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MEASUREMENT OF SOIL WATER CONTENT USING TIME

DOMAIN REFLECTOMETRY!

T

G.C. Topp1 and J.L. Davis-

ABSTRACT

Tige domain reflectometry (TDR) which measures the
propagation velocity of a voltage step has been used to dstermine
the dielectric coanstant of soil, The relationship between
dielectric constant and water content was established from TOR
measurements on coaxlal transmission lines filled with soil. TODR
applied to parallel wire transmission lines ian a soil column gave
a precise measure ( %0,02 m3m- ) of the average water
contént over the total length of line even when the water was

unevenly distribucred.

In a corn field repeated measurements at the same locaclons
on permanently installed parallel wire transmission lines were
2ighly correlated, one with another, over the season. Cowmpari-
sons of water contents by TDR with those from gravimetric sample:
gave standard deviations of differences of 20,02 m”m” - when
measured locations were the same but increased to t0.06 when
measured location were different. Horizontally installed
parallel wire transmission lines spanning greater horitonzal are
gave less variable results than vertical lines near the surface.
Data from transmission lines with impedance discontinuities gave
vater content profiles from a single measurement but the analyse
of the readings were more couplex than for the lines without
impedance discontinuities. Although a battery-powered cable
tester was satisfactory, instrumentation under development will
eliminate calculations and give water content directly.
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EarthTech Research Corporation, 6635 Amberton Dr., Baltimor:

Md., U.S.4. 21227.

269 Endosure D
8 b.l.2.2. 1

PDR



INTRODUCT IO

The unsaturated soil zone plays a ¢ritical role ia tne
hydroiogleal cycle r2gardless of whetner the vegetative cover is
forest, grassland, or cultivated crops. Lennox and Parsons

(1975) idenctified the lack of adequate instrumentation

o
O

S~—
measurement techniques as a factor limiting research on the
transfer processes across thne upper and lower boundary of :che
. unsaturated soil. Soil water content is probably the =0st sought
‘ after measurement. As yet no single technigue weals ali or even
@0st reguirements. The gravimetric zethod of sampling and dryiag
1s direc:, simple and precise. The sazpling procedure, however,

is disruptive of the measured location and additional
measure2aents of soil density are required to get water contents
oun a volume basis., The other widelv used technigue, 2ased on the
moderation of fast neutrons by the water molecule, is reliadle
and accurate. It requires, however, site calibration and two
instrunments for shallow and deep measurements. The neuiron
mecers involve the use of radiocactive sources which require
spacial care and precautions.

Ia recent years nuzerous laboratory sctudies have saown Cnacg

; the dislectric constant of soil 1s primarily related to 1213 water

: coatent (Thomas 1966; Lundien 1971; Hoexstra and Delaney 1(37~;
Selig and Mansukhani 1973; Okrasinskl ec al. 1978, Topp et al.
1980). A simple and reliable measurement of dielectric coanstaac
in the frequency range 1MHz to 1GHz would be a practical and
effective measure of soil water content. Many of che methods
available at the present time for determination of dielectric

? - constant are not appropriate for use ian the field (Selig and

; Mansukhani 1975). The results from capacitance techniqu=s

~ . (Thomas . .196b; Kuraz 1972; Selig and Mansukhani 1975; Wooschall
19y78; McKim et al. 1980) depend upon specific electrode
configuration and detailed calibration. By contrast, tne

: time-domain reflectometry (TDR) approach is very promising for

i measurements of water content in situ.

In this paper we discuss our progress toward the application
of TDR to the measurement of soill water content. This method
makes use of the uniquely high dielectric constant of liquia
water compared ro the other materials in scil., Parallel wire
transmission lines of various designs have been used with a
portable cable tester for measurements in the field at depths
1 m. The principles and the procedures are briefly described.
The advantages and disadvantages of the different parallel wvire
transmission line configurations are discussed.

to

THE PRINCIPLES OF TIME-DOMAIN REFLEUIOMETRY

The TDR technique as applied to the mezasurement of the
electrical properties of soils was described by Davis and
Chudobiak (l975), Davis and Annan (1977), Chudobiak et al.

|
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propagates down the instrument [TraNsSaission Line LATIugA oo
recelver, B, to the transmission line fillad 2 soil, C ¢

All the signal is reflected at D, the end of ¢ transwuiss:
line. The receiver used an electronic sampling technique ¢

out on the display an audio frequency facsimile of the raai
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. frequency signal, The displayed signal was either photographed
or recorded on an x-y plotter. The travel tizme of the step in
the soil was obtained by measuring the distance C to D along the
time axls in plots similar to that in Fig. 1. Zq. 3 was used to
calculate the apparent dielectric coastant.

LABORATORY EXPERIMENTS
Applying the TDR technique to coaxial transalssion lines
Zilled with soil Topp et al. (1989) have measured in detail tne
relationship between apparent dielectric constant and volumecCrig
water concent (Fig. 2). Although the soils they studied had a
wide range of textures (9 to 66% clay) the relationsnip between
dizlectric constant and water content was essentially siagular.
in that phase of the work it was shown that bulx densicty,
t2cperature and/or salt content had no measurabie effect on zne
‘ sielectric constant=-water content relationship. The data Irom
i tne four mineral soils were fitted empirically with a third
degree polynomial equation. The error of estimaze for water
£0
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Figure 3. A comparison of TDR measured water content, 8,

with that added or removed from a soil colunn,
8, added (Topp et al. 1982b).

September 19. Three sites with differing soil and landscape
characteristics were chosen. The major site, #1, whichh was mor=
intensively instrumented than the other two was on a flat
location of the Dalhousie soil association with a clay loam
texture. The second site was a similar soil but in a
depressional area. The third site of the Manotick soil
association had about 0.85 m sandy loam soil underlain by clay.

Parallel pair transmission lines were installed in triplicace
with both horizontal and vertical orientation ian the soil. Those
installed vertically at site #1 were of two types, thase with and
without electrical impedance discontinuities. These vertical
lines were located within and along the corn rows (Fig. 4). The
use of lines with impedance discontinuities tuv obtain water
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content profiles was discussed by Topp et al. (19825). Su
lines used at site #1 had the region of cne discontiauicty
with plastic material of high dieleciric coanstant as deptic
the heavier lines in Fig. 4. .
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The line without discontinuities (i.e. continuous lines)
consisted of pairs of rods 12.7 z=m 1in ¢iameter, separated DOV
mm. The soil between and surrounding the rods served as tne
dielectric of the transmission lines. The lengths o lines used
were 0.25, 0.50, 0.75 and 1.00 . Triplicate sets of these were
installed at all three sites. A portabdle hand prode (Fig. 4) was
used for measurement of 0 to 0.125 =. This probe was ias2ried {n
a new location for each measure=ent each day.

59

rvy

1 Wwas ol

The third type of transmission line tesced at site
froo

the parallel pair type installed horizontally in the sotil
the side of a soil pit (Fig. 4). These transmission lines eac]
consisted of a pair of 1.6 mm diameter stainless steel rods
separated by 50 mm. The lengths of these lines were 0.0 = anc
they were installed at depths of 0.053, 0.125, 0.185, 0.275,
0.625, 0.875 and 1.00 m ia the soll.

The installation procedure for the vertical transzission
lines was similar to that used oy Topp and Davis (1981) and Topp
et al. (1982 a and b) where the rods of 12.7 mm diameter werce
pushed into pilot holes 10 mm in diameter. The horizontal lines
were pushed through a guide and directly into the face of the
soil pit at the selected depths, perpendicular to the direction
of the corn rows (Fig. 4). A 3 m length of coaxial cable was
connected to each of the soil transmission lines so tnat the soll
pit could be back-filled and the cables extend above the soil
surface fof connection to the TDR unit. Connections oif the TDR
unit to vertical lines and the hand probe were by means of a
"balun'" board at the end of a coaxial cable. The balun, a small
pulse transformer, minimized impedance difference on going from
the unbalanced coaxial line of the TDR unit to the balanced
parallel lines in the soil.

The TDR measurements were made at weekly to half weekly
intervals depending on weatherT condictions. Measurements were
made more frequently when rain occurred. All TDR measurements
were made with a portable, battery operated TDR cable tester
(Tektronix model 1502). The determinations of travel times were
made from photographs of the TDR traces. Eqs. 3 and 4 were used
to calculate volumetric water contents. Soil samples for
gravimetric determination of water content, converted to a volume
basis, were taken at selected times during the growing season and
compared to the TDR values. The neutron moderation technique was
compared with TDR. Only limited comparisons were available
because the neutron meter broke down during the season. After
the final TDR reading on the vertical transmission lines, soil
samples (20 mm diam.) were taken from directly between the rods
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Graphs of the data Iroam the other lines and the otner sitas had
patterns very similar to that shown 1a Fig. 3. It appearad tha:
on any day the deviation observed had a large conCtribution wnich
was location dependent. We reasoned that since each locaction was
subjected to similar rainfall and evapotraanspiracion conditions
the water content values from comparable depth intervals at any

site should be highly correlated with each other over tne
season. Correlation coefficlents ior the data taken froz pair
o f comparable lines were very highly correlated i.e. there was<
1% probability that the data were uncorrelated.
correlation coefficients, ©, in Fig. 5 are cosiderably

50.78%, the values at which there is a 1% probability that the
data sets are uncorrelated. Similar strong correlations w
ound when data from the different types of transmission lines at
site #1 were compared.

From measurements, made in triplicace, each day the standard
deviation varied quite widely, especially for those taken in the
spper 0.25 m. The lowest daily standard deviation was generally
<2.01 m3m~3 and the highest values ranged up to 0.038
333 ia the 0-0.25 w. For depths greater than Q.25 @ the
aaximum standard deviation was always £0.06 =227°. TIRe
average of _the daily standard deviations for _tne season werIe
£0.04 moz~3 for the upper 0.25 m and £0.03 m°n~3 for
depths greater than 0.25 . Throughout,the data from the
horizontal lines had smaller daily standard deviations than for
the vertical lines. These deviations did not appear CO show the
same depth dependence as that for the vertical lines. This
presumably resulted from the fact that horizontal lines (0.4 m in
length) spanned a greater horizontal cross=-section than the
vertical lines (0.028 2l vs 0.002 m2), giving-better
integration of the spatial variability.

The above results are indicative of the reproducibility or
precision achieved in this study where variation arose both from
spatial variability and instrument precision. In general these
can not be separated in a field study. Comparisons of water
contents measured from samples (gravimetrically) with those from

TDR will indicate the accuracy of the TDR.

-

The gravimetric and TDR measured water contents sampled
different soil during the season in order that the gravimetric
sampling did not disturb the soil measured by TDR. Al tne end of
the season, however, the soil measured by the TDR was sampled for
gravimetric water content and bulk density. A paired ¢
statistical test showed no significant difference bectween the TDR
measured water contents and those sampled gravimetrically during
the season. Good agreement was also found between the end of
season TDR measurements and the gravimectric samples at sites #1
and #2. For _site #3 the TDR, on average, gave readings which
were 0.027 m m~3 higher than those from the gravimetric
samples. There was some evidence that the discrepancy resulted
from excess water which had collected at the top of the
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SOME CONSIDZRATIONS

The curvent field study has demonstrated the &app
the TOR techalque to measure field wacer contents.
results were obtained using gravimetric sampling ©
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technique and the TDR has the advantage that 1t is not

of the site after installation of the transmission line
Althougn the current study used 1.6 and 12.7 mnm diacete
che horizoatal and vertical transmission lines, we have
found it was unnecessatry to use pilot holes for the ver
installations. Accordingly, we are nov using 3 o= or 6
The 3 nmm diam. rods

rads Lan palrs for the transmission lines.
are used for lines up to 0.5 = long and 5

za dianm. rods

for leagths 0.5 m. We have found the direct ilnsertion
crranszission lines causes 1itcle disturdance O soil.

possible to have flexibility of orientation and length o

cransmission lines so that TDR measurexaents can be .tatll
many specific applications. For example, an hydrologist wisning
o xnow the water content in the top cetre of soil would iastall
vertical transmission lines of lengch ! = to give one value fro=n
sach single reading. The number of replicates would be
datermined by the variability found at the location of

measurement and by the desired precision.
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Fig. 10 shows examples of TDR respoaseas which weres obtained
from the different types of transzission lines used at site #l.
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Figure 10. Typical TDR traces from which travel times are

determined for the calculacion of various water

contents using Egs. 3 and 4.
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zand frost tudes Ior use 1a momlzorias T3S0 D20elTAlion L. ..
field. futher observations during spring mell i1%avhoe e: at
1932a' Jetermined cthe depth to the tniaw front whtile showingz o
3ocumuialion of water above the frozen laver.

N .

CONCLUSIONS

I2 earlier labdoratory studies Topp et al. (1980) had shown
tnat the dielectric constant of soill &s measured >y TUR was
srizarvily dependent on 1Cs water contant., In lazear ladorator;
sxperiz=2nis Topp ez al. (1982 a, ) fzuad that T2R applied o
varlezyr of parallel wire transmission lines gave accuratealy o0
&dv2rag: water coatent of the soil colzmn. The curreat szcdy i
demonstrated that with a battery powerad instrucment the TOR
T23hnigue 1s an accurate method of measuyring soll water coaten
in the field. The accuracy was found to be comparadle to =had
Irom gravimetric sanmples. In both cases the limit of accuracy
appearad to be dependent upon the varirabilicy of the soil. Wwh
octh metnods sampled the same soil, as occurred at the ead of
s2ason, standard deviations of differz2nces were as low as 0.92
= =~ ?. Wnen TDR and gravimetric samples measured non

cdlncicent samples the standard deviaction increased to 0.05.
3oth asrizontally and vertically inszalled lines gave
satisfacctory measurements of water content. The horizontalily
installed lines, measuring over a larger horizoatal
cross-sectional area, showed less variation than vertically
placed lines measuring near the surface. The variety of
traasnmission line configurations which have been evaluatad
provide considerable flexibility in cnoice of transuission 1lin
to provide the desired water content iniormation.

RS
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PRECIPITATION ESTIMATION IN MOUNTAINOUS TERRAIN USING
’\/IULTIVARI.ATE GEOSTATISTICS: 1. STRUCTURAL ANALYSIS

ABSTRACT

Values of Average Annué.l Precipitation (AAP) are desired for hydrologic studies within
a watershed containing Yucca Mountain, Nevada, a potential site for a high-level
nuciea.r-waste repository. Reliable values of AAP are not vet available for most areas
Spa+ ally and ‘i’ew\foraklu‘ distbuted «
within this watershed because of a spa:mv of precxpxtanon measurcmcntsfa-nd the méed
to obtain measurements cp:l'—; sufﬁcxem length of nma To estimate AAPlover\the
entire watcrshedﬁistorical precipitation data and station elevations were obtained from
a network of stations in southern Nevada and southeastern California. Muitivariate
geostatistics (col‘criging) was selected as an estimation method because of a significant
(p=0.05) correlation of r = 0.75 between the natural log of AAP and station elevation.
A sampie direct-variogram for the transformed variabie, TAAP =1n((AAP)*1000), was
fitted with an isotropic, spherical model defined by a small nugget vaiue of 5,000, a range
of 190,000 ft, and a sill value equal to the sample variance of 163,151. Elevations for
1,531 additional locations were obtained from topographic maps to improve the accuracy
of cokriged estimates. A sample direct-variogram for elevation was fitted with an
isotropic model consisting of a nugget value of 5,500 and three nested transition

structures: a Gaussian structure with a range of 61,000 ft, a spherical structure with a

range of 70,000 ft, and a quasi-stationary, linear structure. The use of an isotropic,



stationary model for elevation was considered valid within a sliding neighborhood radius
of 120,000 ft. The problem of fitting-a positive definite, nonilinear modei of co- |
regionalization to an inconsistent sample cross-variogram for TAAP and elevation was
soived by a modified use of the Cauchy-Schwarz inequality. A selected cross-variogram
model consisted of two nested structures: a Gaussian structure with a range of 61,000 ft
and a spherical structure with a range of 190,000 ft. Cross-validation was used for model
selection and for comparing the geostatistical model with 6 alternate estimation methods.

Multivariate geostatistics provided the best cross-validation resuits.

1. Introduction

Precipitation data are required for many hydrologic analyses. Values of average
annual precipitaiion (AAP) can be important for water-balance calculations, estimating
recharge boundary conditions for ground-water flow models, and defining current
climatic conditions. One of the fundamental problems of hydrology is to estimate
precipitation at an unmonitored site using data from surrounding precipitation stations.
Obtaining reliable estimates is particularly difficult when the areal coverage provided by
the surrounding stations is sparse or when precipitation characteristics vary greatly with
location. This situation frequently occurs in mountainous terrain !ngen! few stations are
available and orographic effects can be large. An example of such an area is Yucca.
Mountain, Nevada, a potential site for a high-level, nuclear-waste repository. Reliable

values of AAP are not yet available from the stations at Yucca Mountain because of



short lengths of record (less than 4 years). In addition, there is a sparsity of stations at
many 1ocaﬁom that may be important for hydrologic studies concerning the potcntia;l
repository. Values of AAP can be estimated at these locations using a regional network
of stations in southern Nevada and southeastern Califorhia with longer lengths of record
(14 to 53 years).

Tabios and Salas (’1985/) compared several methods for estimating AAP and
concluded that geostatistical methods (including ordinary and universal kriging) were
superior to Thiessen polygon, polynomial interpolation, and inverse-distance weighting
methods. If a sufficient sample size and spatial distribution of data are available for
defining a representative model, geostatistical n/;’cthods can provide unbiased estimates
with minimized estimation variances andh?avs"'geen widely used to estimate climatological
data, inciuding AAP (Dingman et al,, 198/8). Cokriging is a multivariate geostatistical
method that use;s the spatial correlation between two or more variables to reduce
estimation variances when one of the variables is undersampled (David, 1977/). The
magnitude of variance reduction depends on the correlation between the variables and
on the data spatial configuration. Selection of Awki;ﬁng as an estimation method for this

coleulated/measyrad  -or-
study is based on the [observed correlation between AAP and elevation for southern
Nevada (Quiring, 1985; French, 1986).

