85 SF 1.34 141.00
257 3962 - 20.26 3.36 SF 1.81 60.06
258 3-964 19.68 3.07 SF 5.78 12.31
259 3-96-5 20.26 3.07 SF 4.00 18.70
260 3-96-6 20.84 3.07 SF 2.14 44.04
261  3-96-7 19.68 2.78 SF 6.35 11.11
262 3-96-8 20.26 2.78 SF 3.49 22.06
263  3-96-9 20.84 2.78 SF 1.97 50.94
264 3-78-1 20.26 4.13 DF 3.20 24.61
265 3-78-2 20.85 413 DF 5.70 12.50
266 3-78-3 21.45 4.13 DF 291 27.88
267 3-784 20.26 4.13 DF 4.20 17.66 _
268 3-78-5 20.85 4.13 DF 408 18.27
269 3-78-6 21.45 413 DF 2.66 31.55
270 3-78-7 20.26 4.13 DF 427 17.32
271 3-78-8 20.85 413 DF 5.64 12.64
272 3-78-9 21.45 413 DF 2.64 31.89
273 34-01 14.99 8.64 D 15.30 443
274 3402 15.28 8.64 DF 491 14.76
275 3403 15.57 8.64 DF 6.43 10.96
276 34-04 14.99 8.51 DF 13.49 5.04
277  34-05 15.28 8.51 DF 11.37 6.01
278 3407 1499 - 8.37 DF 6.10 11.60
279  3-4-08 15.28 8.37 DF 8.60 3.04
280 34-09 15.57 8.37 DF 14.03 4.84
281 3-112-1 14.68 1.35 SF 2.19 42.38
282 3-112-2 15.04 1.35 SF 131 * 155.74

213




Nevada Test Site -- Pit 3

N Control X Y Hydro time perm

Point [meters]  [meters] Geo [seconds]  [darcy]
283 3-112-3 1541 1.35 SF 2.76 29.96
284 3-1124 14.68 1.16 SF 2.05 4742
285 3-94-1 15.55 240 SF 3.26 24.03
286 3-94-2 15.65 2.40 SF 1.20 258.78
287 3-76-1 15.42 4.64 DF 3.02 26.53
288 3-76-2 15.57 4.64 - DF 1.92 53.45
289  3-76-3 15.72 4.64 DF 1.26 189.45
290 3-764 1542 4.56 DF 1.79 61.46
291  3-76-5 15.57 4.56 DF 1.74 65.31
292 3-76-6 15.72 4.56 - DF 1.82 59.39
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Nevada Test Site -- Pit 4

N Control X Y Hydro time perm
~ Point [meters] [meters] Geo [seconds]  [darcy]
1 4-43-1 2.73 2.00 DF 12.66 5.38
2 4432 2.89 2.00 DF 6.99 10.07
3 4-43-3 3.04 2.00 DF 13.72 4.95
4 4-434 273 1.80 DF 9.20 7.51
5 4-43-5 2.89 1.80 DF 9.86 - 6.98
6 4-43-6 3.04 1.80 DF 7.14 9.84
7 4-43.7 2.73 1.60 DF 6.91 10.19
8 4-43.8 2.89 1.60 DF 11.56 5.91
9 4-29-01 ~ 3.50 450 DF 7.01 10.03
10 4-29-02 3.85 4.50 DF 8.16 8.53
11 4-29-03 420 4.50 DF 6.96 10.11
12 4-29-04 3.50 423 DF 8.38 8.29
13 4-29-05 38 423 DF 6.33 11.22
14 4-29-06 420 4.23 DF 291 28.85
15 4-29-07 3.50 395 DF 8.76 7.91
16 4-29-09 4.20 3.95 DF 6.13 11.62
17 4-15-02 432 5.33 SF 9.58 7.20
18 4-15-04 4.32 494 DF 6.72 10.51
19 4-30-01 5.24 4.52 DF 5.17 14.06
20 4-30-02 5.54 452 DF 3.89 19.68
21 4-30-04 5.54 418 SE 2.03 52.69
22 4-16-01 4.89 . 592 SF 7.35 9.53
23 4-16-04 4.89 5.66 DF 26.75 2.51
24 4-16-07 4.89 5.40 DF 5.85 12.24
25 4-16-08 5.16 5.40 DF 8.19 8.49
26 4-16-09 543 5.40 DF 9.93 6.93
27  4-2-01 584 7.95 DF 24.85 2.70
28  4-2-02 5.84 7.95 DF 25.33 2.65
29 4-2-03 5.84 7.37 DF 29.68 2.26
30 4-2-04 5.84 7.37 DF 18.58 3.63
31 4-45-1 9.13 2.21 DF 30.35 2.21
32  4-45-2 9.51 221 DF 743 942
33 4-45-3 9.89 221 DF 19.03 3.54
34 4-454 9.13 2.15 DF 922 7.49
35  4-45-5 9.51 2.15 DF , 8.66 8.00
36 4-45-6 9.89 2.15 DF 19.18 3.52
37 4-45-7 9.13 2.08 DF 8.71 7.96
38 4-45-8 9.51 2.08 DF 22.90 2.94
39 4459 9.89 2.08 DF 547 4.38
40 4-32-2 11.19 3.50 DF 7.08 993
41 4-32-3 10.03 3.29 DF 13.92 4.88
42 4324 11.19 3.29 DF 13.02 5.23
43  4-18-01 10.94 598 DF 11.03 6.21
4 4-46-1 10.90 272 DF 16.61 4.07
45 4-46-3 10.90 2.20 DF 17.60 3.84
46 4-464 12.33 220  DF 7.66 9.12
47 4-47-1 14.92 3.19 SF 2.46 37.23