The two articles in this series present an application of muitivariate geostatistics

to the problem of estimating AAP for a study area defined by a watershed containing

Yucca Mountain. This article describes the characterization and modeling of the spatial

correlations and cross-correlation for AAP and elevation, and the use of cross-validation



to evaluate model performance. The second article describes the use of the geostatisticﬂ
models to develop isohyetal maps of- AAP for the watershed. The overail objecdvé is to
ascertain if a multivariate geostatistical approach can be used to improve estimation
accuracy by reducing estimation variances within the study area. An application of
muitivariate geostatistics that uses eievation to estimate AAP has not previously been

reported.
2. Study Area
a. Geographic and Physiographic Setting

Yucca Mountain is located in the Great Basin Physiographic Province in southern
Nevada, along the western border of the Nevada Test Site (NTS) (Fig. 1). The
conceptual perimeter drift boundary of a potential nuclear-waste repository underlies an
area of approximately 2 square miles beneath the southern extent of Yucca Mountain.
The study area for an isohyetal mapping of AAP is defined by a watershed containing
Yucca Mountain, referred to as the Upper Amargosa River Watershed (UARW). The
UARW is an area of approximately 2,600 square miles centered on the potential
repository site (Figs. 1, 2). The general direction of drainage within the UARW is from
north to south, and flow in all drainages is sporadic. The UARW is a subbasin of Death
Valley, which is a closed basin.

Physiography within the UARW varies from the near horizontal depositional



surfaces of the Amargosa Desert to the rugged escarpments and steep slopes formed by
fault scarps and erosional surfaces'in the surrounding mountain ranges (Fig. 2).

a
’

Elevations in the UARW range from 2.000 ft in the Amargosa Desert to 7_§_24 ft on* O
Pahute Mesa.’ Local relief (detined here as the cha.ngé in elevation over as dié.‘t‘a‘\.né:e ‘6f |
50,000 ft) within the UARW ranges from near zero in the Amargosa Desert to 4,000 ft

in the Spring and Funerat Mountains. Local relief in the vicinity of Yucca Mountain.

ranges from 1,000 to 3,000 ft. The highest elevation of the Yucca Mountain massif is

6,703 feet (Chocolate Mountain). Elevations within the area overlying the conceprual

perimeter drift boundary range from 3,980 to 4,940 ft.
—
< [ac.a.@’-‘ o Slr& z

b. Climate

The UARW is located along the transition zone between the Mojave Desert to
the south and the Great Basin Desert to the north (McMahon, 1985). The climate for-
this region is classified as a midlatitude-desert, and AAP is less than 300 mm in mmost
locations. Winter (October to March) precipitation primarily resuits from frontal storm
systcms\g;e“h%gll eastward from the Pacific Ocean. Summer precipitation primarily
resuits from localized convective-type storms; possible sources of moisture are the Gulf
of Mexico to the southeast and the Gulf of California to the south. After analyzing
measurements of AAP from 63 southern Nevada and southeastern California

precipitation stations, French (1983) conciuded that the combined effects of the Sierra-

Nevada rain shadow and the circulation of moisture from the Guif of Mexico causes a



trend of increasing precipitation from west to east across southern Nevada. This trend
results in 2 "moisture deficit" zone.in the west and a "moisture excess” zone in the eést,,
relative to a central "transition" zone. The NTS and the eastern half of the UARW are
within the transition zone.v The western half of the UARW is within the deﬁcit zone.
Yucca Mountain is located along the gradational boundary between the transition and

deficit zones.
c. Elevation - Precipitation Corretation

Precipitation tends to increase with an increase in elevation in southern Nevada.
because of the orographic effect of mountainous terrain and to the virgis effect, which is
the depletion by evaporﬁtion of the falling rain (Jones, 1981). Quiring (1983) calculated
a correlation coefficient (r) of 0.90 between AAP and elevation for 11 stations on the
NTS. French (1983) examined the correlation between AAP and elevation for 12
stations on the NTS with 10 or more years of complete record, and computed r values of
0.92 between AAP and elevation, and 0.87 between log(AAP) and elevation. Change in
vegetation type and increase in vegetation density with elevation is indirect evidence of
increased precipitation with increased elevation. Pinyon pine and Juniper are prevalent
above elevations of approximately 6,000 ft. Mountain mahogany, pinyon pine, and
juniper occur on Teleignp\:i’i‘akei':'t;ezPanamint Range (Fig. 2). Within the UARW,
juniper occurs on Pahute Mesa, Timber Mountain, Shoshone Mountain, the Grapevine

Mountains, the Spring Mountains, and on the higher elevations of the Yucca Mountain



massif.
3. Geostatisticai Theory

The term geostatistics refers to a collection of stétistical methods for describing
and modeling the correlaﬁon structure of regionalized variables (ReV), i.e., random
variables distributed in space and/or time. The theoretical basis for these methods has
been described in detail elsewhere (David, 1977/; Journel and Huijbregts, 1978/; Isaaks
and Srivastava, 1989/). Only those aspects of theory relevant to the estimation of AAP are
presented here.

The set of sample values for a ReV is considered to be a single realization of a
random function. In this study, the two random functions of interest, Zi(x) and Zj(x),
correspond to AAP and elevation. The spatial correiation structure for a pair of random

functions is defined by the variogram:

1 (1)

Yyh) = = E(Z(h)-Z@UZh)-Z@D

where E is the expectation operator and x and (x + #) define locations separated by the
vector . Ifi = j, Eq. 1 defines the direct-variogram for Z,. Ifi = j, Eq. 1 defines the
cross-variogram for Z, and Z,. In this smdy, Eq. 1 is used to define a direct-variogram
for AAP, a direct-variogram for elevation, and a cross-variogram for AAP and elevation.
Because the available data represent only one realization of the random functions,

estimating the direct- and cross-variograms is not possible uniess certain simplifying



assumptions are made. One simpiifying assumption is that the expectations of Z; and Z;
are statioharf, ie., E[Zi(x)] = m; and E[Z(x)] = m;, where m; and m; are constants |
within a circular neighborhood of the point to be estimated. It is also assumed that the
variograms defined by Eq. 1 are stationary. These two assumptions constitute the
intrinsic hypothesis and permit the calculation of sampie variograms (see Methods) that
can be used to estimate the direct- and cross-variograms for AAP and elevation.
Mathematical models can be selected to represent the spatial structure dispiayed by the
sampile variograms.

.Variogram models must be positive definite. For a single ReV, this condition can
be met by sélecn’ng allowable model functions such as the spherical, Gaussian, and linear
functions defined in Table 1. A muitivariate model for two ReVs (AAP and elevation)
consists of 1 cross-variogram and 2 direct-variograms, and an additional requirement for
the positive definite condition is that the Cauchy-Schwarz inequality is satisfied for ail

values of A (Journel and Huijbregts, 1978):

vi(h) < yYayg(h)

where v;(#) is the cross-variogram model for AAP and elevation, and v;(h) and y;(h)

(2

are the direct-variogram models for AAP and elevation.
‘The linear estimator for AAP at an unsampled location, x,, consists of a weighted
combination of the available AAP and elevation data:

Z'x) = 3 Mal) + g’-pzj(li) ; (3)

k=l



where Zi'(xo). is the estimate for AAP at x_, A, is the weight assigned to the measured
value of AAP z,, at location x, (x, k = 1, n; are the locations of the precipitation
stations), and A, is the weight assigned to the measured value of elevation. z, at location
X, (x, | = 1, n; are the locations of points with known e‘levation).

The weights in Eq. 3 are obtained by minimizing the estimation variance:

, 4)
Var (Z'(x) - Z(z)

with the constraint that the estimate be unbiased i.e.,
, &)
E Z (x,) - Zi(xo)) = 0

The resuit is a system of linear equations, the cokriging system (Yates and Warrick,

s
1987):

n ny

kz; Ay + Elljlyij(xm;ﬁ) t P = YK m =1, D

- ™

bl n,

; kikyij(xmvxk) * 1§: A’jlyﬁ(xm"q) A Yij(xo,xm), m =1, o, (6)
- al

El‘ik=1
YAy =0,

where p; and p; are Lagrange muitipliers. The minimized estimation variance at the

unsampled location x,, o%(x,) is:

o*x) = Wy - Y Ag¥ale) + g*n’!ﬁ(%) : ©)
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When n. = 0, Eqgs. 6 and 7 define the kriging estimate and estimation variance for
regionalized variable i (AAP), otherwise Egs. 6 and 7 define the cokriging estimate and

estimation variance for AAP.
4. Methods
a. Precipitation Data

Records of AAP and station elevation were obtained from French (1983, 1986,
198’;) for 62 precipitation stations in southern Nevada and southeastern California, and
from the unpublished records for two precipitation stations on Yucca Mountain. Many
of the stations had been moved during their period of record, and corrections were made
by French using‘ a double mass analysis. Descriptive statistics for the 64 AAP values are
listed in Table 2. Eighteen stations were located within the UARW. The length of

record ranged from 2 to 53 years. The maximum and minimum values of AAP were 544

mm for an elevation of 7,165 ft in the Spring Mountains and 69 mm for an elevation of -
168 ft in Death Valley.
b. Elevation Data

An additional 1,531 ground elevations were manuaily recorded from 1:250,000
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scale topographic maps (Caliente, Death Valley, Goldfield, and Las Vegas). The data
were recorded at locations on a square grid with a reguiar spacing of 10,000 ft. The grid
was centered on the UARW (Fig. 2) and extended approximately 50,000 ft bevond the
watershed boundary to reduce extrapolation and edge effects on estimates of AAP made
near the boundary (Renard and Yancey, 1982; Journel and Huijbregts, 1978). A total of
747 grid locations were within the UARW. Inspection of contour maps prepared from
the elevation sample indicated that the sample accurately represented major
physiographic features within the UARW (e.g., the northeast to southwest alignment of
Basin vand Range physiography). Descriptive statistics for the elevation sampie are listed
in Table 2.

Ideally, the areal extent of the sampled domain for AAP and elevation shouid be
identical to ensure consistency in the analysis of the spatial correlations and cross-
correlations. Hc;wever, two factors prevented the use of an elevation grid with the same
areal extent as the precipitation stations: 1) the sample size for elevation with the
selected grid spacing of 10,000 ft wouid have been too large to allow for practical
computing time using the available facilities, and 2) major changes couid be identified in
the characteristics of the physiography within southern Nevada and southeastern
California, which causes the structure of spatial variability for elevation on this scaie to

be nonstationary (see the discussion of the sample direct-variogram for elevation).

¢. Preliminary Statistical Analysis

11



To esﬁmate the minimum length of record necessary for reiiable AAP values,
standard errors for the 64 available measurements of AAP were compared with the
number of years of record for each station. Standard errors were calculated for each
station using:

8)

SE /N,

where St = the standard error. o° = the variance of annual precipitation, and N = the
number of yeé.rs of record.

The sample distributions for AAP and elevation were tested for normality by
inspection of histograms and normal probability plots. Sample means and variances were
calculated for use in fitting models to the direct-variograms and for use in calculating .
cross-validation statistics and limits of model validity. Sample covariances and

correlation coefficients were calculated for use in fitting models to the sample cross-

variogram.
d. Sample Variograms
Sample variograms were computed using (e.g., Journel and Huijbregts, 1978):

: 1 ¢

where z; and z; are the measured values of AAP and elevation, and n, is the number of

12



sampie pairs separated by vector 4. In this form, Eq. 9 is used to calculate the sample
cross-variogram. Sample direct-variograms for AAP and elevation were calculated using
Eq. 9 by setting z; = z. Calculations were made using the computer program VARIO

/
(Cooper et al., 1988).
e. Model Fitting

A set of alternate direct- and cross-variogram models were fitted to the sampie
variograms with the criteria that each model be positive definite. The equations used for
variogram x;mdels are defined in Table 1. Cross-variogram model parameters were
selected with the additional criteria of satisfying the Cauchy-Schwarz inequality (Eq. 2).
In this study, combining the small AAP sample with the large elevation sample prevented
the use of a lim;ar model of co-regionalization (Journel and Huijbregts, 1978), which is
required for the usual procedure of testing the positive definite condition with the
Cauchy-Schwarz inequality. A new procedure was developed using the function PDC
(for positive definite condition):

PDC = ¥ Yii(h)Yﬁ(h) )

(10)

where y;(h) and y;(h) are the model direct-variograms for AAP and elevation. By
plotting a graph of the proposed model with the PDC curve defined by Eg. 10, it was
Ca

possible to visually test ﬁt{e{cﬁ cross-variogram models . Models were considered to be

13



positive definite if the vaiue of y;(/1) did not exceed the slope and the vaiue of PDC for

all values of A.
f. Cross-Validation Procedure

Cross-validation statistics were used to help select direct- and cross-variogram.
models from a sét of fitted models (Delhomme, 197;). The procedure invoived deleting
one sample from the dataset of one ReV, and then estimating the value of that ReV at..
the location of the deleted sample, using the remaining sampies and the chosen
variogram model(s) and parameters. The procedure was repeated until estimates were
obtained for all measured values. Differences between estimated and measured values
were summarized by using the cross-validation statistics: Percent Average Estimation
Error (PAEE), ilelative Mean Squared Error (RMSE), and Standardized Mean Squared
Error (SMSE) (Cooper and Istok, 1988/).

Estimates were considered unbiased if the PAEE was close to zero:

PAEE - 100% ‘:[&'(x‘)-zl(x‘)] , (11)

ZI, kel

where Z,'(x,) is the estimated vaiue of ReV Z, at location x,, z;(x,) is the deleted sample
value for Z, at x,, n, is the total number of samples deleted, and z; is the sample mean..

Estimates were considered accurate if the RMSE was close to zero:
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(12)
1
RMSE = —— Z (Z° ()2
h &
where s is the sample variance.

The SMSE indicates the consistency of the calculated estimation variances with

the observed RMSE. The SMSE is calculated as follows:

sk - L B )-EEF

I gag OK(xk) :

(13)

The estimation variances were considered consistent if SMSE was in the range 1 +
2(2/n,)* (Delthomme, 1979).

To investigate potential improvements in estimation accuracy using cokriging,
cross-validation ;'esults for the multivariate model were compared with 6 different
estimation methods that inciuded neighborhood averaging, 3 different inverse-distance
methods, and 2 regression equations. The RMSE statistic was considered the best
indicator of relative performance in terms of estimation accuracy, with a minimum
RMSE result indicating favorable performance. SMSE values were caiculated oniy for

kriging and cokriging estimates.
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5. Resuits and Discussion

a. Precipitation Data Base
o
Standard errors for the 64 available AAP measurements were c:)l)servgd to _bl:_:g
greater than 20 mm for many stations with lengths of record less than 25 years (Fig. 3).
Standard errors greater than 20 mm indicated average measurement €ITors greater than
10 percent relative to the sampie mean of 177 mm for the 64 AAP vaiues (Table 2).
Frcncﬁ (1987), in an analysis of precipitation data for 11 NTS stations, conciuded thata
standard error of less than 20 mm for AAP required a length of record of at least 31
years. Only 12 of the stations available for this study had a length of record of 31 years
or longer, which is too small a sample for calculating sample variograms. An adequate
sample size was obtained by selecting 42 stations with lengths of record of at least 8
years. Descriptive statistics for this sample are listed in Table 2. The locations of the 42
stations are indicated in Figure {a.nd a summary of the data is listed in Table 3.
Standard errors for this sample ranged from 47 mm for station 215, with a length of
record of 8 years, to 7 mm for station 219, with a length of record of 18 years@Station
elevations ranged from 7,550 ft for station 207 in the Sheep Mountains to -168 ft for
station 219 in Death Valley. The dataset included 10 stations within the boundaries of
the UARW. Values of AAP for these stations ranged from 295 mm for station 84
(elevation 7,490 ft) on Pahute Mesa to 85 mm for station 224 (elevation 2,176 ft) in the

Amargosa Desert. The dataset did not include the 2 stations on Yucca Mountain with
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lengths of record of only 2 and 4 years. Station 75, with a length of record of 16 years
. [P . . ' \
and an AAP value of 119 mm, was:jg’g:atquthe closest (glista.nce of approximately 50,000 ft/

o1

' P

(9.5.mi) to the potential repository site:
b. Preliminary Statistical Analysis

A significant correlation coefficient of r = 0.72 was obtained between AAP and
elevation for ihe 42 selected stations. An improved coefficient of 0.75 was obtained
between the natural log of AAP and elevation. Using the method of least squares, the
nonlinear regression equation:

AAP - exp(4.32+ 0.00018E), r* = 056
(14)

was fit to the data, where E is the station elevation in feet and AAP is in millimeters
(Fig. 4). Similar regression equations were obtained by French (1986) using data from

63 stations in southern Nevada:

AAP = exp(431+ 0.00016E), r* =048
(15)

and using data from 12 NTS stations with 10 or more years of record:

AAP - exp(438+ 0.00019E), r* =.76
(16)

17



Equation 16 was considered applicable for estimating AAP at Yucca Mountain because
of the iﬁcreascd reliability of the AAP measurements used to develop the equation and
because the NTS stations are located closer to Yucca Mountain than many of the
additional stations used to deveiop Egs. 14 and 15 (Fig. 1). However, Eq. 16 may not be
applicable for areas within the UARW to the west and to the south of Yucca Mountain
because of the small size and areal extent of the sample consisting of the 12 NTS
stations.

A comparison of the regression equations and a scatterpiot of the 42 stations used
to develop Eq. 14 indicated an increase in the variability of both the data and the fitted
curves wnh increased station elevation (Fig. 4). The increased variability may be the
result of: 1) the small number of stations below 2,000 ft, 2) a "rain shadow” effect
caused by the location of stations on the lee siope of higher topography or adjacent to
blocking ra.nges,~3) regional trends in AAP, such as the west to east increase
hypothesized by French (1983), 4) an increase in the elevation of basins from south to
north, 5) increased measurement error with increased elevation because of increasing
amounts of snow, and 6) increased variability of annual precipitation with increased
elevation.

Histogram and normal probability plots indicated that the values of AAP were
log-nbrmall); distributed. A log-normal distribution is typical for precipitation data in
arid climates (Jones, 1981). The transformation Y = In(AAP) improved the fit of the
histogram to a normal distribution, and the standardized skewness was reduced from-2.19
to 0.34 (Table 2). An additional transformation, TAAP (for transformed AAP) =

18



In(AAP)*1000, was used to reduce the possibility of numerical errors during kriging and
cokriging; |

The elevation data were considered to be normaily distributed, aithough the
negative elevations at grid locations in Death Valley resuited in a small bimodal
characteristic and a negative standardized skewness of .3.89 for the elevation sample
(Table 2). Inspection of a normal probability plot showed an approximate overail fit to a

normal distribuﬁon, and no attempt was made to improve this fit by a transformation.
c. Sample Direct Variogram for TAAP

Because of the small sample size for TAAP, directional variograms were
computed by using wide angle and distance classes (Cooper et al, 1988), and this
resuited in a los:f» of directional resolution. Isotropism was assumed because the analysis
of spatial variability was limited to the omnidirectional sampie variogram. This
variogram indicated a range of spatial correlation for TAAP of about 190,000 ft (36 mi)
(Fig. 5). For distances greater than 190,000 feet, the variogram approximated a constant
value equal to the sample variance. Deviations about the sampie variance line were
considered to be fluctuations of the variogram resulting from the small sample size. The
lack of slope in the overall shape of variogram for distances greater than the range of
spatial correlation indicated an absence of drift in the spatial structure of TAAP,

supporting the assumption of second-order stationarity.
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d. Sample Direct Variogram for Elevarion

The large sampie size for elevation permitted the calculation of informative
directional sample variograms. Sampie variograms were calculated for 7 directions that
ranged from 0° (east) to 180° (west) at intervais of 30°. An angle class of 45° and a
distance class of 10,000 ft were used with VARIO (Cooper et al, 1988). Two sampie
variograms were selected to represent the observed spatial variability: the ENE-WSW
sample variogram (direction 30°) that corresponded to the direction of maximum
variﬁbility, and the NNW-SSE variogram 7(direction 120°) that corresponded to the
direction of minimum variability (Fig. g). . More than 1,000 sampie pairs were used to
calculate most of the values defining the variograms. The vaiue for y(4) for the
minimum 4 of 3,000 ft, calculated using only 21 sample pairs, defined the spatial
correlation of pr'ccipitation station elevations with adjacent grid elevations.

A comparison of the directional variograms indicated zonal anisotropism (Journel
and Huijbregts, 1978) (Fig. 6). Anisotropism is caused by a general NNW-SSE
alignment of Basin and Range physiographic features that includes Death Valley, the
Grapevine Mountains, the Funeral Mountains, the Black Mountains, the Amargosa
Desert, and the northern Spring Mountains (Fig. 2). The ENE-WSW variogram
increéSed to more than 4 times the NNW-SSE variogram at distances of 300,000 ft
because maximum spatial variability occurs in directions transverse to the alignment of
Basin and Range physiography, while minimum spatial variability occurs in directions

parallel to this alignment. An increase in the slope of the variograms indicated drift in

20



the ENE-WSW direction for distances greater than 200,000 ft and in the NNW-SSE
direction for distances greater than 400,000 ft. Both drift components were identfiable
in the omnidirectionai variogram.

For distances less than 200,000 ft, the sampie variograms were simiiar and the
assumptions of isotropism and stationarity were considered valid. Two separate Spatial
structures for elevation were indicated by the decrease in the slope of the variograms at
approximately 60,000 ft; a structure between 0 and 60,000 ft defining the local spatiai
variability of elevation within individual basins, and a structure for distances greater than
60,000 deﬁning the regional variability of elevation between basins and ranges (Fig. 7).
The separate structures were not as well defined in the NNW-SSE variogram as in the
omnidirectional and ENE-WSW variograms because the NNW-SSE direction tends to
parallel basins and ranges. Maintaining the assumptions of stationarity and isotropism
was desirable tosimplify model fitting dqring cross-validation, and also to maintain some
consistency between the variograms in the muitivariate model. Nonstationary ReV's can
be modeled using geostatistics (universal kriging/cokriging techniques), but either the
variogram /or the form of drift is assumed to be known (Journel and Huijbregts, 1978;
Clark, 1979; David, 1977).

e. Sample Cross-Variogram for Elevation and TAAP

The increase in the values of sample cross-variogram for distances from 0 to

approximately 190,000 ft indicated a positive spatial cross-correlation between TAAP and
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elevation (Fig. 8). For distances between 450,000 and 640,000 ft, the cross-variogram
approximated the sample covariance. A negative slope in the variogram observed for
distances from 220,000 to 420,000 ft was considered to be an apparent negative spatial
cross-correlation between TAAP and elevation caused by the clustering of precipitation
stations along a northwest to southeast alignment, parailel to the Nevada-California state
boundary (Fig. 1). This direction transgresses the trend of increasing elevation from
south to north, which is known to exist, and the trend of increasing AAP from west to
east, hypothesized by French (1983). If more stations were available to the southwest
and the northeast of the NTS, the negative siope might not be observed in the isotropic
sample cross-variogram. Unfortunately, a more detailed struémral analysis of the TAAP-

elevation spatial cross-correlation was not possible with the available data.

f Model Fitting and Cross-validation:

1. TAAP Direct-variogram Model

A large number of alternate models were investigated for the direct-variogram for
TAAP, and many of these models had favorable cross-validation statistics. The range of
parameters defining the different models, and the range of cross-validation results, are
listed in Table 4. The selected model consisted of a nugget value of 5,000 and a
spherical structure with C = 158,151 and a range (2) of 190,000 ft (36 mi.). The sill

value (mugget + C) was defined using the TAAP sample variance of 163,151 (Table S,
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Fig. 5). The existence of a nugget structure is physically reasonable for AAP at this scale
because.of the many site-specific infliences on precipitation measurements, such as site
exposure, precipitation measurement errors, and differences in the length and the period
of record for precipitation data used to compute AAP at each station. A relatively smail
nugget value was selected because good spatial correlation was expected for AAP over
relatively smail distancesiless than approximately 10,000 f)

Based on a favorable combination of cross validation resuits, a neighborhood
search radius of 480,000 ft (91 mi) was selected with the variogram model (Fig. 9). The
favorable results consisted of a minimum RMSE value of 0.71, a relatively small PAEE
value of 0.‘45, and a SMSE value close to 1.0 (Table 5). Although 480,000 ft is much
greater than the range of spatial correlation defined by the modei, the use of TAAP data
separated by large distances was necessary for estimating TAAP along the western and
southern bounda.ries of the UARW because of a sparsity of precipitation stations for
these areas (geostatistics does not limit the use of data for the calculation of estimates to

those locations occurring within the range of spatial correiation).
2. Elevation Direct-variogram Model

* The sensitivity of the cross-validation results to the parameters defining the
variogram model for elevation indicated that model fitting was important for distances
between 0 and approximately 60,000 ft. For distances greater than 60,000 ft, results were

not sensitive to model parameters because of the efficient screening effect of the closer
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grid locations; the values closest to the estimated point receive the most weight iﬁ the
kriging systcm (Clarke. 1979; David, 1977). The sensitivity of SMSE resuits indicated
that a close fitting of the model was required for model consistency in terms of the
estimation variance, and this restricted the choice of model parameters. The RMSE and
PAEE resuits, however, were both relatively close to 0 for a wide range of model
parameters, indicating excellent model performance in terms of estimation accuracy.

A model was selected based on a favorable combination of cross-validation resuits
(Table S, Fig. 10). This model was defined by a nugget value of 5,500, a Gaussian
structure (C = 415,000) with a range of 61,000 ft, a spherical structure (C = 185,000)
with a range of 70,000 ft, and a linear structure (C = 7) with a range of 270,006 ft
(Table S, Figs. 6, 7). A nugget value was required for model validity in terms of the
SMSE result. 'I'hrcg nested structures were necessary to provide a close fit to the sampie
variogram for elevation; the combination of Gaussian and spherical structures with
similar ranges defined the local structure observed in the omnidirectional sample
variogram, while the linear structure defined the regionai structure. The range for the
linear structure was the distance at which the value of the NNW-SSE sample variogram
approximated the elevation sample variance.

Although the sample variograms for elevation indicated anisotropism and non-
stationarity for distances greater than 200,000 ft, the three cross-validation statistics for
the fitted model were not sensitive to increases in the neighborhood search radius from
10,000 to 130,000 ft (Fig. 10). Cross-validation resuits indicated excellent model

performance even for the larger neighborhoods because of the efficient screening effect
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of the grid locations. With a neighborhood search radius of 130,000 ft, the xﬁodel
variogram was applied to distances as large as 260,000 ft (the model is appiied to data
locations separated by the diameter of the neighborhood), exceeding the approximate
range of quasi-stationarity (Journel and Huijbregts, 1978) indicated by the sampie
variogram. Selection of a neighborhood search radius for elevation is discussed in: 4.

Sliding Neighborhood Searcih Radius for Elevation.
3. Positive Definite Condition

Inconsistency between the spatial distributions of the elevation sample and the
TAAP sample (both in the areal extent of the sample domains and the density of sample |
locations) caused 8 values of the sample cross-variogram to be higher than the piotted
PDC curve, indicating that models fitted to the sample cross-variogram may not be
positive definite (Fig. 8). Sampie inconsistency, combined with the nonstationarity of
elevation on a regional scale, made it difficult to use the sample cross-variogram for the
purpose of defining a model.

In an effort to formulate a valid model, the three values of the sample cross-
variogram between distances of 0 and 100,000 ft were considered to be representative of
the spatial cross-correlation structure within the UARW, based on the observation that
the smallest distances between precipitation stations generaily occurred between the 15
NTS stations located within the elevation grid (Fig. 1). This assumption implies a

nonstationary cross-correlation structure between TAAP and elevation on a regional
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scale.
AS an aid to model fitting, the-function 0.75(PDC) was used as a possibie spatial

cross-correlation structure defined by the sample correlation coefficient of 0.75:

0.75(PDC) = 0.75 vy ()v(h)
(17

where v;(h) and y;(h) are the fitted direct-variogram models for TAAP and elevation.
The piotted 0.75(PDC) curve provided a close fit to the sample cross-variogram for the 3
values between 0 and 100,000 ft (Fig. 8).

| The intersection of the 0.75(PDC) curve with the range of 190,000 ft for the
fAAP direct variogram model was used to define a "pseudo-sill". The pseudo-sill
determined possible sill values for cross-variogram models, and was considered a
modified covariance that accounted for the inconsistency between the TAAP and
elevation sample;s. By substituting the values of the model direct-variograms into

equation 17 for A = 190,000 ft, the pseudo-sill could be calculated:

Pseudo-sill = 0.75, v,(190,000) v,(190,000) = 410,000
(18)

An important assumption implicit in this reasoning is that TAAP is stationary.
This assumption was considered necessary to provide a starting point for modeling the
cross-variogram. However, if the true spatial variability of TAAP is nonstationary for the
southern Nevada and southeastern California region, the pseudo-sill could represent an

exaggerated correlation between TAAP and elevation.
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4. Sliding Neighborhood Search Radius for Elevation

To allow cokriging using a quasi-stationary direct-variogram model for elevation
restricted to a sliding neighborhood smailer than the sliding neighborhood selected for
TAAP (radius = 480,000 ft), the cokriging algorithm was modified to use separate sliding
neighborhood search radii for the elevation and TAAP sampies. This modification was
also necessary because of the inconsistent spatial distributions of the TAAP and
elevation sampies. The smaller neighborhood search radius defined half the maximum
distance for which the cross-variogram model couid be applied. During cross-validation
of fitted cross-variogram model, the elevation neighborhood séarch radius was varied
from 10,000 to 140,000 ft, at increasing intervais of 10,000 ft, while the direct-variogram
model for elevation, the direct-variogram model for TAAP, and the TAAP neighborhood
search radius were held constant. As the search radius for elevation was increased, the
number of elevation data included in the estimation of one TAAP value also increased
from a minimum of 5 using a search radius of 10,000 ft to an average value of

approximately 500 using the maximum radius of 140,000 ft.
5. TAAP - Elevation Cross-variogram Mode!

The cross-validation results for a large number of alternate cross-variogram
models indicated that a close fitting to the 0.75(PDC) curve was necessary to obtain

favorable results. Models fitted below the 0.75(PDC) curve resuited in low SMSE values
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because of increased estimation variances, indicating a reduced potential to minimize
cokriging estimation variances relative to kriging estimation variances. Models that were
fitted above the 0.75(PDC) curve resuited in high SMSE vaiues. SMSE values exceeding
the defined SMSE upper limit of 1.44 were observed for models close to failure in terms
of the positive definite condition., and this was considered characteristic of models that
exaggerated the TAAP - elevation spatial cross-correlation.

The cross-validation statistics for 5 similar cross-variogram models, plotted against
the elevation neighborhood search radius from 0 to 140,000 ft, are shown in Figures 11a,
llb, and 1lc. The 5 models were fitted to the 0.7S(PDC) curve and to the three values
of the sa.mi)le cross-variogram between 0 and 100,000 ft. In génera.l, cokriging cross-
validation results indicated an increase in estimation accuracy relative to kriging with an
increase in the neighborhood search radius for elevation. For a radius of 100,000 ft,
RMSE resuits fér all 5 models were reduced by appro:ﬁmately 55% relative to RMSE
results for kriging (Fig. 11b). A large decrease in RMSE and SMSE values resulted with
an increase in the neighborhood radius from 75,000 to 80,000 ft because of a change in
the estimation method from kriging to cokriging at one location. PAEE resuits for most
models also indicated improved estimation accuracy of cokriging relative to kriging; at a
radius of 45,000 ft, the 5 models indicated an approximate 78% reduction in PAEE (Fig.
11a).

The sensitivity of cross-validation results to model changes increased with an
increase in the elevation search radius. RMSE was not sensitive to model changes for

search radii less than 120,000 ft, but indicated increasing sensitivity, with a reduction in
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model perfo_rmance, for larger radii (Fig 11b). PAEE results were more sensitive to
model cﬁanges than changes in the search radius for radii greater than appro:dmat?ly
100,000 ft (Fig. 11a). For radii less than 80,000 ft, SMSE results for the 5 models
followed similar trends. but for radii greater than 100,000 ft, SMSE followed divergent
trends (Fig. 11c). For a radius or 120,000 ft, SMSE results remained close to the
optimum value of 1.0 for models 2 and 3, which were fitted relatively close to the
0.75(PDC) cu.n)e, but exceeded the upper SMSE limit for models 1 and 5, which were
fitted closer to the sample cross-variogram using a larger Gaussian structure (Table §,
Fig. 1lc).

The use of a large neighborhood for elevation was desirable because the
reduction in RMSE indicated potentially significant reductions in estimation variances
within the UARW. Using a neighborhood radius of 120,000 ft, an average of 400

elevation values ‘would be included in the calculation of each cokriged estimate of TAAP
within the UARW. A large radius was also desired because unwanted edge effects can
occur when small neighborhoods are used (Renard and Yancey, 1984).

Model 3 was selected because of a favorable combination of cross-validation
results, consisting of a minimum RMSE of 0.32, a minimum PAEE of .05, and an SMSE
value of 0.99, obtained using a search radius of 120,000 ft (Table 4, Figs 11a, 11b, 11c).
The selection of the relatively large radius of 120,000 ft, which limited the application of
the elevation direct-variogram model and the cross-variogram model to a maximum
distances of 240,000 ft (45 mi), was based on a com'promisc between minimizing cokriged

estimation variances and maintaining the assumptions of isotropism and quasi-
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stationarity. The model was defined by a Gaussian structure with a range of 61,000 ft (C
= 55,000) and a spherical structure with a range of 190,000 ft (C = 355,000). Althbugh
evidence of nested structures was lacking in the sampie cross-variogram, a model with
two structures was necessary to allow a close fitting to the 0.75(PDC) curve. Model 3
was selected over model 2, which had similar cross-validation resuits, because model 3

provided a greater potential reduction in calculated estimation variances.
g. Comparison of Cokriging with Alternate Estimation Methods

The cross-validation results for cokriging, kriging, and 6 alternate estimation
methods are listed in order of RMSE performance in Table 5. In general, estimation
methods using elevation had more favorable RMSE resuits than interpolation methods.
using only AAP measurements, indicating that the correlation of AAP with elevation is
more important for estimating AAP than the spatial correlation of available AAP
measurements. The least favorable estimation method was neighborhood averaging, with
RMSE values greater than 0.90 for three different search radii. RMSE resuits for
kriging indicated similar performance relative to the inverse distance squared method.
Regression (using elevation to estimate AAP) indicated good estimation accuracy with
low RMSE values of 0.46 and 0.47 for log-linear and linear regression. Cokriging was
the most favorable method when larger search radii (80,000 to 120,000 ft) for elevation
were used. The cokriging RMSE resulit of 0.32 for a search radius of 120,000 ft indicated

a 64% improvement in performance reiative to neighborhood averaging, a 55%
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improvement relative to kriging, and a 30% improvement relative to regression.

PAEE resuits were not consistent with RMSE resuits in terms of estimation
performance: the PAEE resuit of -3.93 for log-linear regression (Eq. 14) was
unsatisfactory compared to the relatively low values for linear regression, cokriging,
kriging, and neighborhood averaging. The PAEE resulté for the three inverse distance
methods were also consi&ered unsatisfactory. In general, kriging had the best combined
cross-validation resuits relative to all interpolation methods not using elevation, and

cokriging had the best combined resuits relative to all estimation methods.
5. Summary and Conciusions

Measured values of average annual precipitation (AAP) for 42 precipitation
stations in the sc;uthem Nevada and southeastern California region with lengths of
record of 8 to 53 years approximated a log-normal distribution. The use of stations with
as few as 8 years of record was necessary to obtain a sample size of TAAP large enough
for an adequate geostatistical analysis. A transformed variable, TAAP = In(AAP)+1000,
was defined for the purpose of estimating AAP, using linear geostatistics, for a watershed
containing Yucca Mountain, a potential site for a high-level nuclear waste repository.

~ An isotropic sphéﬁcal model variogram with a relatively small nugget of 5,000, a
sill equal to the sample variance of 163,151, and a range of 190,000 ft (36 mi) was
selected as the best representation of the spatial structure for TAAP, given the data

available at the time of this study. Model selection was based on a visual fit of the
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model to the sampie variogram. cross-validation resuits, and the expected spétial
structure 'of AAP for distances less than 10,000 ft.