215




Nevada Test Site -- Pit 4

N Control X Y Hydro time perm
Point [meters]  [meters] Geo [seconds]  [darcy]
48 4-47-2 16.36 3.19 DF 11.89 5.74
49 4-47-3 14.92 243 DF 3.27 24.57
50 4474 16.36 243 DF 3041 2.20
51 4-33-1 15.41 4.55 SF 10.50 6.54
52 4-33-2 16.79 4.55 DF 5.22 13.91
53 4-33-3 15.41 3.67 SF 2.02 53.22
54 4-334 16.79 - 3.67 SF 1.45 142.44
55 4-19-02 15.20 5.89 DF 10.41 6.60
56 4-19-03 15.93 5.89 DF 11.88 5.75
57 4-19-05 15.20 545 DF 9.58 7.20
58 4-19-06 15.93 545 DF 1141 6.00
59. 4-19-07 14.47 5.01 DF 441 £ 91
60 4-19-08 1520 5.01 DF 6.12 11.64
61 4-19-09 15.93 501 DF 10.99 6.23
62 4-5-01 14.56 7.24 DF 56.17 1.19
63 4-5-03 15.26 7.24 DF 55.84 1.19
64 4-5-04 14.56 7.1 DF 31.32 2.14
65 4-5-05 1491 7.11 DF 7.06 9.96
66 4-5-06 - 1526 7.1 DF 37.34 1.79
67 4-5-07 14.56 6.99 DF 45.59 1.47
68 4-5-08 14.91 6.99 DF 31.86 2.10
69 4-5-09 15.26 6.99 DF 19.24 3.51
70 4-48-2 19.29 3.01 DF 12.60 541
71  4-48-3 18.96 2.62 DF 10.28 6.68
72 4-484 19.29 2.62 DF 8.30 8.37
73 4-49-1 21.23 2.07 DF 11.58 590
74 4-49-2 21.63 - 207 DF 13.87 490
75 4493 22.02 2.07 DF 10.58 6.49
76 4-49-4 21.23 1.92 DF 9.88 6.97
77  4-49-5 21.63 1.92 DF 11.74 5.82
78  4-49-7 21.23 1.76 DF 12.68 5.37
79 4-49-8 21.63 1.76 DF 18.30 3.69
80 4-49-9 22.02 1.76 DF 11.84 5.77
81 4-21-01 19.56 543 DF 991 6.94
82 4-21-02 19.86 543 DF 7.32 9.58
83 4-21-03 20.17 543 DF | 7.50 . 9.33
84 4-21-05 19.86 5.40 DF 12.79 533
85 4-21-06 20.17 5.40 DF 10.71 6.40
86 4-21-08 19.86 537 DF 6.11 11.66
87 4-21-09 20.17 = 537 DF 11.07 6.19
88 4-50-1 24.37 271 SF 492 14.88
89 4-50-2 25.35 271 SF 1.29 312.20
90 4-50-3 24.37 2.28 DF 3.03 27.26
91 4-504 25.35 228 DF 13.87 490
92  4-36-1 23.85 3.54 DF 28.59 2.35
93  4-36-2 2426 354 DF 12.56 543

94 4-36-3 24.67 3.54 DF 9.02 1.67
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Nevada Test Site -- Pit 4

N Control X Y Hydro time perm
Point [meters]  [meters] Geo [seconds] [darcy]

95 4-364 23.85 3.49 DF 10.45 6.57

96 4-36-5 24.26 3.49 DF 18.53 3.64

97 4-36-6 24.67 3.49 DF 8.43 8.24

98 4-36-7 23.85 345 DF 17.12 3.95

99 4-36-8 24.26 3.45 DF 9.44 7.31
100 4-36-9 24.67 345 DF 16.50 4.10
101 4-22-01 24.56 6.35 DF 7.74 9.02
102 4-22-02 24.77 6.35 DF 13.12 5.19
103 4-51-1 27.63 3.32 SF 4.24 17.72
104 4-514 27.63 3.07 DF : 20.06 3.36
105 4-51-5 28.30 3.07 DF 7.70 9.07
104 - 4-51-6 28.97 3.07 DF 31.46 2.13
107  4-51-7 27.63 2.83 DF 10.01 6.87
108 4-51-8 28.30 2.83 SF 1.82 67.16
109 4-37-1 28.97 478 DF 7.59 9.21
110 4-37-2 29.16 478 DF 9.20 7.51
111 4-373 28.97 423 DF - 7.63 9.16
112 4-374 29.16 423 " DF 18.74 3.60
113 4-23-01 26.26 494 DF 4.03 18.84
114 4-23-02 26.62 494 DF 8.81 7.86
115 4-23-04 26.26 491 DF 7.80 8.95
116 4-23-05 26.62 491 DF 13.91 4.89
117  4-23-07 26.26 4.88 DF 59.41 1.12
118 4-23-08 26.62 4.88 DF 25.52 2.63
119 4-52-1 31.84 2.03 DF 12.38 5.51
120 4-52-2 31.89 2.03 DF 8.56 8.10
121  4-52-3 31.93 2,03 DF 18.81 3.59
122 4-524 31.84 1.91 DF 9.13 7.57
123 4-52-5 31.89 191 DF 6.00 11.90
124 4-52-6 31.93 191 DF 7.06 9.96
125  4-52-7 31.84 1.79 DF 10.34 6.64
126 4-52-8 31.89 1.79 DF 7.02 10.02
127 4-529 31.93 1.1y DF 9.12 7.58
128  4-38-2 29.37 3.95 DF 11.40 6.00
129 4-38-3 30.03 395 DF - 10.28 6.68
130 4-384 28.72 3.64 DF 18.09 3.73
131  4-38-5 29.37 3.64 DF 13.13 5.18
132 4-38-6 30.03 - 3.64 DF 8.38 8.29
133 4-24-01 30.83 4,96 DF 7.24 9.69
134  4-24-02 31.04 4,96 DF 5.20 13.97
135 4-24-03 31.26 496 DF 12.00 5.69
136  4-24-04°  30.83 4,94 DF 11.69 5.85
137 4-24-05 31.04 4,94 DF 743 9.42
138 4-24-06 31.26 494 DF 6.08 11.72
139  4-24-07 30.83 493 DF 11.18 6.12
140 4-24-08 31.04 493 DF 7.13 9.85

141  4-24-09 31.26 493 DF 6.20 11.47

217




Nevada Test Site -- Pit 4

N Controt X Y Hydro time perm
Point [meters]  {meters] Geo [seconds]  {darcy]
142 4-10-04 29.42 7.96 DF 18.50 3.65
143 4-10-05 29.45 7.96 DF 37.95 1.76
144 4-10-06 29.48 7.96 DF 7.16 9.81
145 4-10-07 29.42 7.70 ‘BF 24.56 2.74
146 4-10-08 29.45 7.70 DF 21.09 3.19
147 4-10-09 2948 7.70 DF 9.58 7.20
148 4-53-1 31.52 2.26 DF 11.97 5.70
149 4-53-2 32.26 226 DF 6.40 11.08
150 4-53-3 33.01 2.26 DF 16.36 4.14
151 4-53-4 31.52 220 DF 5.13 14.18
152  4-53-5 32.26 220 DF 7.74 9.02
153 4-53-6 33.01 220 DF 851 8.15
154 -.-33-8 32.26 214 DF 12.00 5.69
155 '4-39-3 3559 3.86 SF 3.15 25.84
156 4-39-7 3427 340 DF 6.17 11.54
157 4-39-8 3493 340 DF 7.74 9.02
158 42502 34.38 5.11 SF 544 13.27
159 4-25-03 35.08 5.11 SF 2.31 41.37
160 4-25-05 34.38 5.11 SF 7.24 9.69
161  4-25-06 35.08 5.11 SF 6.75 10.45
162 4-25-08 34.38 5.11 SF 3.93 19.43
163 4-25-09 35.08 5.11 SF 2.78 30.83
164 4-11-03 35.08 7.31 DF 5.94 12.03
165 4-11-05 34.62 7.02 DF 21.94 3.07
166 4-11-06 35.08 7.02 DF 22.14 3.04
167 4-11-08 34.62 6.73 DF 22.13 3.04
168 4-54-2 38.18 3.40 SF 5.16 14.09
169 4-54-3 38.25 3.40 SF 1.61 94.75
170  4-54-4 38.10 3.10 SF 1.75 74.21
171  4-54-5 38.18 3.10 SF 3.55 22.08
172 4-40-1 35.81 422 DF 5.50 13.11
173 4-40-2 36.46 422 DF 7.41 945
174 440-3 37.12 422 DF 6.84 10.31
175 4404 35.81 401 DF 3.20 25.30
176  4-40-5 36.46 401 DF 7.84 8.90
177  4-40-6 37.12 401 DF 6.69 10.56
178 4-26-02 36.46 6.28 DF 824 8.44
179 4-26-03 35.37 6.10 DF 14.81 4.58
180 4-554 39.88 3.05 SF 12.92 5.27
181 4-41-1 39.64 393 DF 7.35 9.53
182 4-41-3 39.88 3.93 DF 6.52 10.86
183 4-41-5 39.76 3.68 SF 4.14 18.24
184 4-41-6 39.88 3.68 SF 7.38 9.49
185 4-41-7 39.64 3.44 DF 7.91 8.81
186 4-41-9 39.88 344 DF 56.31 1.18
187 4-27-04 40.96 5.95 DF 6.69 10.56
188 4-27-05 = 41.66 5.95 DF 3.88 19.74
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Nevada Test Site -- Pit4

N Control X Y Hydro time perm

Point [meters]  [meters] Geo [seconds] ([darcy]
189 4-27-06 42.36 5.95 DF 14.75 4.60
190 4-27-07 40.96 5.79 DF 9.58 7.20
191 4-27-08 41.66 5.79 DF 5.02 14.54
192 4-27-09 42.36 5.79 DF 16.96 3.99
193 4-13-03 39.45 7.58 DF 12.85 5.30
194 4-13-05 39.17 7.55 DF 8.27 8.40
195 4-13-06 39.45 7.55 DF 2.10 49.26
196 4-56-1 42.36 238 DF 18.08 3.73
197 4-56-2 43.05 2.38 DF 25.81 2.60
198 4-56-3 43.74 2.38 DF 6.03 11.83
199 4-564 42.36 223 DF 991 6.94
200 4-42-1 43.96 4.10 DF 7.67 9.11
201 4422 435 410 DF 8.16 8.53
202 - 4423 44.73 4.10 DF 4.79 15.35
203 4-42-5 4435 3.86 DF 11.78 5.80
204  4-42-6 44.73 3.86 DF 7.59 9.21
205 4-42-7 43.96 3.61 DF 847 8.19
206 4-42-9 44.73 3.61 DF 2.20 45.13
207 4-28-01 44 31 491 DF 731 9.59
208 4-28-02 4435 491 DF 6.88 10.24
209 4-28-03 44 40 491 DF 13.62 499
210 4-28-04 44.31 482 DF 6.66 10.61
211 4-14-01 43.33 7.36 DF 5.46 13.22
212 4-14-03 43.75 7.36 DF 22.95 2.93
213 4-14-4 43.33 7.13 DF 16.53 4.09
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Popotosa
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Popotosa