A correlation coefficient of 0.75 was calculated between TAAP and elevation, and
a large sample of elevation was obtained to improve estimation accuracy by using a
multivariate model. Computed directional sample variograms for elevation indicated a
anisotropic spatial structure for distances greater than 200,000 ft (38 mi). The axis of
maximum spatial variability was orientated in the ENE-WSW direction, transverse to the
dominant alignment of Basin and Range physiography. An isotropic, stationary direct-
variogram model for elevation was defined using the assumption of quasi-stationarity and
a neighborhood search radius of 120,000 ft (23 mi)l. The fitted model consisted of a
nugget value of 5,500 and three nested structures: a Gaussian structure with a range of
61,000 feet, a spherical structure with a range of 70,000 feet, and an intrinsic, linear
structure. The Gaussian and spherical structures defined the local spatial variability
observed for elevation and the linear structure defined the regional spatial variability
observed for elevation. A close fitting of the model to the sample variogram was
necessary to obtain good cross-validation results.

Sample cross-variograms indicated a positive spatial cross-correlation between
TAAP and elevation with a range of approximately 190,000 ft. The inconsistency of the
spatial distributions between the TAAP and elevation samples, however, made it difficuit
to fit a positive definite model to the cross-variogram. A new method for fitting a cross-
variogram model was developed using the Cauchy-Schwarz inequality and the sample

correlation coefficient. The use of separate sliding neighborhood search radii for TAAP
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and elevation was also necessary because of the inconsistent spatial distributions. Cross-
validatioﬁ resuits for fitted cross-variogram models were semsitive to changes in thé
search radius for elevation: the best results were obtained for radii between 80,000 and
120,000 ft. The fitted model. limited to a neighborhodd search radius of 120,000 ft,
consisted of a Gaussian structure with a range of 65,000 ft, a spherical structure with a
range of 190,000 ft, and ‘a "pseudo-sill” of 410,000. A cross-variogram model defined by
two structures, consistent with the spatial structure defined by the variogram model for
eleyation. was necessary to obtain good cross-validation resuits.

Cokriging provided the best cross-validation results relative to regression methods
that used o.nly elevation data and interpoiation methods that used only AAP data.
Kriging provided the best results relative to other interpolation methods, indicating the
importance of a spatial correlation model for estimating AAP. Cokriging and regression
indicated impro(red estimation performance, in terms of reduced relative-mean-squgrcd-
error (RMSE) results, relative to all methods that did not use elevation data. " It was \ M*(‘
conctuded that, for the average distance separating precipitation stations in the southern 'l l’\!f sﬁ%
Nevada and southeastern California region, the correiation between AAP and elevation y Nﬁ m(;lﬁ
is more important for estimating AAP than the spatial correlation of existing AAP ///
measurcments.v This conclusion applies to most locations in a study area containing

Yucca Mountain, defined as the Upper Amargosa River Watershed, where estimates of

AAP are desired.
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Table 1. Equations defining positive definite variogram models.

Model Name Mode] Equatijon
NUGGET YW = C
SPHERICAL Y = c[l{@l -Qﬂ,ﬁﬂl. h o< a
a
= C, h 2 a
GAUSSIAN (h) = C|1 - b b/3 = at!
Y = ex —E; ' = a
LINEAR y(h) = C(h) , h<a
= C, hz2a
y{h) = variogram
c - variogram model coefficient
a - variogram mode] range (ft)
’a' - practical range (ft) for gaussjan mode) (Jourpe] and Hui,l;bregts, 1978)

magnjtude of vector separating 2"}oca't10ns
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Table 2. Descriptive statistics for AAP, TAAP, and elevation.

Sample Sample Sample Sample Sample Standardized

Variable
Name Size Minimum Mean Maximum Variance Skewness
ARP! (millimeters) 64 69 177 544 6,830 5.77
AAP? (millimeters) 42 69 175 354 5,278 2.19
TAAP? 42 4,239 5,087 5,870 163,151 0.34
Elevation2 (feet) 64 -168 4,659 7,670 3,107,320 -0.90
Elevation (feet) 42 -168 4,316 7,550 2,837,470 -0.71
Elevation (feet) 1,595 -250 3,932 8,400 2,466,980 -3.89
AAP = average annual precipitation
TAAP = In( AAP ) * 1000

' sample consisting of all available precipitation stations
2 sample consisting of stations with lengths of record 2 8 years

3 sample consisting of all available stations and 1,531 additional elevations
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Table 3. Precipitation data used for geostatistical analysis. Dataset consists of 42 stations with
' lengths of record 2 8 years :
Nevada Central Average Standard
State Plane Annual Length Deviation
Station'  Station Coordinates Station Precipitation  of of
No. Name Easting Northing Elevation (AAP) Record AAP
- - - (ft) - - - (ft) (mm) (yrs) (mm)
72 ROCK VALLEY 639,050 704,700 3,400 157 8 23
13 DESERT ROCK AIRPORT 688,100 681,750 3,298 157 15 17
74 MERCURY 696,738 695,045 3,770 159 13 18
15 4JA 610,605 740,840 3,422 119 16 15
16 CANE SPRINGS 663,600 751,000 4,000 208 21 21
77 WELL 58 705,200 747,600 3,080 128 19 12
18 SHOSHONE BASIN 620,700 795,000 5,660 225 12 25
19 MID VALLEY 644,500 809,250 4,660 226 13 23
80 YUCCA 680,875 803,600 3,920 177 25 17
81 40 MN 610,600 837,100 4,820 202 18 18
82 TIPPIPAH SPRINGS 2 638,650 838,600 4,980 245 20 23
83 BJY 679,100 842,300 4,072 177 22 17
84 AREA 12 MESA 631,400 888,900 7,490 295 17 3]
85 PHS FARM 682,870 895,840 4,565 193 8 22
92 LITTLE FELLER 2 602,000 858,520 5,160 229 8 36
201 ADAVEN 815,611 1,137,916 6,250 321 47 16
202 ALAMO 937,992 917,630 3,440 128 26 10
204 BOULDER CITY 1,029,489 490,470 2,525 139 50 9
205 CALIENTE 1,133,802 995,954 4,407 231 51 11
206 COLD CREEK 770,041 617,747 6,000 230 8 33
207 HIDDEN FOREST 926,689 681,385 7,550 320 9 27
209 LAS VEGAS AIRPORT 936,479 519,842 2,162 104 33 8
211 SUNRISE MANOR 960,956 554,108 1,820 106 32 8
212 OVERTON 1,156,766 652,013 1,220 9] 26 13
213 PIOCHE 1,119,116 1,084,069 6,120 313 44 16
214 RED ROCK SUMMIT 828,784 534,527 6,500 210 8 36
215 ROBERTS RANCH 814,098 544,318 6,100 354 8 47
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Iable 3. Continued.

Nevada Central Average Standard
State Plane Annual Length Deviation
Station' Station Coordinates Station Precipitation of of
No. Name Easting Northing Elevation (AAP) Record AAP
- - - (ft) - - - (ft) (mm) (yrs) (mm)

216 SEARCHLIGHT 1,009,908 338,717 3,540 185 50 14

217 BASALT 27,475 1,103,650 6,350 142 15 17

218 BEATTY 472,943 785,458 3,550 159 47 12

219 DEATH VALLEY 437,164 627,537 -168 69 18 7

220 DESERT GAME RANGE 877,736 622,642 2,920 106 42 8

221 DYER 100,904 991,059 4,975 125 31 9

222 GOLDFIELD 330,981 1,015,535 5,690 136 39 12

223 INDIAN SPRINGS 789,622 666,699 3,136 116 25 16

224 LATHROP MWELLS 574,231 686,280 2,176 85 21 11

225 MINA 76,428 1,216,240 4,551 115 53 1

226 PAHRUMP 691,717 559,004 2,700 126 20 16

227 RATTLESNAKE 644,277 1,235,821 5,913 121 20 13

228 SARCOBATUS 399,514 893,154 4,020 90 14 13

229 TONOPAH AIRPORT 375,038 1,123,231 5,427 163 29 10

230 TONOPAH CITY 330,981 1,123,231 6,093 126 22 11

' Station numbers are the same as in French (1987, 1986, 1983)
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Table 4. Combinations of structures and parameters, and range of resulting cross-validation statistics
b for alternate direct-variogram models for TAAP.

ranges for cross-valjdatjop results

percent relative standardized

0 ers average mean mean
. estimation square square

Model c' a error error error
Structures coefficient ( model range ) ( PAEE ) ( RMSE ) ( SMSE )
Nuggel 0 - 20,000 © 0.29 - 0.80 0.57 - 1.08 0.743 - 1.736
Linear 0.815 - 1.63 100,000 - 200,000 '
Nugget 0 - 30,000 O 0.28 - 0.83 0.60 - 0.99 0.680 - 1.739
Spherical 133,151 - 163,151 100,000 - 300,000
Nugget 0 - 30,000 O 0.24 - 0.78 0.58 - 0.96 0.911 - 3.824
Gaussian 133,151 - 163,151 120,000 - 210,000
Nugget 0 - 30,000 O 0.32 - 0.80 0.63 - 0.89 0.869 - 1.452
Gaussian 65,000 120,000 155,000 - 190,000
Spherical 33,151 93,151 155,000 - 200,000

'units are in In( millimeters )*1000

2units are in feet
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Table 5. Structures, parameters, and cross-validation statistics for fitted variogram models.
percent relative standardized model sliding
average mean mean model variogram neighborhood
estimation square square model variogram range search

Model errror error error variogram C a radius

Variogram (PAEE) (RMSE) (SMSE) Structures coefficient (ft) (ft)

TAAP 0.45 0.71 0.99 " Nugget 5,000

Direct- Spherical 158,151 190,000 480,000

varjogram

Elevation 0.02 0.04 1.01 Nugget 5,500

Direct- Gaussian 415,000 61,000

variogram Spherical 185,000 70,000

Linear 7 270,000 120,000

TAAP-elevation cross-variogram

Model 1 -0.58 0.363 1.61 Gaussian 100,000 87,000

Spherical 309,446 190,000 120,000
Model 2 0.17 0.326 1.00 Nugget 3,880 |
' Gaussian 55,000 67,000

Spherical 350,000 200,000 120,000
Model 3 0.06 0.321 0.99 Gaussian 55,000 61,000

Spherical 355,000 190,000 120,000
Model 4 -0.21 0.337 1.12 Nugget 3,880

Gaussfan 50,000 87,000

Spherical 361,960 190,000 120,000
MOQe] 5 -0.52 0.370 1.45 Gaussjan 55,000 87,000
‘ Spherica] 366,960 190,000 120,000
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Iable 6. Cross-validation results for alternate estimation methods.

TAAP Elevation Percent Relative Standardized
Neighborhood Neighborhood Average Mean Mean
Estimation Search Search Estimation Square Square
Method Radius Radius Error Error Error
(ft) (ft) (PAEE) (RMSE) (SMSE)
Neighborhood 400,000 - 2.32 0.90 -
Average 480,000 - 0.62 0.93 -
560,000 - 0.31 0.97 -
Inverse 400,000 - 4.04 0.8] -
Distance 480,000 - 3.05 0.81 -
560,000 - 2.64 0.85 -
Inverse 400,000 - 6.29 0.76 -
Distance 480,000 - 5.72 0.74 -
Squared 560,000 - 5.36 0.75 -
Inverse 400,000 - 6.51 0.83 -
Distance 480,000 - 6.17 0.81 -
Cubed 560,000 - 5.96 0.81 -
Kriging 400,000 - 0.75 0.78 1.05
480,000 - 0.45 0.71 0.99
560,000 - 0.44 0.78 1.07
Log-1inear - - -3.93 0.46 -
Regression
Linear - - -0.04 0.47 -
. Regressjon '
Cokriging 480,000 55,000 -0.26 0.56 1.16
(mode] 3) 480,000 80,000 -0.39 0.38 1.00
' 480,000 120,000 0.05 0.32 0.99
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content. These trends may be due to the fact that the
rexture-sample population is sand-dominated (Table 3), and
clay occupies the interstices between sand grains. An
increase in clay content would then be consistent with an
increase in fine-soil bulk density., total-soil bulk
density, and moisture retention.

Fine-soil bulk-density (BD_,) shows a slight inverse

relationship with slope position (VP)(r2 = 0.30, Table 6).

Although the linear correlation is poor, a graph of these
two variables shows a more consistent and steeper trend in
the range of about 35- to 90-percent slope position, and

greater variability at the tops and bottoms of slopes (Fig.

8). The graph shows a trend of decreasing fine-soil bulk-
\T/ density toward the base of the slopes. One possible
mechanism causing this trend is the disruption of the soil
structure by colluvial processes as the soil mass moves
down the slope. The slopes in the study area are steeper
in the mid to lower reaches, and the decline in soil bulk
density is most rapid in these areas.

Total soil bulk-density is related positively to the

P TN

volumetric rock-fragment content (r:2 = 0.62, Fig. 9).
Total bulk density is a function of rock-fragment content,

rock-fragment bulk density and fine-soil bulk density.
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Since the coefficients of variation are 22.5-, 6.1-, and
s .
\1 7.0-percent, respectively (Table 3), rock-fragment content
affects strongly the total bulk density of the study area

soils.

Physical Property Classification

Soil conditions are functions of soil-forming
processes, such as weathering and translocation of
materials. In contrast, factors of soil formation define
the state of the soil system, and include climate,
organisms, topography, parent material, and time
(Birkeland, 1984). Soil properties can be predicted from a
knowledge of the combination of these factors that describe
a soil system.

In the Yucca Mountain study area, topography is an
important factor of soil formation; topographic slope and
aspect determine microclimate (insolation), and geomorphic
processes (creep, earth flows, debris flows). Given the
arid climate and low organic matter content (Table 3),
biologic factors may be less important in soil formation,
and vegetation may.-he more important as an indicator of
soil conditions. Parent material provides the initial
chemical and physical materials; therefore, bedrock units

are used to catagorize data for statistical analyses. The

e;,.l - |
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effects of time aré relavent to the classification
preseqted, in that similar geomorphic deposits may be of
similar age.

The physical property soil classification described
in the following sections is based on the relationships
among soil physical properties and geomorphic and geoclogic
conditions. It is assumed that if soil physical properties
are distinctly different in large areas of the field site,
these differences are due to external controls on soil
development, including slope steepness, slope aspect, slope

position, bedrock unit, and depositional process.

Geomorphic Groups

Soil physical property data were grouped and tested
according to éach of the following criteria: preliminary
geomorphic map unit (15 map units); bedrock unit (4 zones
of the Tiva Canyon Member, Table 2); slope steepness (0% to
10%, 10% to 40%, 40% to 70%, and >70%); slope aspect
(north, east, south, west, and none); and slope position
(0% to 25%, 25% to 50%, 50% to 75%, and 75% to 100%, top to
base of slope). Siope steepness and aspect groupings were

divided according to modal analyses of their frequency

distributions.
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analysis of variance (AQOV) was performed on the data
after it was re-grouped according to each of the criteria
listed above. AOV tests the null hypothesis that states
that group means are equal. AQV can detect significant
differences among group means; however, the group means
cnat are different can not be specified. 1In each instance
where the AOQOV null hypothesis was rejected, the data set
was analyzed by the Tukey multiple comparison test to
identify non-equal group means. The Tukey multiple
comparison procedure (also known as the "honestly
significant difference test" and the "wholly significant
difference test") uses pairwise comparisons of group means
and results from the AOV test to examine the differences
between all possible pairs of group means (Zar, 1984).
Group means are therefore assigned to populations that are
distinct at a chosen level of confidence.

The Tukey analysis of the grouped data sets often
yvielded ambiguous results by assigning a group mean to more
than one distinct population. This indicated that the
Tukey test could not be used to determine accurately the
statistical sample-population origin. The problem of
ambiguous results indicates that the AQV test is more
powerful than the multiple comparison test, and that larger

statistical sample sizes would tend to result in a multiple




comparison analysis more capable of determining differences
among group means (Zar, 1984).

The results of Tukey multiple comparison tests at the
95% confidence level are listed (Table 7). Ambiguous
results are not included, and, in each test, no more than
three populations (low, medium and high) are identified.
For example, in the vertical position grouping listed in
the first section of Table 7 (labeled gravel content),
gravel content is found to be significantly lower on the
top 25 percent of slopes, and significantly higher on the
bottom half of slopes. This means that gravel content
samples f;om the top quarter of slopes are assigned to a
population with a significantly lower mean gravel content,
and gravel content samples from the bottom half of slopes
are assigned to a population with a significantly higher
mean gravel content. Gravel content data from 25- to 50-
percent vertical positions yielded ambiguous resu.cs and
are not listed. 1In general, gravel content is higher at
lower slope positions where there is a greater source area
and more mass movements resulting in a greater gravel
content in the soil, .