1LD. x [m] z fm]) y [m]} k [darcy] facies
1-1 -5.68 1.87 -16.06 8.11 1
2-1 4.98 1.87 -16.06 11.01 1
3-1 4.28 1.87 -16.06 16.5 1
4-1 -5.68 2.17 -16.06 858 -1
5-1 498 2.17 -16.06 4.64 1
6-1 428 2.17 -16.06 9.92 1
7-1 -5.68 2.47 -16.06 16.79 1
8-1 498 247 -16.06 6.57 1
9-1 4.28 2.47 -16.06 10.69 1
1-2 4.11 3.72 -16.85 4.15 2
2-2 -3.81 372 - -16.85 6.99 2
3-2 -3.51 3.72 -16.85 5.72 2
4.2 4.11 3.92 -16.85 818 2
5-2 -3.81 3.92 -16.85 5.58 2
6-2 -3.51 3.92 -16.85 6.23 2
7-2 411 4.12 -16.85 5.93 2
8-2 -3.81 412 -16.85 6.29 2
9.2 -3.51 412 -16.85 8.11 2
13 -2.83 2.59 -15.97 7.12 1
2-3 2.73 2.59 -15.97 4.57 1
3-3 -2.63 2.59 -15.97 7.36 1
43 -2.83 2.69 -15.97 6.92 1
5-3 2.73 2.69 -15.97 7.36 1
6-3 -2.63 2.69 -15.97 9.06 1
7-3 -2.83 2.79 -15.97 7.21 1
8-3 2.73 2.79 -15.97 13.93 1
9-3 -2.63 2.79 -15.97 7.93 1
14 -2.54 3.64 -16.93 5.42 2
2-4 239 3.64 -16.93 10.34 2
34 224 3.64 -16.93 5.35 2
4-4 -2.54 3.74 -16.93 7.34 2
54 -2.39 3.74 -16.93 5.97 2
64 224 3.74 -16.93 5.46 2
7-4 2.54 3.84 -16.93 11.18 2
84 2.39 3.84 -16.93 6.27 2
94 224 3.84 -16.93 8 2
1-5 -0.88 3.95 -17.15 4.54 2
2-5 -0.83 3.95 -17.15 .14 2
3-5 -0.78 3.95 -17.15 7.64 2
4-5 -0.88 415 -17.15 8.41 2
5-5 -0.83 415 -17.15 6.81 2
6-5 -0.78 4.15 -17.15 7.83 2
7-5 -0.88 435 -17.15 4.7 2
8-5 -0.83 435 -17.15 6.11 2
9-5 -0.78 4.35 -17.15 7.66 2
1-6 27 275 -16.36 9.72 1
2-6 231 275 6.25 1

-16.36
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Popotosa

LD. x [m] z [m] y {m] k [darcy] facies
3-6 -1.91 2.75 -16.36 8.18 1
4-6 271 2.8 -16.36 5.35 1
5-6 231 2.8 -16.36 7.09 1
6-6 -1.91 2.8 -16.36 9.17 1
7-6 271 2.85 -16.36 5.98 1
8-6 -2.31 2.85 -16.36 7.43 1
9-6 -1.91 2.85 -16.36 7.34 1
1-7 -1.05 32 -16.58 11.22 1
2-7 0.9 3.2 -16.58 12.87 1
3-7 -1.05 345 -16.58 7.49 1
4-7 09 345 -16.58 7.81 1
1-8 6.3 2.15 -16.24 7.62 1
2-8 6.55 2.15 -16.24 408 1
3-8 6.8 2.15 -16.24 6.25 1
4-8 6.3 235 -16.24 5.91 1
5-8 6.55 2.35 -16.24 448 1
6-8 6.8 235 -16.24 455 1
7-8 6.3 2.55 -16.24 3.59 1
8-8 6.55 2.55 -16.24 4.13 1
9-8 - 6.8 2.55 -16.24 6.4 1
19 6.49 4.62 -18.06 9.79 1
2-9 6.64 4,62 -18.06 18.08 1
3-9 6.79 4.62 -18.06 14.79 1
4-9 6.49 4.72 -18.06 8.87 1
5-9 6.64 472 -18.06 14.94 1
6-9 6.79 4.72 -18.06 18.08 1
7-9 6.49 4.82 -18.06 17.96 1
8-9 6.64 4.82 -18.06 18.67 1
9-9 6.79 482 -18.06 14.06 1
1-10 8.31 5.39 -18.69 20.15 4
2-10 9.31 5.39 -18.69 14.34 4
3-10 8.31 5.74 -18.69 13.6 4
4-10 931 5.74 -18.69 19.32 4
1-11 10.98 5.57 -19.33 5.33 4
2-11 11.08 5.57 -19.33 6.4 4
3-11 11.18 5.57 -19.33 3.52 4
4-11 10.98 5.77 -19.33 8.18 4
5-11 11.08 5.77 -19.33 7.76 4
6-11 11.18 5.77 -19.33 8.51 4
7-11 10.98 5.97 -19.33 5.03 4
8-11 11.08 5.97 -19.33 8.58 4
9-11 11.18 597 -19.33 11.49 4
1-12 7.99 3.05 -17.16 11.49 1
2-12 8.04 3.05 -17.16 6.06 1
3-12 8.09 3.05 -17.16 5.05 1
4-12 7.99 325 -17.16 439 1
5-12 8.04 325 -17.16 4.82 1
6-12 8.09 3.25 -17.16 3.98 1
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Popotosa

L.D. x [m] z [m] v [m] k [darcy] facies
13-1 11.37 1.87 -16.76 6.86 3
13-2 11.87 1.87 -16.76 3.78 3
13-3 11.37 2.37 -16.76 3.59 3
13-4 11.87 2.37 -16.76 4.73 3
14-1 11.24 3.14 -17.82 5.82 1
14-2 11.49 3.14 -17.82 5.46 1
14-3 11.24 3.74 -17.82 544 1
14-4 11.49 3.74 -17.82 5.56 1
15-1 16.33 2.64 -17.33 52 3
15-2 17.13 264  -17.33 5.45 3
15-3 16.33 2.84 -17.33 42 3
154 17.13 2.84 -17.33 5.98 3
164 11.74 2.54 -17.38 2.58 3
16-2 11.79 2.54 -17.38 3.76 3
16-3 11.74 2.59 -17.38 437 3
164 11.79 2.59 -17.38 3.41 3
1711 1.02 297 -17.05 12.27 1
17-2 1.22 297 -17.05 8.34 1
17-3 142 297 -17.05 3.83 1
174 1.02 3.07 -17.05 3.58 1
17-5 1.22 3.07 -17.05 8.46 1
17-6 1.44 3.07 -17.05 9.82 1
17-7 1.02 3.17 -17.05 8.56 1
17-8 1.22 3.17 -17.05 5.29 1
17-9 1.42 3.17 -17.05 4.37 1
18-1 0.98 3.54 -17.16 9.72 2
18-2 . 1.08 3.54 -17.16 10.89 2
18-3 1.18 3.54 -17.16 12.37 2
184 0.98 3.69 -17.16 9.56 2
18-5 1.08 3.69 -17.16 6.81 2
18-6 1.18 3.69 -17.16 7.95 2
18-7 0.98 3.84 -17.16 10.61 2
18-8 1.08 3.84 -17.16 6.07 2
18-9 1.18 3.84 -17.16 10.06 2
19-1 20.28 5.54 -20.74 17.52 4
19-2 204 5.54 -20.74 8.58 4
19-3 20.28 5.66 -20.74 18.8 4
194 204 5.66 -20.74 6.76 4
20-1 17.64 5.08 -19.86 11.22 4
20-2 17.79 5.08 -19.86 4.77 4
20-3 17.94 5.08 -19.86 4.86 4
20-4 17.64 5.23 -19.86 5.75 4
20-5 17.79 5.23 -19.86 12.21 4
20-6 17.94 523 -19.86 10.76 4
20-7 17.64 5.38 -19.86 3.77 4
20-8 17.79 5.38 -19.86 542 4
20-9 17.94 5.38 -19.86 5.02 4
21-1 18.09 6.52 -21.73 9.44 4
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Popotosa