Multiple comparison tests on sand content resulted in
no ambiguity when grouped by vertical slope position. Sand

content is lower in the 50- to 7S5-percent slope position




Table 7. Multiple comparison test results

T Gravel Content:

Grouped Group Means (%)
By: Group N Low Med. High
Map Unit Ridge Crest 6 31.3

Ridge Tops 8 32.9

Lower NE Facing 8 51.7

Middle West Scarp 6 52.8
Bedrock Unit Caprock 7 29.4

Upper Lithophysal 15 45.9
Slope Percent 0% to 10% 2 29.5

70% to 100% 3 51.2
Vertical 0% to 25% 20 37.6
Position 75% to 100% 35 47.5

50% to 75% 27 48.1
Aspect None 2 29.5

West 19 51.3

(continued)
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Table 7. (continued) ?
N ‘
Sand Content:
Grouped Group Means (%) ;
By: Group N Low Med. High i
Map Unit Middle West Scarp 6 53.3
Ridge Crest 6 64.9
Slope Percent 40% to 70% 49 58.6
10% to 40% 50 62.3
Aspect West 19 56.9 ,
East 30 62.2 s
South 18 62.8 ‘
Vertical 50% to 75% 27 57.2
Position 75% to 100% 35 61.4
25% to 50% 22 : 61.5
0% to 25% 20 61.9
(continued)
N

=N
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Table 7. (continued)

N
Silt Content:
Grouped Group Means (%)
By: Group N Low Med.  High
Map Unit Ridge Crest 6 17.7
Middle West Scarp 6 32.7
Bedrock Unit Capréck 7 17.5
Clinkstone 60 24.8
Slope 10% to 40% 50 22.8
Percent 40% to 70% 49 27.0
Aspect South 18 21.8
_ East 30 22.6
North 35 25.6
West 19 30.2
Vertical 0% to 25% 20 23.0
Position 75% to 100% 35 24.1
50% to 75% 27 27.6
~ Clay Content:
Grouped Group Means (%)
By: Group N Low Med. High
Map Unit Lower West Scarp 6 10.0
Ridge Tops 8 17.6
Lower NE Facing 8 18.9

{continued)

erE s
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Table 7. (continued)
Fine Soil Bulk Density:
Grouped A Group Means (g/cc)
By: Group N Low Med. High
Horizontal 50% to 75% 11 1.181
Position 0% to 25% 4 1.300
25% to S50% 8 1.304
Vertical 50% to 75% 6 1.175
Position 0% to 25% 6 1.312
Fine-Soil Grain-Size Geometric Standard Deviation:
Grouped Group Means
By: - Group N Low Med. High
Map Unit NE Asp. Earth Flows 7 4.6
Ridge Crest 6 6.3
Bedrock Unit Clinkstone 60 5.4
Caprock 7 6.2

——— - ———— ——— T - —— - ———————————————————————————

(continued)

e,
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Table 7. (continued)

Cobble Count:
Grouped Group Means (%)
By: Group N Low Med. High
Map Unit Middle West Scarp 6 9.0

Ridge Crest 6 10.8

Upper North Facing 6 10.9

SE Asp. Earth Flows 8 11.0

Eastern NE Facing 8 11.6

Upper NE Facing 8 11.7

Ridge Tops 8 12.1

Upper West Scarp 6 26.0
Rock Porosity:
Grouped Group Means (%)
By: : Group N Low Med. Hignh
Map Unit Middle West Scarp 2 17.6

Ridge Crest 2 36.7
Bedrock Unit Upper Cliff 3 23.2

Clinkstone 16 23.7

Upper Lithophyseal 5 27.1

Caprock 2 36.7
Slope Percent 40% to 70% 13 22.4

10% to 40% 19 26.1

(continued)
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Table 7. (continued)
I Rock Bulk Density:
Grouped Group Means (g/cc)
By: Group N Low Med. High
Map Unit Ridge Crest 2 1.60
Middle West Scarp 2 2.04

Bedrock Unit Caprock 1.60

2
Upper Lithophysael 5 1.82
Clinkstone 16 1.89
Upper Cliff 3 1.91
Slope Percent 10% to 40% 19 1.84
40% to 70% 13 1.93

- ———— A — ————————— i —— ——— - —— - —————— ——————— e —

Rock Particle Density:

Grouped Group Means (g/cc)
By: Group N Low Med. High
Map Unit Lower NE Facing 2 2.46
Y NE Asp. Earth Flows 2 2.46
: S-SE Facing 3 2.47
Ridge Crest 2 2.53
Bedrock Unit Upper Cliff 3 2.48
Clinkstone 16 2.48
Caprock 2 2.53

(continued)
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Table 7. (continued)

Nuclear gauge Moisture Content:

Grouped Group Means (%)
3y: Group N Low Med. High
Map Unit - NE Asp. Earth Flows 7 2.05

Ridge Tops 8 3.34
Slope Percent 10% to 40% 50 2.6

70% to 100% 3 2.6

40% to 70% 46 2.7

0% to 10% 2 4.7
Aspect South 18 2.2

North 35 2.9

None 2 4.7

Sand Cone Moisture Content:

Grouped Group Means (%)
By: Group N Low Med. High
Aspect West 4 10.3

North 8 15.2

Complete sample data presented in Appens x A

e¥E S
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group, however, all group means are close to the mean sand
content for the entire data set (60.8-percent).

Many groups that are in the high category for silt
content are in the low category for sand content, and, many
groups that are in the low category for silt content are in
the high category for sand content. The largest contrast
in mean silt content is between the ridge crest, where silt
may be lost by weathering and illuviation, and the middle
west scarp unit, which is a non-illuviated earth-flow
deposit (17.7- and 32.2-percent, respectively).

| Mean clay content was resolved only among three
preliminary map units; ridge tops and lowef northeast-
facing colluvial slopes have distinctly higher clay content
than the lower west scarp pediment. This may indicate that
soil oﬁ the lower west scarp pediment has been mechanically
separated from the clay fraction by sheet wash, and the
other two map units have not been illuviated as extensively
as the other map unit soils. The high coefficient of
variation from the total data set of clay contents (35.4-
percent) was not resolved by any of the other groupings in
this study. -

Slope-position groupings yielded distinct results

from fine-soil bulk-density data. With slope position

measured in both the vertical and horizontal planes, groups
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from the top half of slopes are assigned to a population
with a higher mean fine-soil bulk-density than that of the
SO-'to.75-percent slope osition group. The mean fine-soil
bulk-density is approximately l0-percent higher for the
upper half of slopes, where disruption of soil structure by
mass movement is minimal, compared to that of the 50- to
75-percent group, where slopes are steeper and mass
movement may be more active. The lowest slope position
group (75- to 100-percent) yielded ambiguous results in
both ggoupings. No relationship is found among other
groupings of this variable.

The fine-soil geometric standard deviation is found
to be higher in the stable, low-slope soils of high
position: the ridge crest, which is mostly underlain by the
Caprock bedrock unit. 1In comparison, the northeast aspect
earth flows and areas underlain by the Clinkstone bedrock
unit are areas of potentially more active mass movement and
have lower fine-soil geometric standard deviation.
Relatively lower silt content in stable, more developed
soils may account for this difference.

Cobble. coupt. results show a distinctly higher group
mean for the upper west scarp unit compared to seven other

preliminary map units. The steep slope, active colluvial

process, and source of rock fragments at the ridge crest
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favor the higher surficial cobble content of the upper west
scarp unit.

.Roék porosity and bulk density results are shown for
measurements on the 2- to 4.75-mm size fraction. Rock
bulk-density results are the inverse of rock-porosity
results. Slope appears to be the most important
controlling factor, with a greater degree of weathering
causing higher rock porosity on shallow slopes. Distinctly
high rock porosity group means are shown for areas of
shallow slope, and low group means for areas of steep
slope. Bedrock lithology may not be an important factor,
because lithophysic and non-lithophysic bedrock units have
the same soil-rock porosity classification.

Rock particle density shows a pattern similar to that
of rock porosity. Slightly higher rock particie density on
the ridge crest may be due to weathering and the opening of
pores originally sealed in the welded tuf€.

Moisture content measured by the sand cone and
nuclear gage methods shows slope and aspect controls, with
higher mean values on north-facing slopes and slopes of 0-

to l0-percent.

“r=
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Final Map Classification

‘\r/ A final Genesis-Lithology-Qualifier (GLQ) map
consiSting of four map units was prepared by combining
preliminary map units according to similarities based on
the GLQ mapping system. The method used was a topical
study in which map units were grouped by similar attributes
resulting in new .groups that have a maximum acceptable
heterogeneity with respect to the basic GLQ criteria
(Varnes, 1974). Aggregation of the 15 preliminary map
units resulted in one residuum unit, one slide unit, one
colluvial creep unit, and one colluvial unit including
creep and talus deposits (Plate 1l).

AOV and Tukey testing of the measured physical
property data grouped by the four GLQ map units resulted :n
a more complete resolution than the test results on the 15
preliminary map units, especially with respect to texture
variables. Statistical results are tabulated on Plate 1.
In particular, gravel content, silt content, and cobble
count data are completely resclved into groups of high or
low means at the 95-percent confidence level for the entire
study area. Thehggq grouping also resulted in a nearly
complete statistical resolution of clay content data, with
the residuum unit assigned to a high mean catagory and

colluvial units assigned to a low mean category. Slide

-
i :
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(flow) deposits, which occupy a relatively small total
area, yielded ambiguous results on mean clay content.

In general, mean gravel content is lower in residuum.
(mean = 33.18%) than in the other three GLQ units. Mean
sand content is higher in the residuum unit than in the
colluvial (creep-talus) unit, but the difference is slight
(4.99%). Mean silt content is lower in the residuum unit
than all others (5.74- to 7.94-%). The colluvial units
have lower mean clay contents than the residuum unit
(2.95%). Mean fine-soil grain-size geometric standard
dévation is slightly higher in the residuum unit than the
slide and colluvial creep units. Rock fragment (2Zmm-
4.75mm) porosity and bulk density show a direct inverse
relationship, with high porosity and low bulk density in
the residuum unit, and low porosity and high bulk density
in the slide unit. Mean cobble count is higher in the
colluvial creep-talus unit than all others.

All of these physical property distinctions among the
GLQ map units may affect the hydrologic character and
infiltration capacity of the map unit soils, however, the
texture of the fine-soil component may be the most

=

important control on hydraulic conductivity. Campbell

(1985) presents an equation to estimate the saturated
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hydraulic conductivity of a soil using silt and clay

contents:

KS = C exp(-6.9 m.= 3.7 ms)

3

where C = 4x10° kg s m-3 {best £it from experimental data),

and m and m, are clay and silt mass fractions. Using this

predictive equation, and the mean silt and clay mass
fractions of the fine-soil components of the four GLQ map
soils, the hydraulic conductivities listed in Table 8 are
found.

Mean silt and clay contents for the colluvial creep-
talus deposits yielded the lowest estimated hydraulic
conductivity. This unit also shows a statistically low
mean sand content (58.4%), a statistically high mean silt
content (27.52%), and statistically low mean clay content
(14.08) (Plate 1). The highest estimated hydraulic
conductivity is found for the residuum unit, which shows a
statistically high sand content (63.39%), a statistically
low silt content (19.58), and a statistically high clay
content (17.03). In the sand-dominated soils at the study
area, it hay be the relative amount of silt that determines

the extent to which the interstices between sand grains are
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Table 8. Estimated K-sat for surficial GLQ soils

GLQ Unit Mean Mean K-sat
Silt Clay (cm/hr)
Content Content
(%) : (%)
Cgs-c(cr-ta)(0-0.9) 27.52 14.08 1.93
Sgs-c(£1)(0.2.4) 25.58 14.54 2.00
Cgs-c(cr)(0.3-1.2) 25.32 14.08 2.09
Rsg-c(wp)(0-0.6) 19.58 17.03 2.11

filled, and therefore determines the pore-size distribution
that ultimately controls hydraulic conductivity.

The estimated hydraulic conductivities, although
based on statistically distinct textural values, differ by
insignificant amounts. Therefore, based on these
estimates, the surficial soils in the study aréa appear to
be hydrologically the same. Any contrasts in the
hydrologic character of the GLQ map unit soils would then
be dependent on the properties of the lower soil horizons
in each map unit.

Each of the four GLQ map unit soils is observed to
have different.eharacteristics in the surface and/or
subsurface soil horizons. Illuviation is evident in each

map unit soil, however, the degree of illuviation may vary.

Descriptions of the soil horizons present in the four GLQ
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soils are presented in Table 4 and illustrated in Figure
10.

The most distinctive soil profile is that of the
slide soil unit. It includes a well-cemented caliche
horizon adjacent to bedrock. The caliche could act as a
barrier to infiltration, however, the areal extent of this
soil unit is smail; it may not be important in the overall
hydrologic character of Yucca Mountain soils. The soil
horizons of the colluvial creep and creep-talus units are
similar, except for the statistically higher mean cobble
count in the creep-talus unit. The residuum soil unit
shows a greater degree of illuviation than all other soil
units. This is consistent with the statistically low means
in gravel and silt, and statistically high mean sand
content. The zone of elluviation (horizon II) may
therefore have a lower hydraulic conductivity because of

the deposition of fines.

s Ve,
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CONCLUSIONS AND RECOMMENDATIONS

. The soils in the study area are skeletal, with the
exception of the residual soils on the ridge tops. The
fine-soil component of the surficial soils are sand-
dominated, and the clay fraction is far more variable than
the sand and silt fractions. Surficial soils are gap-
graded and include large distribution modes in the gravel
and fine-sand ranges.

Illuviation is evident in most areas, and is more
pronounced in the residual soils where slopes are gentle.
The mean clay fraction of the fine-soil component of
illuviated soil horizons is approximately twice that of the
surficial soils. A continuous caliche layer was found only
in earth-flow deposits at slope bases. Total soil
thickness ranges from 0- to 2.4-meters, and averages 74-
percent thicker on north-facing slopes as compared to
south-aspect slopes.

The correlation analysis of soil and geomorphic
variables resulted in generally low correlation
coefficients; however, several of the correlations may be

important. For example, moisture content is correlated

positively with fine-soil bulk density (r2 = 0.46) and clay
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content (r2 = 0.18). In the sand-dominated, fine-soil
component of the study area soils, the clay fraction fills
interstices formed by larger soil particles, reduces pore
sizes, and increases moisture retention. Moisture content,
which is a simple measurement, may be rélated to fine-soil
bulk density, clay content, and pore-size distribution.

A relationship is shown, by correlation and AOV with
multiple comparison testing, between slope position and
fine-soil bulk-density. Fine-soil bulk density generally
decreases toward the base of slope; this relationship may
be due to the disruption of soil structure by colluvial
processes on steep slopes and soil-forming processes on
ridge tops where slopes are more shallow.

Analysis of variance and multiple-comparison testing
of physical property data shows important patterns in the
geomorphic distribution of the measured variables. Testing
of the data grouped by aspect shows distinctly higher silt
content on south- and east-facing slopes in relation to
that on north and west aspect slopes. West-facing slopes
show distinctly lower sand content than east- and south-
facing slopes. Aspect groupings also show distinctly lower
moisture content on south-facing slopes as compared to that

of north-facing slopes. Moisture content is also shown to
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be lower on steep slopes, including the west-facing scarp.
These patterns may be a result of lower weathering rates on
the drier south- and west-facing slopes, and/or the
possible influence of eolian processes on the distribution
of fine sand.

Slope-position groupings resulted in distinct
classifications of sand and silt contents and fine-soil
bulk density. The 50- to 75-percent slope position is
distinct;y lower than the top half in fine-soil bulk
density and distinctly lower in sand content than all other
slope-position ranges. 1In addition, the 50- to 75—peréent
slope position is distinctly higher in silt content than
all other slope positions. These relationships are
consistant with higher fine-soil bulk density in well-
graded soils.

The percent slope grouping shows that the 10- to 40-
percent slope sample group has distinctly higher sand
content, lower silt content, and higher rock porosity.
Although moisture contents are not distinct between these
sample groups, the total amount of weathering may be
greater for the 10=.to 40-percent group because of

residence time and moisture differences during times of

greater precipitation.




ZR-3351 74

Results from bedrock-unit groups may reflect the
effects of slope position. Bedrock unit contacts generally
Eollo@ topographic contours, and the lithologies of the
bedrock units are not greatly different.

Preliminary map-unit groups yielded distinct results
on more physical property variables than any other
grouping, however, the distinctions were usually resolved
on only a few groups, and much of the study area is
classified in the ambiguous catagory. Upon the aggregation
of the 15 preliminary map units into four groups of similar
genesis, retesting resulted in nearly complete resolution
of textural variables. Because it has been shown that
texture is the most important physical property related to
hydrélogic characteristics, the final GLQ classification
may be a valid hydrologic classification of surficial
soils.

An estimation of saturated hydraulic conductivity
based on mean silt and clay contents of the four GLQ units
shows a range of 1.93- to 2.1l-cm/hr. The illuviated
residuum map unit has the highest estimated hydraulic
conductivity, aggﬂ;pe colluvial creep-talus unit has the
lowest estimate. These estimates are not greatly

different, however, and the effects of the physical

properties of the surficial soils on the infiltration
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capacity of the total soil profile may be small in
comparison to anticedent moisture conditions and the
propérties of subsurface soil horizons.

A GLQ classification of the soils in the study area
resulted in four classes: a residuum (weathering profile)
unit; colluvial (creep) unit; colluvial (creep-talus) unit;
and a slide (flow) unit. With the grouping of surficial
textural data according to the final GLQ map units, mean
sand, silt, and clay content are shown to be statistically
distinct in nearly every comparison among the map unit data
groups. Despite the textural distinctions of surficial .
soils among the GLQ map units, estimated hydraulic
conductivities of these soils are nearly identical;
therefore, any hydrologic distinctions among the four GLQ
soils should be controlled by the soil subhorizons. In
each GLQ map unit, a characteristic pattern of soil
horizons is observed. Because of the statistically
distinct textural data and characteristic horizonation of
each map unit soil, the GLQ map may be a valid hydrologic
classification of Yucca Mountain soils.

The resulE§y9§ this study should be useful in future
hydrologic studies at Yucca Mountain for the purposes of

minimizing the number of field-scale infiltration

experiments necessary for hydrologic characterization.
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Infiltration plots could be assigned to each of the four
GLQ map units, and the results combined with soil physical
propérty data by correlation or cokriging to enhance and
extend the results of "wet" tests. Other soil mapping
methods, such as the Soil Conservation Service soil survey
methods, should be evaluated and compared to the GLQ method
in the context of the geomorphic conditions at Yucca

Mountain and the objectives of the Nuclear Hydrology

Program.
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APPENDIX A

! SURFICIAL SOIL DATA

e rE S,




ER-3351 33

EXPLANATION OF SAMPLE LABELS

Sample Label Explanation

GLQ UNIT Genesis-Lithology-Qualifier map unit
(see Plate 1).

SAMPLE NUMBER Sample location number (see Plate 2).

STATION Trench sample station: C-5 = trench C,

station S (see Plate 2)}.

BEDROCK UNIT cks Clinkstone, cul = Upper Lithophysal

cuc Upper Cliff, ccr = Caprock
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EXPLANATION OF VARIABLE ABBREVIATIONS

Abbreviation Units Explanation

COBBLE COUNT (%) Percent soil surface >75 mm diameter rock.
GRAVEL (%) Gravimetric gravel-content of <75 mm soil.
SAND (%) Gravimetric sand content of <2 mm soil.
SILT (%) Gravimetric silt content of <2 mm soil.
CLAY (%) Gravimetric clay content of <2 mm soil.
LT.2MM.GMGS {mm) Geometric mean grain size of <2 mm soil.
LT.2MM.GSTDEV Geometric standard deviation of <2 mm soil.
ROCK.PART.DENS (g/cc) Rock particle density 2-4.75mm dia.

ROCK POROSITY (%) Rock porosity 2-4.75mm dia.

ROCK BULK DENSITY (g/cc) Rock bulk density 2-4.75mm dia.