LD. x [m] z [m] y[m]  k[darcy] facies
21-2 18.09 6.77 -21.73 10.09 4
22-1 19.55 6.53 -21.81 11.44 4
22-2 19.75 6.53 -21.81 23.17 4
22-3 19.95 6.53 -21.81 16.21 4
224 19.55 6.71 -21.81 963 4
22-5 19.75 6.71 -21.81 7.02 4
22-6 19.95 6.71 21.81 8.58 4
22-7 19.55 6.89 -21.81 935 4
22-8 19.75 6.89 -21.81 6.29 4
22-9 19.95 6.89 -21.81 6.99 4
23-1 21.95 1.97 -17.41 3.47 3
23-2 22.15 1.97 -17.41 32 3
23-3 2235 1.97 -17.41 3.88 3
234 21.95 217 -17.41 2.87 3
23-5 22.15 2.17 -17.41 3.13 3
23-6 22.35 2.17 -17.41 2.97 3
23-7 22.15 237 -17.41 5.12 3
23-8 22.35 2.37 1741 6.67 3
239 22.35 2.37 -17.41 592 3
24-1 28.13 2.25 -17.81 3.52 3
24-2 28.23 2.25 -17.81 4.88 3
24-3 28.33 2.25 -17.81 381 3
244 28.13 235 -17.81 3.47 3
24-5 28.23 235 -17.81 4.18 3
24-6 28.33 2.35 -17.81 4.17 3
24-7 28.13 245 -17.81 451 3
24-8 28.23 245 -17.81 5.31 3
24-9 28.33 245 -17.81 5.24 3
25-1 33.3 22 -17.99 496 3
25-2 33.8 2.2 -17.99 6.37 3
25-3 34.3 22 -17.99 5.29 3
254 33.3 24 -17.99 7.27 3
25-5 33.8 2.4 -17.99 53 3
25-6 34.3 2.4 -17.99 492 3
25-7 33.3 2.6 -17.99 43 3
25-8 33.8 2.6 -17.99 6.27 3
25-9 34.3 26 -17.99 48 3
26-1 33.25 5.72 -21.64 591 4
26-2 33.58 5.72 -21.64 3.47 4
26-3 33.91 5.72 21.64 2.69 4
264 33.25 5.85 21.64 5.85 4
26-5 3391 5.85 -21.64 4.9 4
26-6 33.58 5.85 -21.64 5.1 4
26-7 33.25 5.98 -21.64 5.06 4
26-8 33.58 5.98 21.64 5.85 4
26-9 3391 5.98 -21.64 15.1 4
27-1 28.69 5.44 -20.89 5.18 4
27-2 28.84 5.44 -20.89 5.11 4
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Popotosa

I.D. x [m} z [m] y [m] k [darcy] facies
27-3 28.99 5.44 -20.89 6.06 4
274 28.69 5.52 -20.89 7.32 4
27-5 28.84 5.52 -20.89 7.74 4
27-6 28.99 5.52 -20.89 5.67 4
27-7 28.69 5.6 -20.89 9.35 4
27-8 28.84 5.6 -20.89 5.35 4
27-9 28.99 56 -20.89 5.68 4
28-1 27.39 3.88 -19.37 592 4
28-2 2791 3.88 -19.37 5.32 4
28-3 27.39 3.93 -19.37 15.42 4
284 27.91 3.93 -19.37 9.29 4
29-1 27.88 6.58 -21.9 9.06 4
29-2 28.02 6.58 -21.9 3.98 4
29-3 28.16 6.58 -21.9 6.73 4
294 27.88 6.75 -219 6.07 4
29-5 28.02 6.75 -21.9 8.79 4
29-6 28.16 6.75 -21.9 4.58 4
29-7 27.88 6.92 -21.9 8.51 4
29-8 28.02 6.92 -21.9 8.13 4
29-9 28.16 6.92 -21.9 7.66 4
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APPENDIX C: Survey Data
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Survey data for Summer 1992 mapping of the Bosque Site

Horizontal datum taken to be 5000 feet west of Benchmark
BM-I25-54 located west of the southbound lane of Interstate
25 near fence on the Socorro/Valencia County line. The
Benchmark serves as survey Station-001 with the following
coordinates. The instrument was zeroed to the top of a hill
to the north also just west of the interstate. The north
and east distances to the hill crest were obtained from the
U.S.G.S. 7.5 minute topographic map.