BC.TOT.BD (g/cc) Dry bulk density of bead~cone sample.
GT.2MM.VF (%) Volumetric content >2mm dia., (bead-cone).
LT.2MM.BD (g/cc) Fine soil (<2 mm) bulk density (bead-cone).
NUC.WET.BD (g/ce) Nuclear gauge measured wet bulk density.
NUC.DRY.BD (g/cc) Nuclear gauge measured dry'bulk density.
NUC.MOIST.PCT (%) Mass water content (nuclear gauge)
SC.MOIST.PCT (%) Sand-cone sample gravimetric water content,
SC.WET.BD (g/cc) Sand-cone sample wet bulk density.
SC.DRY.BD (g/cc) Sand-cone sample dry bulk density.

oM (%) Organic matter gravimetric content.

ASPECT Soil surface aspect group

SLOPE.PERCENT (%) Scil surface slope.

VERT.POSITION (%) . Slecpe position, measured in vertical.
HORIZ.POSITION ({T;'>' Slope position, measured in horizontal.
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e e GLQ UNIT: COLLUV..M (CREEP) =—==--==-=---o—mooeo-

SAMPLE COBBLE
GLQ UNIT NUMBER STATION COUNT GRAVEL SAND SILT

! COLLUV. (CREEP) -
COLLUV. (CREEP) -

COLLUV. (CREEP) -

! COLLUV. (CREEP) -
COLLUV. (CREEP) -

COLLUV. (CREEP) -

t COLLUV. {CREEP) -
COLLUV. (CREEP) -

COLLUV. (CREEP) -

t

IZK’ZI’D'ZPZK"IPD [wiNe
R O N I V)
[
|
|
]

COLLUV. (CREEP) 3 18.75 48.08 59.58 23.28

COLLUV. (CREEP) 6 - 9.50 41.93 62.06 23.34

COLLUV. (CREEP) 10 010 12.25 43.98 58.71 29.386

COLLUV. (CREEP) 12 - 15.00 S51.44 61.88 24.78

: COLLUV. (CREEP) 26 - 6.75 41.95 60.59 24.59
COLLUV. (CREEP) 27 - 14.50 34.959 59.74 26.03

’ COLLUV. (CREEP) 28 - 9.50 47.85 61.53 22.94
‘ COLLUV. (CREEP) 29 029 20.25 40.42 70.16 23.14
COLLUV. (CREEP) 30 030 16.00 36.95 69.78 18.32

COLLUV. (CREEP) 31 031 1.50 45.53 56.31 29.21

- COLLUV. (CREEP) 32 032 12.00 43.13 53.58 30.25
COLLUV. (CREEP) 33 - 10.00 54.41 58.77 28.07

COLLUV. (CREEP) 34 - 14.75 63.37 60.37 27.89

! COLLUV. (CREEP) 35 -~ 3.75 42.18 60.41 26.33
2 COLLUV. (CREEP) 36 - 10.75 46 .54 59.58 24.70
COLLUV. (CREEP) 37 - 7.25 38.81 62.51 26.78

COLLUV. (CREEP) 38 - 14.00 46.48 64.44 23.47

COLLUV. (CREEP) 39 - 18.50 40.91 57.65 26.18

COLLUV. (CREEP) 40 - 12.75 52.47 61.12 23.94

COLLUV. (CREEP) 44 - 21.00 51.68 56.25 29.06

COLLUV. (CREEP) 64 - 15.25 48.88 61.80 21.77

COLLUV. (CREEP) 65 065 13.25 51.05 61.80 24.11

COLLUV. (CREEP) 66 066 26.25 48.44 63.00 21.48

COLLUV. (CREEP) 67 067 28.75 46.82 59.79 24.43

COLLUV. (CREEP) =79} . - 12.00 46.79 55.89 29.14

COLLUV. {CREEP) 94 094 14.50 50.07 57.92 27.45

COLLUV. (CREEP) 9% - 8.50 46.45 50.24 30.85

COLLUV. (CREEP) 100 - 14.75 49.10 68.65 21.73

COLLUV. (CREEP) 103 - 10.00 33.62 63.34 19.48

COLLUV. (CREEP) 104 - 24.25 62.87 60.65 27.50

s
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S~ ROCK
S SAMPLE LT.2MM LT.2MM PART
GLQ UNIT NUMBER STATION CLAY GMGS GSTDEV DENS

COLLUV. (CREEP) -
COLLUV. (CREEP) -
COLLUV. (CREEP) -
COLLUV. (CREEP) -
COLLUV. {CREEP) -
COLLUV. (CREEP) -
COLLUV. (CREEP) -
COLLUV. (CREEP) -
COLLUV. (CREEP) -

[
i
|
|

l:x’:n-:v:»:x;:boon
N e W ®WoWn

|

|

i

)

COLLUV. (CREEP) 3 17.1 0.0s 5.29 2.45
COLLUV. (CREEP) 6 - 14.60 0.05 5.56 -
COLLUV. (CREEP) 10 010 11.93 0.05 4.30 -
COLLUV. (CREEP) 12 - 13.34 0.05 4.81 -
COLLUV. (CREEP) 26 - 14.81 0.05 5.01 -
COLLUV. (CREEP) 27 - 14.22 0.05 4.89 -
COLLUV. (CREEP) 28 - 15.53 0.05 5.59 -
COLLUV. (CREEP) 29 029 6.71 0.08 4.44 2.53
! COLLUV, (CREEP) 30 030 11.90 0.07 5.41 2.51
COLLUV. (CREEP) 31 031 14.48 0.05 4.69 -
COLLUV. (CREEP) 32 032 16.18 0.04 4.98 -
COLLUV. {CREEP) 33 - 13.16 0.05 4.96 -
~— COLLUV. (CREEP) 34 - 11.74 0.06 5.77 -
COLLUV. (CREEP) 35 - 13.26 0.05 4.57- 2.48
COLLUV. (CREEP) 36 - 15.71 0.05 5.79 2.50
COLLUV. (CREEP) 37 - 10.71 0.086 4.76 -
COLLUV. (CREEP) 38 - 12.09 0.06 5.04 2.48
COLLUV. (CREEP) 39 - 16.17 0.05 5.77 -
f COLLUV. (CREEP) 40 - 14.94 0.06 5.82 -
i COLLUV. (CREEP) 44 - 14.69 0.05 5.34 2.48
COLLUV. (CREEP) 64 - 16.43 0.05 5.83 -
COLLUV. (CREEP) 65 065 14.09 0.06 5.35 2.49
COLLUV. (CREEP) 66 066 15.52 0.06 5.83 -
COLLUV. (CREEP) 67 067 15.78 0.05 5.57 -
COLLUV. (CREEP) 91 - 14.97 0.05 5.25 -
COLLUV. (CREEP) 94 094 14.62 0.05 5.31 2.47
COLLUV. {CREEP) &5~ 18.91 0.04 5.95 -
COLLUV. (CREEP) 100 - 9.63 0.07 4.24 -
: COLLUV. (CREEP) 103 - 17.17 0.06 6.14 -
' COLLUV. (CREEP) 104 - 11.85 0.05 4.79 -
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S ROCK GT.
SAMPLE ROCK BULK BC TOT 2MM
GLQ UNIT NUMBER STATION POROSITY DENS 8D UF
COLLUV. (CREEP) - C-5 - - 1.53  33.8
COLLUV. (CREEP) - D-6 - - 1.65 51.3
COLLUV. (CREEP) - D-3 - - -
COLLUV. (CREEP) - aA-8 - - 1.54  37.0
COLLUV. (CREEP) - a-1 - - 1.69  41.7
COLLUV. (CREEP) . - A-3 - - - -
COLLUV. { CREEP) Y Y - - 1.62 42.1%
COLLUV. (CREEP) - A-6 - - 1.73  37.8
COLLUV. (CREEP) - A-7 - - 1.54 31.8
COLLUV. (CREEP) 3 - 20.38 1.95 - -
COLLUV. (CREEP) 6 - - - - -
COLLUV. (CREEP) 10 010 - - 1.56  44.0
COLLUV. (CREEP) 12 - - - - -
A COLLUV. (CREEP) 26 - - - - -
' COLLUV. (CREEP) 27 - - - - -
; COLLUV. (CREEP) 28 - - - - -
COLLUV. (CREEP) 29 029 32.99 1.69 1.53 37.0
! COLLUV. (CREEP) 30 030 30.87 1.73 1.34 18.5
: COLLUV. (CREEP) 31 031 - - 1.56 10.2
COLLUV. (CREEP) 32 032 - - 1.51  34.4
COLLUV. (CREEP) 33 - - - - -
“ COLLUV. (CREEP) 3a - - - - -
i COLLUV. (CREEP) 5 - 23.15 1.91 - -
COLLUV. (CREEP) 36 - 28.16 1.80 - -
COLLUV. (CREEP) 37 - - - - -
COLLUV. (CREEP) 38 - ' 26.39 1.83 - -
COLLUV. (CREEP) 39 - - - - -
COLLUV. (CREEP) 40 - - - - ~
, COLLUV. (CREEP) 44 - 23.77 1.89 - -
| COLLUV. (CREEP) 64 - - - - -
: COLLUV. (CREEP) 65 065 22.50 1.93 1.48  33.0
COLLUV. (CREEP) 66 066 - - 1.50  39.0
COLLUV. (CREEP) 67 067 - - 1.60  46.2
COLLUV. (CREEP) 91 - - - - -
COLLUV. (CREEP) 94 094 22.86 1.91 1.61  43.1
COLLUV. (CREEP) =35 - - - - -
COLLUV. (CREEP) 100 - - - - -
COLLUV. (CREEP) 103 - - - - -
COLLUV. (CREEP) 104 - - - - -
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S NUC
SAMPLE LT.2MM NUC NUC MCIST
GLQ UNIT NUMBER STATION BD WET BD DRY BD PCT
COLLUV. (CREEP) - C-5 1.15 - 1.36 -
COLLUV. (CREEP) -~ D-6 1.17 - 1.47 -
COLLUV. (CREEP) - D-3 - - 1.43 -
COLLUV. (CREEP) - a-8 1.20 - 1.48 -
COLLUV. (CREEP) - a-1 1.40 - 1.44 -
COLLUV. (CREEP) - A-3 - - 1.49 -
COLLUV. (CREEP) - a-4 1.27 - L.27 -
COLLUV. (CREEP) - a-6 1.50 - 1.54 -
COLLUV. (CREEP) - A-7 1.28 - 1.58 -
COLLUV. (CREEP) j - - 1.40 1.36 2.85
COLLUV. (CREEP) 6 - - 1.40 1.37 2.60
i COLLUV. (CREEP) 10 010 . 1.13 1.41 1.37 2.79
COLLUV. (CREEP) 12 - - 1.48 1.45 1.91
‘ COLLUV. (CREEP) 26 - - 1.44 1.42 1.93
: COLLUV. (CREEP) 27 - - 1.43 1.40 1.722
| COLLUV. (CZEP) 28 - - 1.40 1.36 2.93
COLLUV. (CREEP) 29 029 1.19 1.44 1.40 3.11
COLLUV. (CREEP) 30 030 1.17 1.40 1.37 2.67
COLLUV. (CREEP) 31 031 1.20 1.40 1.36 2.66
i COLLUV. (CREEP) 32 032 1.19 1.34 1.30 3.29
COLLUV. (CREEP) 33 - - 1.43 1.40 1.91
‘ COLLUV. (CREEP) 34 - - 1.43 1.41 1.45
~ COLLUV. (CREEP) 3s - - 1.45 1.42 1.93
' COLLUV. (CREEP) 36 - - 1.40 1.36 2.97
COLLUV. (CREEP) 37 - - 1.46 1.41 3.26
COLLUV. (CREEP) 38 - - 1.40 1.37 2.69
COLLUV. (CREEP) 39 - - 1.37 1.34 2.41
COLLUV. (CREEP) 40 - - 1.38 1.39 3.49
COLLUV. (CREEP) 44 - - 1.37 1.34 3.14
COLLUV. (CREEP) 64 - - 1.38 1.35 2.15
COLLUV. (CREEP) 65 065 1.17 1.48 1.45 2.07
COLLUV. (CREEP) 66 066 1.11 1.44 1.41 2.18
COLLUV. (CREEP) 67 067 1.17 1.40 1.36 2.66
COLLUV. (CREEP) 91 - - 1.43 1.39 2.41
COLLUV. (CREEP) 94 094 1.23 1.50 1.47 2.50
COLLUV. (CREEP) 95, - - 1.40 1.36 3.17
COLLUV. (CREEP) 100 - - 1.36 1.32 2.99
COLLUV. (CREEP) 103 - - 1.36 1.32 3.19
COLLUV. (CREEP) 104 - - 1.52 1.49 2.11
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AN
sc
SAMPLE MOIST SC WET SC DRY
GLQ UNIT NUMBER STATION PCT BD BD oM
COLLUV. (CREEP) - Cc-5 10.97 1.77 1.60 0.72
COLLUV. (CREEP) - D-6 9.75 1.43 1.31 0.60
COLLUV. (CREEP) - D-3 11.77 1.49  1.33 -
COLLUV. (CREEP) - a-8 16.46 1.59 1.36 0.66
COLLUV. (CREEP) - A-1l 14.04 1.93 1.69 1.00
COLLUV. (CREEP) - a-3 14.07 1.63 1.43 -
COLLUV. (CREEP) - a-4 20.97 1.33 1.10 1.28
COLLUV. (CREEP) - a-6 12.26 1.52 1.36 0.99
COLLUV. (CREEP) - a-7 14.50 1.87 1.63 0.97
COLLUV. (CREEP) 3 - - - - -
COLLUV. (CREEP) 6 - - - - -
- COLLUV. (CREEP) 10 010 - - - 1.68
. COLLUV. (CREEP) 12 - - - - -
COLLUV. (CREEP) 26 - - - - -
COLLUV. (CREEP) 27 - - - - -
| COLLUV. (CREEP) 28 - - - - -
: COLLUV. (CREEP) 29 029 - - - 0.77
COLLUV. (CREEP) 30 030 - - - 0.94
COLLUV. (CREEP) 31 031 - - - 0.46
COLLUV. (CREEP) 32 032 - - - 1.03
N COLLUV. (CREEP) 33 - - - - -
COLLUV. (CREEP) a4 - - - - -
COLLUV. (CREEP) 35 - - - - -
COLLUV. (CREEP) 36 - - - - -
COLLUV. (CREEP) 37 - - - - -
COLLUV. (CREEP) 38 - - - - -
COLLUV. (CREEP) 39 - - - - -
COLLUV. (CREEP) 40 - - - - -
COLLUV. (CREEP) 44 - - - - -
COLLUV. (CREEP) 64 - - - - -
COLLUV. (CREEP) 65 065 - - - 0.63
COLLUV. (CREEP) 66 066 - - - 0.78
COLLUV. (CREEP) 67 067 - - - 1.16
COLLUV. (CREEP) 91 - - - - -
COLLUV. (CREEP) 94__094 - - - 0.85
COLLUV. (CREEP) §s - - - - -
COLLUV. (CREEP) 100 - - - - -
COLLUV. (CREEP) 103 - - - - -
! COLLUV. (CREEP) 104 - - - - -
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GLQ UNIT

COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)

SAMPLE
NUMBER

100

“1049 -

104

STATION

O on
11
[« %))

[ I
~N e W oW

1373’3.’3’3’!1’

o
—
o

ASPECT

SOUTH
WEST
WEST
EAST
EAST
EAST
NORTH
NORTH
EAST
NORTH
NORTH
NORTH
EAST
EAST
EAST
EAST
NORTH
EAST
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
EAST
NORTH
NORTH
SQUTH
SOUTH
SOUTH
SOUTH
SOUTH
EAST
NORTH
NORTH
EAST
SOUTH
NORTH

SLOPE
PERCENT

25.00
33.33
36.36
40.00
33.33
33.33
30.29
32.62
33.92
42.40
42.40
42.40
70.67
24.94
22.32
33.92
33.92
42.40
49.88
37.69
32.62
32.62
24.23
35.33
28.27
40.38
35.33
38.55
38.5%5
38.55
28.27
35.33
26.78
40.38
47.11
35.33

VERT

POSITION

16.
28.
33.
a1,
38.
37.
a4.
41.
56.
53.
53.
53.
38.
57.
76.
56.
56.
33.
47.
76.
a1.
a1,
68.
57.
38.
.00
3s.
.06
47.
a7.

80

47

22

11

67
12
33
18
46
S0
44
18
25
57
57
57
24
13
47
25
25
33
37
47
18
18

A
g

14
10

71

06
06

.73
31.
.11
.51
S0.
85.