STAT 001

INSTRUMENT POSITION ‘ BACKSIGHT

North 0 Hill peak on topo
East 5000 North 16600
Elevation 4808.47 East 695y

Instrument Height 5.2

N COORD  E COORD ELEV
DESCRIPTION
01-1 Station 42 1367.93 3667.77 4903.18

STAT 042

INSTRUMENT POSITION ' ‘BACKSIGHT
North 1366.28 Station #01
East 3669.38 North 0
Elevation 4903.18 East 5000

Instrument Height 3.98

N COORD E COORD ELEV

DESCRIPTION .
42-1 BS to I-25-54 0.01 4999.99 4807.94
42-2 ‘Station 40 1958.63 1797.55 5163.83
42-3 Station 45 3243.19 1047.67 5182.36
42-4 Station 50 4432.70 1508.64 5166.26
42-5 Station 51 4089 74 2363.82 5009.53
42-6 Station 52 4254.00 2759.61 4972.72
STAT 051
INSTRUMENT POSITION . BACKSIGHT
North 4089.74 Station #52
East 2363.82 : North 4254.00
Elevation 5009.53 East 2759.61

Instrument Height 4.37

N COORD E COORD ELEV
DESCRIPTION
51-1 backsight to 52 4252.76 2756.61 4970.67



bs of 106 clay 3583.14 2163.75 4991.63
51-3 tp of stake in P 3651.13 1959.00 5018.25
51-4 top main Org s. soil 3751.55 1785.29 5033.26
51-5 sndy gvl/thck sndy soil 3806.82 1634.19 5059.14
51-6 P/brn cly 3855.60 1557.74 5071.68
51-7 gvl/sand; alcove S. side 3904.78 1527.47 5063.41
51-8 top of rcs on nose 3758.51 1769.19 5043.93
51-9 scour/P 3859.52 1894.02 5010.75
51-10 same scour 3824.35 1849.19 5009.03
51-11 same scour 3632.82 1998.08 5015.74
51-12 brn cly/tan sand 3451.53 1673.41 5019.29
51-13 106 clay/sand/grv 4082.78 2189.59 4990.02
51-14 stake 3065.52 1766.82 5020.45
51-15 clay/sand soil 4054.13 1990.36 49%4.89
51-16 top of rcs 3109.09 1604.86 5041.24
51-17 stake 3115.01 1577.90 5053.04
51-18 scour : 4149.99 1911.36 5013.81
51-19 top of stake 3012.38 2098.29 4973.53
STAT 052 .
INSTRUMENT POSITION BACKSIGHT
North 4254.00 Station #42
East 2759.61 North 1366.28
Elevation 4972.72 East 3669.38
Instrument Height 4.62

N COORD E COORD ELEV
DESCRIPTION

52-1 BS to stat042 1366.11 3669.43 4904.04
52-2 Station 40 1960.30 1797.54 5165.04
52-3 Station 45 3243.93 1047.54 5184.09
52-4 Station 50 4434.48 1510.89 5168.16
52-5 Station 51 4091.18 2366.53 5011.64
52-6 Station 61 5364.38 2014.81 4977.05
52-7 Station 73 6171.94 1614.74 4975.44
52-8 Station 71 6536.53 1888.68 5000.99
52-9 Station 72 6444.72 3098.33 4921.39
STAT 061
INSTRUMENT POSITION BACKSIGHT
North 5364.38 Station #52
East 2014.81 North 4254.00
Elevation 4977.05 East 2759.61

Instrument Height 4.58

61-1

DESCRIPTION
backsight to 52

N COORD E COORD ELEV

4254.08 2759.56

4972.

74




61-2 stake 4542.61 1918.95 4993.64
61-3 station 51 4090.35 2363.66 5011.66
61-4 4209.60 2158.86 5033.16
61-5 gvl ledge/sand (rod=0) 4325.92 2032.02 5066.36
61-6 stake 4420.20 2072.23 5002.63
61-7 top of rcs 4333.92 2062.09 5044.04
61-8 brn cly/org soil; rod=0 4444.80 1891.69 5035.75
61-9 stake 4575.28 1859.79 4994.44
61-10 congl over sand; rod=0 4453.97 1838.75 5065.50
61-11 stake 4672.41 1839.39 4988.78
61-12 top of rcs 4494.12 1812.33 5049.87
61-13 stake 4825.19 1853.75 4988.85
61-14 brn cly/org soil; rod=0 4529.92 1734.33 5038.68
61-15 5084.80 1757.44 4986.42
61-16 brn clay/org s.soil 5017.43 1676.69 5028.64
61-17 top of org s.soil 4630.87 1710.76 5035.52
61-18 top of rcs 4991.95 1607.49 5048.90
61-19 top of rcs 4625.20 1689.90 5048.69
61-20 gvl over sand; rod=0 4607.94 1663.80 5065.72
61-21 top org s.soil ' 4649.31 1590.83 5033.06
61-22 sand over soil 4957.27 1573.24 5060.92
61-23 top of rcs 4675.92 1558.02 5049.06
61-24 gvl over sand 4673.1C 1535.94 5065.90
61-25 gvl of pale s. soil 4693.15 1490.12 5092.20
61-26 brn cly/org s.soil 4791.87 1648.78 5031.41
61-27 top of rcs 4792.77 1602.42 5048.85
61-28 base of gvl; rod=0 4817.06 1572.34 5063.87
61-29 stake in main org sand 5449.75 1634.03 5030.41
61-30 top of rcs 5439.99 1592.49 5049.35
61-31 gvl over s.soil 5431.62 1569.68 5064.96
STAT 071

INSTRUMENT POSITION , BACKSIGHT

North 6536.53 Station #61

East : 1888.68 North 5364.38
Elevation 5000.99 East 2014.81

Instrument Height 4.51

71-1
71-2
71-3
71-4
71-5
71-6
71-7
71-8
71-9
71-10
71-11

DESCRIPTION
backsight 61
stake; s. soil/grv
stake; tp of same grv
top of gvl SW of 73
top of gvl NW of 73
stk in saddle
top of orng s. soil
target @ top of rcs
tgt @ base of sand&gvl
sta 11; top of Fred
gvl over brn cly @ tgt
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N COORD E COORD ELEV

5364.
.91 1810.77 4989.43

5496

5695.
5944.
6313.
7399.
6923.
6937.
6958.
7720.
6809.