S8

00
29

HORIZ
POSITION.
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dr da
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COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. {CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)
COLLUV. (CREEP)

SRR,
SAMPLE BEDROCK
GLQ UNIT NUMBER STATION UNIT
- C-5 CKS
- D-6 CKS
- D=3 CUL
- a-8 CKS
- a-1 cUL
- A-3 CcUL
- a-4 cuUL
- a-6 CUL
- A-7 cuUL
3 - CKS
6 - CKS
10 010 CKS
12 - CKS
26 - CKS
27 - CKS
28 - CUL
29 029 CcUL
30 030 CUL
31 031 CKS
32 032 CKS
33 - CUL
34 - CUL
s - CKS
36 - CKS
37 - CKS
38 - CUL
39 - CKS
40 - CKS
44 - CKS
64 - CKS
65 065 CUL
66 066 CUL
67 067 CUL
91 - CUL
“%F4 094 CUL
.95 - CKS
100 - CUL
103 - CUL
104 - CKS

COLLUV. (CREEP)

51
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SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE

(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
{FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
{FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
({FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)

GLQ UNIT:

SAMPLE
GLQ UNIT NUMBER

PRt

COBBLE
STATION COUNT

- 21.50
- 20.75
- 9.00
- 9.75
- 6.50
- 16.75
- 21.25
- 13.7%
- 9.25
- 17.75
- 6.25
- 21.00
- 14.00
- 15.75
- 17.25
- 12.75
- 28.75
- 19.50
- 6.00
- 4.50
- . 7.75
- 7.25
- 6.50
- 14.00
- 8.75
- 8.50
- 2.75
- 8.75

41.62
13.52
40.46
47.93
50.88
46.25
58.91
52.09
49.93
41.62
45.26
40.76
36.45
44.48
42.14
52.06
56.90
39.72
34.65
42.95
64.11
53.43
50.69
58.64
41.84
52.65
43.57
38.08

67.29
67.64
68.62
59.18
68.02
68.27
68.52
61.50
50.52
63.29
63.15
62.66
58.23
67.44
57.40
65.18
52.13
63.56
60.06
62.60
58.51
44.45
45.24
51.62
60.63
57.64
54.46
49.03

22.92
19.26
19.35
26.80
13.37
17.78
17.37
21.38
26.91
18.04
26.07

25.19

24.15
18.33
22.17
20.48
36.24
24.77
28.17
25.66
32.01
37.10
38.13
33.15
28.71
28.17
34.11
23.84

92
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"
ROCK
SAMPLE LT.2MM LT.2MM PART
GLQ UNIT NUMBER STATION CLAY GMGS GSTDEV DENS
SLIDE (FLOW) - D-12 - - - _
SLIDE (FLOW) - D-3 - - - -
SLIDE (FLOW) - a-10 - - - -
SLIDE (FLOW) - aA-12 - - - -
SLIDE (FLOW) . - a-l4 - - - -
SLIDE (FLOW) - - A-16 - - - -
SLIDE (FLOW) s - 9.87 0.06 3.93 -
SLIDE (FLOW) 3 - 13.10 0.97 5.44 2.49
SLIDE (FLOW) 11 - 12.04 0.07 5.19 2.51
SLIDE (FLOW) 14 - 14.02 0.05 5.42 -
SLIDE. (FLOW) 21 - 12.01 0.07 5.45 -
SLIDE (FLOW) 22 - 13.35 0.07 5.40 -
" SLIDE (FLOW) 23 - 14.11 0.07 5.99 -
; SLIDE (FLOW) 24 - 17.12 0.05 5.84 -
} SLIDE (FLOW) 25 - 22.57 0.04 6.35 -
; SLIDE (FLOW) 57 - 18.67 0.05 5.62 -
; SLIDE (FLOW) 58 - 10.78 0.06 4.24 -
: SLIDE (FLOW) 59 - 12.15 0.06 1.90 -
SLIDE (FLOW) 60 - 17.62 0.04 5.33 -
u SLIDE {FLOW) 68 - 14.23 0.06 5.37
S SLIDE (FLOW) 69 - 20.42 0.04 6.13 2.48
; SLIDE (FLOW) 70 - 14.34 0.06 5.23 -
! SLIDE (FLOW) 71 - 11.64  0.05  5.03 -
SLIDE (FLOW) 73 - 11.67 0.05 4.17 2.46
SLIDE (FLOW) 74 - 11.77 0.05 4.60 2.46
SLIDE (FLOW) 75 - 11.74 0.06 4.68 -
SLIDE (FLOW) 80 - 9.47 0.06 4.97 -
SLIDE (FLOW) 81 - 18.45 0.04 5.83 2.47
SLIDE (FLOW) g2 - 16.63 0.04 5.43 -
SLIDE (FLOW) 83 - 15.23 0.05 5.64 -
SLIDE (FLOW) 84 - 10.66 0.05 4.04 2.48
SLIDE (FLOW) 93 - 14.20 0.05 5.12 -
SLIDE (FLOW) 98 - 11.43 0.04 4.44 -

SLIDE (FLOW) 99 - 27.13 0.03 6.73 2.46




ER-3351 34
A
ROCK GT.
SAMPLE ROCK BULK BC TOT 2MM
GLQ UNIT NUMBER STATION POROSITY DENS BD VF
SLIDE (FLOW) - D-12 - - 1.54 36.8
SLIDE (FLOW) - D-9 - - - -
SLIDE (FLOW) - a-10 - - - -
SLIDE (FLOW) - a-12 - - 1.48  33.6
SLIDE (FLOW) - a-14 - - - -
SLIDE (FLOW) - A-16 - - 1.64  16.0
SLIDE (FLOW) g8 - - - - -
SLIDE (FLOW) 9 - 22.47 1.93 - -
SLIDE (FLOW) 11 - 32.05% 1.70 - -
SLIDE (FLOW) 14 - - - - -
SLIDE (FLOW) 21 - - - - -
SLIDE (FLOW) 22 - - - - -
SLIDE (FLOW) 23 - - - - -
SLIDE (FLOW) 24 - - - - -
SLIDE (FLOW) 25 - - - - -
SLIDE (FLOW) 57 - - - - -
SLIDE (FLOW) 58 - - - - -
SLIDE (FLOW) 59 - - - - -
SLIDE (FLOW) 60 - - - - -
, SLIDE (FLOW) 68 - - - - -
S~ SLIDE (FLOW) 69 - 24.12 1.88 - -
SLIDE (FLOW) 70 - - - - -
SLIDE (FLOW) 71 - - - - -
SLIDE (FLOW) 73 - 20.19 1.96 - -
SLIDE (FLOW) 74 - 19.52 1.98 - -
SLIDE (FLOW) 75 - - - - -
SLIDE (FLOW) 80 - - - - -
SLIDE (FLOW) gL - 16.63 2.06 - -
SLIDE (FLOW) g2 - - - - -
SLIDE (FLOW) 83 - - - - -
SLIDE (FLOW) 84 - 18.64 2.02 - -
SLIDE (FLOW) 93 - - - - -
SLIDE (FLOW) 98 - - S - - -
SLIDE (FLOW) 99 - 19.68 1.97 - -
‘vﬁ
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SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE

SLIDE

SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE
SLIDE

SAMPLE
GLQ UNIT NUMBER

(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
{FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
{FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
(FLOW)
{FLOW)
(FLOW)
(FLOW)

(FLOW) er= .,

{FLOW)

98
98

STATION

D-12
D-9

A-10
aA-12
A-l4
A-16

LT.2MM

Fo

[T T e |

8D

.22

.16

.25

NUC
WET BD

ORY

[ O e = Sl I e e e e S e s i il e ol ol el i L e e

NUC
BD

.37
.58
.49
.57
L4l
.52
.52
.48
.42
.al
.36
.37
.5%
.68
.48
.46
.48
.41
.44
.38
.36
.50
.32
.41
.49
.38
.46
.39
.48
.44
.35
.31
.30
.33

NUC

MOIST

WRN WRNRRNRNFERPE W WK W R NN R e

PCT

.88
7l
.51
.57
.37
.07
.51
.10
.48
.03
.22

-
. L

.28
.56
.00
.77
.50
.42
.55
.20
.89
.81
.35
.60
.53
.23
.50
.29

95
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AN
sC
SAMPLE MOIST SC WET SC DRY
GLQ UNIT NUMBER STATION PCT BD BD oM
SLIDE (FLOW) - Dp-1i 7.72 1.70 1.58 1.06 §
SLIDE (FLOW) - D-9 11.97 1.63 1.45 - ¢
SLIDE (FLOW) - a-10 14.22 1.57 1.38 - ¢
SLIDE (FLOW) - A-12 12.62 1.64 1.46 1.20 4
SLIDE (FLOW) - A-l4 12.15 1.39 1.24 - *
SLIDE (FLOW) - A-16 - - - 0.98 *
SLIDE (FLOW) g - - - - -
SLIDE (FLOW) 9 - - - - -
SLIDE (FLOW) 1L - - - - -
SLIDE (FLOW) 14 - - - - -
SLIDE (FLOW) 21 - - - - -
SLIDE (FLOW) 22 - - - - -
SLIDE (FLOW) 23 - - - - -
SLIDE (FLOW) 24 - - - - -
SLIDE (FLOW) 25 - - - - - :
SLIDE (FLOW) 57 - - - - - :
SLIDE (FLOW) 58 - - - - - .
SLIDE (FLOW) 59 - - - - -
g SLIDE (FLOW) 60 - - - - -
~ SLIDE (FLOW) 68 - - - - -
SLIDE (FLOW) 69 - - - - -
SLIDE (FLOW) 70 - - - - -
SLIDE (FLOW) 71 - - - - -
SLIDE (FLOW) 73 - - - - -
SLIDE (FLOW) 74 - - - - -
SLIDE (FLOW) 75 - - - - -
SLIDE (FLOW) 80 - - - - -
SLIDE (FLOW) gL - - - - -
SLIDE (FLOW) 82 . - - - - -
SLIDE (FLOW) 83 - - - - -
SLIDE (FLOW) g4 - - - - -
SLIDE (FLOW) 93 - - - - -
SLIDE (FLOW) 98 - - - - -
SLIDE (FLOW) ~§g - - - - -




ER-3351 97
SN

SAMPLE SLOPE VERT EORIZ
CLQ UNIT NUMBER STATION ASPECT PERCENT POSITION POSITION
SLIDE (FLOW) - D-12 WEST ~ 15.00 3.85 11,43
SLIDE (FLOW) - D-9 WEST 40.00 6L.11 65.37

SLIDE (FLOW) - A-10 EAST - - -
SLIDE (FLOW) - a-12 ZAST 14.29 7.69 19,71
SLIDE (FLOW) - A-1l4 EAST 33.33 75.00 75.76
SLIDE (FLOW) - - a-16 EAST 33.33 95.24 32,11
SLIDE (FLOW) g - EAST 36.34 88.2 79.28
SLIDE (FLOW) 9 - SOUTH 33,92 85.11 85.71
SLIDE (FLOW) 1L - SOUTH 12.40 84.62 75.00
SLIDE (FLOW) 14 - WEST 47.11 73.33 66.67
SLIDE (FLOW) 21 - SOUTH 42.40 84.62 75.00
SLIDE (FLOW) 22 - SOUTH 42.40 84.62 75.900
SLIDE (FLOW) 23 - SOUTH 39.91 90.48 78.90
SLIDE (FLOW) 24 - SOUTH 47.11 84.21 75.56
SLIDE (FLCW) 25 - SOUTH 42.40 80.00 77.27
; SLIDE (FLOW) 57 - EAST 42.40 89.66 93.58
é SLIDE (FLOW) 58 - EAST 28.27 95.71 92.86
SLIDE (FLOW) 59 - SOUTH 33.92 87.88 82.35
_ SLIDE (FLOW) 60 - SOUTH 33.92 87.50 82.69
~— SLIDE (FLOW) 68 - SOUTH 28.27 83.33 76.92
SLIDE (FLOW) 69 - SOUTH 28.27 83.33 76.92
SLIDE (FLOW) 70 - SOUTH 28.27 83.33 76.92
SLIDE (FLOW) 71 - EAST 47.11 53.57 71.28
SLIDE (FLOW) 73 - EAST 28.27 95.71 92.8%
SLIDE (FLOW) 74 - EAST 28.27 95.71 92.86
‘ SLIDE (FLOW) 75 - EAST $3.00 87.10 83.52
SLIDE (FLOW) 80 - WEST 47.11 73.33 66.67
SLIDE (FLOW) 8L - WEST 47.11 73.33 66.567
SLIDE (FLOW) 82 - WEST 47.11 69.23 63.16
SLIDE (FLOW) 83 - WEST 47.11 57.14 31.03
SLIDE (FLOW) 84 - NORTH 47.11 80.00 72.58
SLIDE (FLOW) 93 - EAST 42.40 53.12 56.52
SLIDE (FLOW) .98 - EAST 40.138 85.71 77.59
SLIDE (FLOW) *~ 99 - EAST 44.63 55.56 50.75
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N
SAMPLE BEDROCK
GLQ UNIT NUMBER STATION UNIT
SLIDE (FLOW) - D-12 CKS
SLIDE (FLOW) - D-9 CKS
SLIDE (FLOW) - A-10 CKS
SLIDE (FLOW) - A-12 CKS
SLIDE (FLOW) - a-1l4 CKS
SLIDE (FLOW) - Aa-15% CKS '
SLIDE (FLOW) g8 - CKS
SLIDE (FLOW) 9 - CKS
SLIDE (FLOW) 11 - CKS
SLIDE (FLOW) 14 - -
SLIDE (FLOW) 21 - CKS
SLIDE (FLOW) 22 - CKS
SLIDE (FLOW) 23 - CKS
SLIDE (FLOW) 24 - CKS
SLIDE (FLOW) 25 - CKS
SLIDE (FLOW) 57 - CKS
SLIDE (FLOW) 58 - CKS
SLIDE (FLOW) 59 - CKS
SLIDE (FLOW) 60 - CKS
SLIDE (FLOW) 68 - CKS
SLIDE (FLOW) 69 - CKS
- SLIDE (FLOW) 70 - CKS
SLIDE (FLOW) 71 - CKS
SLIDE (FLOW) 73 - CKS
SLIDE (FLOW) 74 - CKS
SLIDE (FLOW) 75 - CKS
SLIDE (FLOW) 80 - -
SLIDE (FLOW) 8l - -
SLIDE (FLOW) 82 - -
SLIDE (FLOW) 83 - -
SLIDE (FLOW) 84 - -
SLIDE (FLOW) 33 - CKS
SLIDE (FLOW) 98 - CKS
SLIDE (FLOW) 99 - CKS




ER-3351

SAMPLE

GLQ UNIT NUMBER

COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr~ta)
COLLUV., (cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr~-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr~ta)
COLLUV. (cr~-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)

er= .

GLQ UNIT:

STATION

lml?m
O -
(LI

CCLLIYTIM

COBBLE
COUNT

13.75
10.00
46.00
10.50
15.00
24.00
24.75
36.00
29.5¢0
35.75
24.25
13.50
26.25
14.25
14.50
27.25
24.75
13.75
15.50
31.75
31.75

9.25
22.00
15.50
36.00
21.75

GRAVEL

12.
.90
.64

19
18

39.
.78

65

54.
S8.
59.
52.
50.
52.
42.
38.
14.
19.
s2.
49.
62.
50.
51.
48.
63.
42.
49.
56.
40.

57

19

55
42
31
03
89
72
79
64
82
40
52
80
91
27
78
17
25
52
18
11
70

99

9.
5l.
64.
67.
59.
61.
53.
63.
60.
54.
59.
59.
55.
S8.
63.
5S.
5S.
63.
61.
57.
6l.
57.
55.
49.
S6.
43.

12
30
49
18
02
44
15
52
00
14
29
95
48
02
76
43
o1
38
33
56
77
91
61
42
60
48

-
<

23.
25.
22,
24.
23.
23.

-4

4.

243.
23.
25.
26.
28.
31.
29.
34.
L.
27.
3l.
33.
27.
26.
29.
3s.
24.
31,

1
&

a7
54
36
62
89
17
67
ol
46
69
24
22
65
52
65
00
72
23
11
42
37
95
85
04
73
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AN
ROCK
SAMPLE LT.2MM LT.2MM PART
GLQ UNIT NUMBER STATION CLAY GMGS GSTDEV DENS
COLLUV.{cr~ta) - B-11 - - - -
COLLUV.(cr-ta) - B-1i$5 - - - -
COLLUV.(cr-ta) - B-9 - - - -
COLLUV.{(cr-ta) 2 - 15.C 0.0% 5.23 -
COLLUV.{(czr-ta) 7 - 15.64 0.06 6.00 -
COLLUV.(cr-ta) 13 - 9.96 0.C6 4.57 -
COLLUV.{(cr-ta) 15 - 9.87 0.c8 5.34 -
COLLUV.(cr-ta) 41 - 16.37 0.06 6.83 -
COLLUV.(cr-ta) 42 - 14.67 0.06 6.02 -
COLLUV.(cc-ta) 43 - 23.68 0.04 7.38 -
COLLUV.{(cr-ta) 52 - 10.81 0.07 5.23 2.47
COLLUV.(cr-ta) 53 - 15.98 0.05 6.12 -
‘COLLUV.(cr-ta) 54 - 22.40 0.04 7.47 -
COLLUV.(cr-ta) 55 - 15.02 0.05 5.79 -
COLLUV.(cr-ta) 56 - 13.81 0.05 5.13 2.50
COLLUV.(cr-ta} 72 - 16.30 0.05 5.08 -
COLLUV.(cr-ta) 76 - 10.33 0.05 4.32 -
COLLUV.(cr-ta) 77 - 6.72 0.07 4.88 -
COL.UV.(cr-ta) 78 - 9.92 0.05 4.38 2.53
COLLUV.(cr~-ta) 79 - 13.98 0.05 5.68 2.51
S~ COLLUV. (cr-ta) 85 - 8.90 0.07 4.63 -
COLLUV.(cr-ta) 86 - 7.44 0.06 4.30 2.48
COLLUV.(cr-ta) 87 -~ 9.33 0.06 5.01 -
COLLUV.(cr-ta) 88 - 10.80 0.06 5.08 2.17
COLLUV.(cr-ta) 89 - 15.72 0.07 7.24 -
COLLUV.(cr-ta) 90 -~ 14.44 0.05 5.41 -
COLLUV.(cr-ta) 92 - 14.74 0.04 5.00 -
COLLUV.(cr-ta) 96 - 19.37 0.0S 6.46 2.46
COLLUV.(cr-ta) 97 - 24.79 0.03 6.14 2.47

e T
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SAMPLE

GLQ UNIT NUMBER

COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr-ta)
COLLUV.{cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta})
COLLUV.(cr-ta)
TOLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV.{(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV. (cr-ta)
COLLUV. (cr—-ta)
COLLUV. (cr-ta)