55 2014.79 49577.12

58 1571.89 4991.12
79 1473.49 4990.08
07 1540.24 4990.77
46 2702.57 5003.17
62 1830.41 5030.30
40 1819.56 5045.18
65 1825.40 5058.92
05 2617.34 5103.86
05 1629.97 5060.52



71-12 sta 9 up on top 7945.40 2193.57 5154.19
71-13 sS. grv/org s. soil 6752.16 1652.74 5058.95
71-14 s. soil/rcs : 6738.97 1659.39 5047.41
71-15 top of main orng s.soil 6734.27 1678.62 5032.59
71-16 tgt @ top of rcs 6608.33 1412.82 5047.36
71-17 S. grv / org s. soil 6591.16 1415.50 5053.88
71-18 tgt @ top of rcs 6499.40 1537.35 5052.87
71-19 top org s. soil 6486.44 1562.12 5030.90
71-20 top of 106 gvl 6526.35 1690.48 4989.81
STAT 072
INSTRUMENT POSITION , BACKSIGHT
North 6444.72 Station #52
East 3098.33 North 4254.00
Elevation 4921.39 East 2759.61
Instrument Height 4.13

N COORD E COORD ELEV

DESCRIPTION
72-1 BS to Station 52 4254 .03 2759.62 4972.81
72-2 Station 51 4092.47 2362.29 5011.69
72-3 Station 50 4435.48 1509.61 5168.17
72-4 Station 70 6360.51 592.30 5189.95
72-5 Base of Grv sim. to FMP 6444.25 1454.16 5064.67
72-6 Station 73 6175.18 1614.27 4975.71
72-7 Station 61 5365.79 2013.72 4977.19
72-8 Station 71 6538.68 1888.80 5001.24
STAT 72B
INSTRUMENT POSITION BACKSIGHT
North 6444.72 Station #61
East 3098.33 North 5364.38
Elevation 4921.39 East 2014.381
Instrument Height 4.33
N COORD E COORD ELEV
DESCRIPTION

72-9 backsight to 61 5364.47 2014.90 4977.20
72-10 old station 15 7583.07 2884.17 5014.41
72-11 old station 11 7721.95 2617.85 5103.93
72-12 old station 9 7946.29 2194.44 5154.05
72-12 top of escarpment 7711.66 1668.60 5175.21
72-13 gravel over red s.soil 7506.94 2003.51 5057.87
72-14 old station 18 ' 7551.92 2107.44 5013.54
72-15 top of orange s. soil 7476.63 2062.85 5028.79
72-16 base of brn clay ("106") 7416.66 2144.72 4988.63
72-17 rsl 7146.80 1999.50 4989.18
72-18 rs2 ("106" position) 6867.73 1979.24 4991.10
72-19 station 71 6539.35 1888.71 5001.18
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STAT070

INSTRUMENT POSITION

North 6360.51
East 592.30
Elevation 5189.95

Instrument Height 4.27

BACKSIGHT

Station #73
6175.18
1614.27

North
East

N COORD E COORD ELEV
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69 996.

DESCRIPTION
70-1 BS to stat 073 6175.10 1614.71 4975.45
70-2 Station 75 6155.41 1069.27 5079.69
~70-3 tip promentory E of 6322.43 882.36 5127.10
70-4 gully NE of 70 6443 .42 708.07 5137.55
70-5 nose NE of 70 6470.33 903.97 5132.97
STATO075
INSTRUMENT POSITION BACKSIGHT
North 6155.41 Scation #70
East 1069.27 North 6360.51
Elevation 5079.69 East 592.30
Instrument Height 4.44
N COORD E COORD ELEV
DESCRIPTION
75-1 backsight to 70 6360.53 592.26 5189.84
75-2 tp P cut to E by Fred 6416.61 1140.00 5074.58
75-3 base of lwr Fred N of 75 6404.05 1140.75 5061.52
75-4 brn clay/s.soil 6394.56 1108.10 5048.72
75-5 base of red cly soil 6378.64 1128.44 5043.65
75-6 top of white overbnks 6333.30 1107.97 5019.93
75-7 see map in notebook 6308.14 1087.21 5014.65
75-8 bs tsand/brn cly/P 6311.15 1124.17 4997.70
75-9 prism @ level of 106' 6310.37 1180.38 4988.37
75-10 bs s chnl below White 6251.34 1071.33 4999.33
75-11 bs white/p w/ sand to E 6232.93 1058.60 5011.18
75-12 see topo map in notebook 6272.36 1065.90 4983.33
75-13 base sndy chnl/brn cly 6369.89 1049.65 4999.12
75-14 tan sand/red cly 6344.48 1078.96 5003.04
75-15 edge ts chnl rod=3=white 6332.68 1089.35 5011.39
75-16 base of E-W sand chnnl 6351.24 1031.21 5000.53
75-17 south end of E-W chnnl 6319.23 1026.19 5012.38
75-18 base of red cly soil 6305.54 999.16 5042.24
75-19 base of upper Fred 6312.97 964.89 5061.34
75-20 base of Ruth _ 6316.80 954.34 5067.51
75-21 near top of wht overbnks 6273.08 1025.98 5019.22
75-22 contace: ts ch; mball ch 6270.03 989.51 5023.03
75-23 same ' 6273. 60 5021.26