= e,

ROCK

STATION POROSITY

i W ww
i

O
W

23.60

24.27

23.62
24.96

23.58

21.16

20.14
19.50

ROCK

BULK BC TOT
DENS BD
- 1.54
- i1.57
- 1.63
1.88 -
1.89 -
1.93 -
1.88 -
1.90 -
1.95 -
1.96 -
1.99 -

GT.
2MM
123

L
[+)}
(Ve

01
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NUC
) SAMPLE LT.2MM NUC NUC MOIST
GLQ UNIT NUMBER STATION BD WET 13p DRY BD PCT
COLLUV.(C:-ta) - B-11 1.21 - 1.58 -
COLLUV.(cr-ta) - B-15 1.26 - 1.44 -
COLLUV.(cz-ta) - B-9 l.28 - 1.43 -
COLLUV, (cr-ta) l- - 1.38 1.33 3.15
COLLUV. (cr-ta) 7 - - L. 40 1.36 2.38
COLLUV.(cr‘ta) 137 - - 1.34 1.55 2.53
COLLUV.(cr-ta) 15 - - 1.42 1.39 2.25
COLLUV.(cr-ta) 41 - - 1.43 1.39 3.38
COLLUV.(ct-ta) 42 - - 1.45 1.40 3.34
COLLUV.(cr-ta] 43 - - 1.32 1.26 5.00
COLLUV.(cr-ta) 52 - - 1.42 1.38 2.87
COLLUV.(cr-ta) 53 - - 1.48 1.44 2.92
COLLUV.(cr-ta) 54 - - 1,32 1.38 3.23
COLLUV. (cr-ta) 55 -~ - 1.44 1.39 3.32
COLLUV. (cr-ta) 56 - - 1,38 1.33 3.81
COLLUV.(cr-ta) 72 - - 1.37 1.33 3.41
COLLUV.(cr—ta) 76 - - - - -
COLLUV.(cr-ta) 77 - - - - -
COLLUV.(cr-ta) 78 - - 1.49 1.47 1.48
COLLUV.(cr—ta) 79 - - 1.41 1.38 2.66
COLLUV.(cr-ta) 85 - - 1.43 1.39 2.70
COLLUV.{cr-ta) 86 - - 1.37 1.33 2.58
~— COLLUV. (cr-ta) 87 - - 1.39 1.34 3,79
COLLUV.(cr-ta) 88 - - - - -
COLLUV.(cr-ta) 89 - - 1.36 1.33 2.52
COLLUV.(cr-ta) 90 - - 1.49 1.46 2.36
COLLUV. (cr-ta) 92 - - 1.25 1.22 2.19
COLLUV.(cr-ta) 56 - - 1.50 1.4s5 3.03
COLLUV.(cr-ta) 97 - - 1.45 1.41 2.79
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SAMPLE

GLQ UNIT NUMBER

COLLUV.(cc-%a)
COLLUV.(cr-ta)
COLLUV.{cr-ta)
COLLUV.(cr=-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta}
COLLUV. (cr-ta)
COLLUV. (cr=ta)
COLLUV. (cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.{cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr=~ta)
COLLUV. (cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cc-ta)
COLLUV.(cr=-ta)

STATION

B=11
B-15
B-9

e ¥=

sC
MOIST
PCT

15.49
13.73
17.05

SC WET

BD

1.87

[

.75
.75

SC DRY

[T e o

8D

.62
.54
.50

" s— -

oM

.98
.99
.32
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COLLUV.(cr-ta)
COLLUV.(cr~ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta})
COLLUV. (crc-ta)
COLLUV.(cr-ta)
COLLUV.(cc-ta}
COLLUV.(cr~-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.({cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr—-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV.{cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr~-ta)
COLLUV. (cr-ta)
COLLUV.(cr~ta)
COLLUV.(cr-ta)
COLLUV.(cr—-ta)

SAMPLE
GLQ UNIT NUMBER

STATION

I 0w w

O -

(G I

ASPECT

NORTH
NORTH
NORTH
NORTH
NORTH
WEST
WEST
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
NORTH
WEST
WEST

SLOPE
PERCENT

33.33

47.11
12.40
56.53
53.00
42.40
42.40
12.40
40.28
42.40
53.00
47.11
17.11
53.00
53.00
47.11
53.00
53.00
33.92
56.53
56.53
60.57
70.67
70.67
42.40
47.11
47.11

VERT
POSITION

.06

.92
.24
.67
.26
.19
.19
.19
.00
.86
.05
.92
.92
.00
.33
.51
.26
.26
.16
.67
.67
.49
.75
.47
.00
.09
.00

HORIZ

PCSITION

.ud

.74
.00
.22
.13
.73
.73
.73
.65
.52

43

.74
.74
.74
.20
.20
.13
.13
24.
60.
60.
45.
70.
78.
88.
71.
79.

35
22
22
59
59
68
33
70
S5

104
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GLQ UNIT

COLLUV.(cz-ta)
COLLUV.(cr-ta)
COLLUV.(cz=ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr~-ta)
COLLUV. (cr-ta)
COLLUV.{(cr~-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.{cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV. (cr-ta)
COLLUV. (cr—-ta)
COLLUV. (cr-ta)
COLLUV. (cr-ta)
COLLUV., (cr-ta)
COLLUV.{(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.(cr-ta)
COLLUV.{(cr-ta)

SAMPLE
NUMBER

=

BEDRQOCK
STATION UNIT

B-11 CKS
B-15 CKS
B-9 CKS
- CKS
- CKS

105
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DN
---------------------- GLQ UNIT: RESIDU ™ =======eco oo
SAMPLE COBBLE

GLQ UNIT NUMBER STATION  COUNT GRAVEL SAND SILT
RES IDUUM - 102-1 - - - -
RESIDUUM - 102-2 - - - -
RESIDUUM - 102-3 - - - -
RESIDUUM - c-2 - - - -
RESIDUUM - B-3 - - - -
RESIDUUM - B-5 - - - -
RES IDUUM - B-7 - - - -
RESIDUUM 1 - 9.25 24.47 61.85 18.42
RESIDUUM 4 - 7.50 39.03 52.58  26.77
RESIDUUM 5 - 20.50 23.67 66.l11  18.04
RESIDUUM 16 - 11.25 31.69 64.91L  20.58
RESIDUUM 17 - 8.25 27.59 61.17 18.81
RESIDUUM 8 - 5.75 29.30 66.46 131.18
RESIDUUM 19 - 12.75 47.18 58.96  20.58
RESIDUUM 20 - 6.00 28.54 7l.61 13.70
RES IDUUM 45 - 16.75 35.79 60.71  22.63
RESIDUUM a6 - 23.25 36.67 59.59  16.25
RESIDUUM 47 - 12.75 24.35 62.70 21.70

“~ RES IDUUM ag - 7.25 25.90 60.76 21.70
RESIDUUM 49 - 9.25 35.15 65.16 21.l12
RESIDUUM s0 - 10.50 47.19 65.78  23.43
RESIDUUM 51 - 16.50 55.51  62.07  22.42
RESIDUUM 61 - 15.25 37.74 66.03 18.23
RESIDUUM 62 - 6.00 31.24 59.75 22.65
RESIDUUM 63 - 1.50 36.53 65.01 19.71
RESIDUUM 101 101 14.00 26.12 69.95 12.72
RESIDUUM 102 - 12.75 19.91 66.63 17.89
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ROCK
SAMPLE LT.2MM LT.2MM PART
GLQ UNIT NUMBER STATION CLAY GMGS GSTDEV DENS
RESIDUUM - 102-1 - - - -
RESIDUUM - 102-2 - - - -
RESIDUUM - 102-3 - - - -
RESIDUUM - C-2 - - - -
RESIDUUM - B-3 - - - -
RESIDUUM ) - B-S - - - -
RESIDUUM - B-7 - - - -
RESIDUUM 1 - 19.73 0.05 6.06 -
RESIDUUM 4 - 20.65 0.04 5.48 -
RESIDUUM 5 - 15.85 0.06 5.76 -
RESIDUUM 16 - 14.51 0.086 5.92 2.53
RESIDUUM 17 - 20.02 0.0% 6.51 -
RESIDUUM 18 - . 19.37 0.06 6.69 2.54
RESIDUUM 19 - 20.46 0.05 6.98 -
RESIDUUM 20 - 14.69 0.07 5.90 -
RESIDUUM 45 - 16.66 0.05 5.13 -
RESIDUUM 46 - 24.16 0.04 6.33 -
RESIDUUM 47 - 15.60 0.05 5.59 -
RESIDUUM 48 - 17.54 0.05 5.93 -
RESIDUUM 49 - 13.72 0.06 5.38 -
~ RESIDUUM 50 - 10.79 2.07 5.21 2.52
RESIDUUM 51 - 15.51 0.06 5.54 2.50
RESIDUUM 61 - 15.74 0.06 5.27 2.49
RESIDUUM 62 - 17.60 0.05 5.76 2.46
RESIDUUM 63 - 15.28 0.06 5.75 2.49
RESIDUUM 101 101 17.33 0.06 5.75 -
RESIDUUM 102 - 15.48 0.06 5.59 -

e e
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ROCK GT.
SAMPLE ROCK BULK BC TOT 2MM
;LQ UNIT NUMBER STATION POROSITY DENS BD VF
RESIDUUM - 102-1 - - 1.43  20.9
RESIDUUM - 102-2 - - 1.61  44.3
RESIDUUM - 102-3 - - 1.62  33.2
RESIDUUM - c-2 - - 1.63 43.3
RESIDUUM - B-3 - - 1.62 30.8
RESIDUUM - B-5 - - - -
RESIDUUM - B-7 - - 1.67  48.2
RES IDUUM 1 - - - - -
RESIDUUM i - - - - -
RESIDUUM 5 - - - - -
RESIDUUM 16 - 37.44 1.58 - -
RESIDUUM 17 - - - - -
RESIDUUM 18 - 35.93 1.63 - -
RESIDUUM 19 - - - - -.
RESIDUUM 20 - - - - -
RESIDUUM 45 - - - - -
RESIDUUM i6 - - - - -
RESIDUUM 47 - - - - -
RESIDUUM 48 - - - - -
RESIDUUM 49 - - - - -
S~ RESIDUUM 50 - 32.08  1.71 - -
i RESIDUUM 51 - 26.65 1.83 - -
RESIDUUM 61 - 23.92 1.89 - -
RES IDUUM 62 - 23.50 1.89 - -
RESIDUUM 63 - 22.13 1.94 - -
RESIDUUM 101 101 - - 1.45  24.6
f RESIDUUM 102 - - - 32.8

P LN
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.
NUC
SAMPLE LT.2MM NUC NUC  MOIST
GLQ UNIT NUMBER STATION BD WET BD DRY BD PCT
RESIDUUM - 102-1 1.25 - 1.30 -
RESIDUUM - 102-2 1.22 - 1.30 -
RESIDUUM - 102-3 1.39 - 1.30 -
RESIDUUM - Cc-2 1.27 - 1.49 -
RESIDUUM - B-3 1.41 - 1.32 -
RESIDUUM . - B=5 - - 1.40 -
RESIDUUM - B-7 1.26 - 1.48 -
RESIDUUM 1 - - 1.44 1.40 2.29
RESIDUUM i - - 1.49 1.42 4.88
RESIDUUM 5 - - 1.43 1.39 3.20
RESIDUUM 16 - - 1.43 1.39 3.34
RESIDUUM 17 - - 1.35 1.31 3.38
RESIDUUM 18 - - 1.39 1.35 3.15
RESIDUUM 19 - - 1.41 1.37 3.28
‘RESIDUUM 20 - - 1.44 1.41 2.56
RESIDUUM 45 - - 1.41 1.37 3.15
RESIDUUM 46 - - 1.39 1.35 3.12
RESIDUUM 47 - - 1.40 1.35% 3.60
RESIDUUM 48 - - 1.52 1.46 3.84
~— RESIDUUM 49 - - 1.40 1.36 2.96
RESIDUUM 50 - - 1.43 1.40 2.75
RESIDUUM 51 - - 1.45 1.41 2.47
RESIDUUM 61 - - 1.36 1.32 2.80
RESIDUUM 62 - - 1.36 1.32 2.77
RESIDUUM 63 =~ - 1.42 1.38 2.70
RESIDUUM 101 101 1.23 1.42 1.38 2.75
RESIDUUM 102 - 1.29 1.36 - 4.53

PR C RN
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GLQ UNIT

RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESTDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM

SAMPLE
NUMBER

.

101
102

STATION

102-1
192-2
102-3
c-2

~N N W

| 0w w

sC
MOIST
PCT

9.94
15.82
13.01
13.06

sC

[ e e e |

WET
BD

.94
.59
.60
.79

SC DRY

BD

.76
.37
.42
.58

I~ | O OO r-

CM

.23
.96
.89
.92
.17

.15

.94

ASPECT

SOUTH
NORTH
MORTH
NORTH
NORTH
NONE
EAST
EAST
EAST
"EAST
EAST
EAST
EAST
ZAST
NORTH
NORTH
NORTH
NORTH
NORTH
EAST
EAST
EAST
EAST
NONE
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GLQ UNIT

RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM

SAMPLE
NUMBER

€.

101
102

SLOPE
STATION PERCENT

102-1 33.33
102-2 33.33
102-3 40.00
c-2 22.22
22.22
25.00
30.77
28.27
0.

- 23.56
- 23.56
- 23.56
- 37.69
- 22.32
- 23.56
- 23.56
- 19.57
- 28.27
- 28.27
- 47.11
- 31.41
- 32.62
- 33.92
- 33.92
- 33.92
101 14.13
- 0.

~N UV w

I oW W

VZRT
POSITION

72.22
85.00
93.33
10.34
11.76
21.21
36.136
25.00
0.
14.29
14.29
14.29
42.86
58.33
16.00
a.
2.50
25.00
25.00
40.00
50.00
50.00
31.17
4.17
4.17
0.
0.

HORIZ
PCSITION

73.77
82.86
80.37
22.73
25.00
35.85
19.02
57.14
0.
25.00
25.00
25.00
54.55
67.00
32.50
0.
3.77
57.14
57.14
64.29
64.29
74.29
8.11
8.11
8.11
0.
0.
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GLQ UNIT

RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RES IDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESTIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RES IDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM
RESIDUUM

SAMPLE
NUMBER

101
102

BEDROCK
STATION UNIT

CCR
CCR
CCR
CKS
CKS
CKS
CKS
CKs
CKS
- CCR
- CCR
- CCR
- CCR
- CCR
- cuc
- CcuL
- CuUL
- CKS
- CKsS
- CKs
- CKS
- CKs
- cuc
- cuc
- cuc
101 CCR
- CCR

I OO o
[
[V Nyl

N W NN

oW~~~
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APPENDIX B

SUBSURFACE SOIL TEXTURE DATA
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~
EXPLANATION OF SAMPLE LABELS
Sample Label Explanation
STATION Trench sample station: C-5 = trench C,
station 5 (see Plate 2).
EXPLANAT ON OF VARIABLE ABBREVIATIONS
‘ Abbreviation Units Explanation
x//
SAND (%) Gravimetric sand content of- <2 mm soil.
SILT (%) Gravimetric silt content of <2 mm
soil.
CLAY (%) Gravimetric clay content of <2 mm soil.
DG (mm) Geometric mean grain size of <2 mm soil.
GSTDEV Geometric standard deviation of <2 mm soil.

ers
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S~
STATION SAND SILT CLAY DG GSTOEV
A-1 45.710 26.748 27.541 0.028 6.011
A-10 51.485 25.700 22.815 0.03S 5.922
A-11 18.817 23.366 27.217 0.031 6.610
A-12 47.598 26.941 25.460 0.031 6.344
A-13A 45.524 20.320 34.156 0.025 6.882
A-138 38.151 15.549 16.299 0.017 7.204
A-14A 48.707 20.681 30.612 0.02%9 6.543
A-14B 40.785 13.515 39.700 0.023 8.031
A-15A 59.040 27.887 13.073 0.049 4.625
a-15B 59.423 34.437 6.140 0.058 3.871
A-16B 51.988 39.074 8.938 0.045 4.077
A-17A 64.792 25.946 9.262 0.068 4.950
A-2 46.634 19.662 33.704 0.028 7.829
"A-3 52.092 19.994 27.915 0.031 6.256
A-4 51.259 18.473 30.268 0.027 6.354
A-5 28.798 20.847 50.355 0.013 7.228
A-6 35.558 25.959 38.482 0.020 7.130
aA-7 41.864 24.841 33.295 0.022 6.335
A-8 41.635 26.06S 32.300 0.023 6.226
A-3 37.089 19.823 43.087 0.019 7.852
3 B-1 54,283 18.098 27.619 0.034 6.480
S~ B-10 62.016 23.403 14.581 0.052 5.398
B-11 54.080 25.822 20.097 0.042 6.052
B-12 40.572 21.829 37.598 0.022 6.967
B-13A 54.323 30.406 15.271 0.047 5.339
B-13B 35.464 27.802 36.73S 0.020 6.716
B-14A 57.338 31.418 11.244 0.048 4.417
B-14B 27.284 17.878 54.839 0.0x2 7.868
B-15A 53.369 28.586 18.045 0.040 5.185
B-15SB 49.233 10.227 40.541 0.046 15.219
B-16A 51.331 32.115 16.554 0.039 5.278
B-16B 48.312 32.8632 19,087 0.038 6.094
B-174 49.754 31.270 18.976 0.037 5.486
B-178B 64.266 26.962 8.772 0.070 5.259
B-18A §7.533 31.302 11.165 0.051 4.547
B~18B 65.238 - .26.630 8.132 0.057 3.705
B-19 65.053 23.214 11.733 0.076 5.947
" B-2 64.361 17.653 17.986 0.056 6.172
B-3 52.919 22.199 24.883 0.034 5.927
B-4 64.749 17.850 17.401 0.051 5.599
B-5 51.660 23.850 24.490 0.039 7.104
B-6 59.938 23.878 16.184 0.050 5.435
‘ B-7 55.421 20.242 24.337 0.038 6.677
i B-8 53.151 22.367 24.482 0.038 6.521
N
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STATION SAND SILT CLAY DG GSTDEV

063 7.273
028 6.699
049 5,747
015 6.989
049 6.179
037 6.743
L067  4.714
123 6.467
043 6.239

58.160 23.331 18.5C9
16.196 25.151 28.652
64.798 16.674 18.528
33.229 20.782 45.988
61.514 19.288 13.198
53.079 21.207 25.714
68.931 19.702 11.368
74.268 15.892 9.840

[ I T R |
w N~ W

Uf?(?(?(;)ﬂ()ﬁm
[ SRV, IV RN
w 3>

S=leloNelol=NeNoNoNoNoNeNoNoNoRelN el ol e e

-1 61.199 14.351 24.450
D-10 55.603 29.830 14.3566 .048 5.391
D-11 58.513 26.807 11.680 .05¢0 5.397
D-12 56.490 28.743 14.767 .047 5.269
D~13 70.911 21.022 8.067 .076 4.452
D-2 71.715 17.960 10.325 .070 4.554
D-3 65.502 17.714 16.783 .0S5 5.414
D-4 72.863 18.170 B8.967 .073 4.688
D-5 65.457 21.253 13.289 .0865 5.496
D-6 67.906 20.967 11.128 .070 5.048
D=7 62.178 21.599 16.223 .054 5.702
- D-8 66.236 19.654 14.110 .063 5.869
: D~-9 6l.321 23.241 15.438 .055 5.630

PR TN
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