75-24 White betwn 2 s. ch 6338.81 1018.37 5019.64
75-25 tp prom cmt white sand 6335.77 1004.50 5027.97
75-26 see topo map in notebook 6365.47 1038.07 4991.18
75-27 bottom of gully 6410.20 1043.31 5000.41
75-28 bs E-W ch/brn cly/ org s. soil/ 106
, 6385.80 1044.38 4998.57
75-29 bs of white s. ch w/ thck clay @ top/org. s. soil
6300.80 1225.10 4997.35
75-30 target in lam silts & clays; 2' below ch
6424.19 1319.10 5002.70
75-31 station 73 6172.35 1613.66 4975.50
75-32 top of 106 6312.50 1540.33 4990.73
75-33 top of wht chnnl 6373.09 1488.84 5014.96
75-34 base of red cly soil 6410.48 1458.66 5044.35
75-35 base of upper Fred 6431.53 1444.64 5065.06
75-36 top of wht overbnks 6130.36 1335.81 5019.28
75-37 base of upper Fred 6106.63 1243.96 5063.64
75-38 sand over soil 6117.96 1100.03 5074.74
75-39 edge of sand chnnl 6155.41 1069.27 5084.13
STATN1S
INSTRUMENT POSITION ' BACKSIGHT
North 7741.64 Station 18
East 2002.84 North 7551.92
Elevation 5001.48 East 2107.44

Instrument Height 3.79

19-1
19-2
19-3
19-4
19-5
19-6
19-7
19-8
19-9
19-10
19-11
19-12
19-13
19-14
19-15
19-16
19-17
19-18

N COORD E COORD ELEV
DESCRIPTION
BS to old 18 7550.83 2108.04 5013.46
SW edge MnO chnl 7622.60 2029.44 5014.98
top orng s.soil 7609.00 2009.58 5029.15
base sand chnl 7629.38 1975.37 5034.17
see notes 7724.08 1896.83 5041.08
see notes 7723.49 1859.22 5051.15
base lower Fred 7742.01 1837.04 5055.38
top soil/up Fred 7828.43 1890.57 5067.66
base lower Fred 7834.86 1921.29 5052.83
base red cly soi 7841.33 1926.26 5039.74
base sand/brn cl 7902.20 1955.19 5040.14
top orng s.soil 7893.00 1951.37 5028.14

see notes . 7849.43 2008.50 5021.38

top orng s.soil 7803.98 2035.72 5028.18

see notes 7752.54 2061.75 5009.17

base M&M chnnl 7697.54 2120.30 5008.90

see notes 7774.12 2131.93 5050.12

see notes 7799.73 2059.69 5046.53
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STAT 018

7150.

INSTRUMENT POSITION BACKSIGHT
North 7551.92 Station #19
East 2107.44 East 7741.64
Elevation 5013.00 East 2002.84
Instrument Height 4.53
N COORD E COORD ELEV
DESCRIPTION
18-1 BS to 19 7743.07 2002.05 5000.90
18-2 see notes 7734.31 2150.27 5016.97
18-3 up 106 NE of 18 7549.79 2177.39 4983.55
18-4 base low Frd/s.s 7538.30 2020.38 5052.53
18-5 base sand chn/Fr 7550.72 2002.33 5056.45
18-6 stk SW of 18 (81)7467.48 2034.31 5036.15
18-7 base M&M chnnl 7453.86 2088.62 5014.28
- STAT081
INSTRUMENT POSITION BACKSIGHT
North 7467.48 Station #18
East : 2034.31 North 7551.92
Elevation 5036.15 East 2107.44
Instrument Height 4.25
N COORD E COORD ELEV
DESCRIPTION
81-1 BS to old 18 7553.98 2109.22 5012.11
81-2 top edge M&M ch. 7414.90 2013.61 5013.65
81-3 see notes 7373.76 1903.32 4986.77
81-4 base overbnk cly 7409.69 1850.54 5014.48
81-5 base brn cly/ovb 7411.36 1810.99 5036.68
81-6 base Frd/o.s.so’ 7403.23 1767.42 5056.78
81-7 see notes 7440.88 1752.27 5045.64
81-8 see notes 7468.84 1733.49 5036.94
81-9 base scour/brncl 7511.31 1715.15 5034.55
81-10 sand/red cly soi 7380.13 1785.53 5043.06
81-11 base of chnnl 7383.22 1793.00 5038.89
81-12 N edge of chnnl 7404.53 1804.04 5041.40
81-13 base of wing 7392.45 1786.71 5046.92
81-14 see notes 7334.52 1741.31 5038.97
81-15 top main o.s.soi 7309.07 1765.46 5028.79
81-16 base red cly soi 7240.16 1783.34 5039.93
81-17 see notes 7206.54 1860.49 5016.56
81-18 stk top of 106 42 2000.43 4987.81
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106

BS
bs
FMP

gvl
lam
M&M
org
o -.
rcs
rs
Ruth
stk
tgt
tp

white

STAT @ Reference Stake #1

INSTRUMENT POSITION BACKSIGHT

North 7146.80 Reference Stake #2
East 1999.50 North 6867.73
Elevation 4989.18 East 1979.24

Instrument Height 4.02

N COORD E COORD ELEV

DESCRIPTION
81-19 BS to rs-2 6866.50 1979.15 4991.10
81-20 N. side of CH 6889.05 1955.30 4998.04
81-21 S. side of CH 6887.15 1933.55 4998.90
81-22 top 0.S.S. 6964.54 1866.05 5030.20
81-23 top R.C.S. 6969.52 1839.18 5043.83

81-24 Base of grvly Fred 6986.79 1823.33 5056.61
81-25 Fdge small CH below 6978.66 1914.08 4995.54
81-26
81-27
81-28
81-29
81-30

pase of small chann 6988.82 1921.15 4992.57
other edge 7005.69 1925.63 4994.27
base of channel win 7043.20 1885.26 4996.78
N edge of little CH 7077.46 1895.73 4992.28
base of channel 7052.88 1892.17 4993.75

Common Abbreviations:

Refers to the stratigraphic level of the base of the
study section

Backsight

Base, as in base ...

Refers to the stratlgraphlc level of the top of the
study section (also referred to, affectionately,as
"the Fred")

gravel

laminated

sand channel with both manganese and maroon staining

orange

orange, sandy

red clay soil, used as marker bed

reference stake, as in rsl = reference stake 1

equivalent to element Pgs

stake

prism on survey rod

top, as in top of ....

overbank element type 2 (OF-II) located in the
southern part of the mapped area




