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Abstract |

Six samples of basalt from each of four sites in Crater Flat, Nye County, Nevada,
were dated by potassium-argon isotopic methods, by each of three separate
geochronology laboratories. The mean ages of the four sites range from about 0.4
my (million years) to 4.0 my. The standard error of an age is 0.16 my, regardless of
age. Variation among the reported ages can be attributed to aliquot, sample, and
interlaboratory differences, with the latter two being dominant. The standard
deviation of an age for a single sample dated by one laboratory is estimated as 0.34
my. Overall, the results indicate that Quaternary basalts with approximately
1.5% potassium content can be assigned an age at 90% confidence to within an
interval of about 1 my if multiple samples are dated by several laboratories. If
only one sample is dated by a single laboratory, the interval increases to about 1.4
my.
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Empirically Determined Uncertainty in
Potassium-Argon Ages For Plio-Pleistocene
Basalts From Crater Flat,

Nye County, Nevada

Introduction

This report presents results, conclusions, and rec-
ommendations from an experiment performed to as-
sess uncertainty in potassium-argon (K-Ar) isotopic
age determinations for late Cenozoic basalts. The
purpose of this experiment is to statistically investi-
gate the accuracy of K-Ar age determinations for
relatively young basalts. Though many sources of
variation affect such age determinations, it is often
difficult to identify which ones are responsible for
uncertainty in individual cases.

Users of isotopic dating methods commonly at-
tempt to isolate causes of variation and compensate
by rejecting anomalous samples, applying correction
factors to calculated ages, and other means. However,
a user of age dates who may not be associated with the
isotopic laboratory commonly has no independent
means by which to assess the confidence he can place
in the accuracy of the reported ages. Isotopic laborato-
ries as a matter of course report precision of calculated
ages. Precision generally indicates only the reproduc-
ibility of a particular age given the sensitivity of
laboratory instruments to conditions of a particular
sample. This precision needs to be distinguished from
the accuracy of the age determination, which depends
on geological as well as laboratory sources of variation.

This experiment was designed to help an indepen-
dent user estimate the accuracy of K-Ar age determi-
nations for relatively young basalts. As such, the
results and conclusions should be interpreted from the
perspective of one who has sent a sample or set of
samples to some independent isotopic laboratory for
dating. When he receives a report on the ages deter-
mined by the laboratory, he may ask, “How accurate
are the ages, and how do the true ages relate to the
reported precision?” This experiment addresses these
questions.

Because the purpose is to investigate confidence
that a user can place in the age of a basalt sample

determined by any of & number of isotope laboratories
and not to compare or evaluate individual laborato-
ries, the data provided by each of the three participat-
ing laboratories are not identified by source in this
report. To further preserve anonymity, perhaps at the
expense of weakening the conclusions, distinctions
among analytical techniques employed by the differ-
ent laboratories are also not treated, except in a
general sense, as a source of variation among the
reported ages.

The experiment was supported by radioactive
waste disposal investigations at the Nevada Test Site,
Nye County, Nevada. These studies are conducted by
the Department of Energy, through contracts with
various laboratories and agencies, including Sandia
National Laboratories (SNL).

Experiment Design

The experiment design consists of a matrix of six
redundant K-Ar age determinations for each of four
sampling sites by each of three laboratories: the De-
partment of Geology and Geophysics, Univeristy of
California, Berkeley campus; the Laboratory of Iso-
tope Geochemistry, Department of Geosciences, Uni-
versity of Arizona, Tucson; and Geochron Laborato-
ries Division, Krueger Enterprises Incorporated,
Cambridge, Massachusetts (Table 1). The four sample
sites are located in Crater Flat, Nye County, Nevada
(Figure 1). At each site, four sample sets of basaltic
rocks were collected in June 1979 by a group com-
posed of geochronologists from each of the participat-
ing isotope laboratories and geologists from SNL,
USGS, and Los Alamos National Laboratory. Each
sample set was performed by physically breaking a
single piece of basalt into separate pieces. Each lab-
oratory received one piece from each set. Separate
sample sets at each site were collected from separate



areas of the same outcrops, and all four sample sets
from a single site were obtained within a general
radius of about 20 to 30 m. The samples were cata-
loged, labeled, and sent to the three participating
laboratories. Each laboratory was aware of the sam-
pling location and known age constraints for each of
the 16 samples so obtained.

Table 1. Experiment Design for Investi-
gating the Uncertainty in K-Ar Isotopic
Ages. Each set of six samples contained
tour identifled and two unidentified
samples.

No. of Samples
Sitel Site2 Site3 Site4 Total

Berkeley 6 6 6 6 24
Arizona 8 6 6 6 24
Geochron 6 6 6 6 24
Total 18 18 18 18 72

R.AJE R.48E R49E

T.128

T.138

T.148

Figure 1. Location of Four Samphing Sites in Crater Flat,
Nye County, Nevada

In August 1979, two additional sample sets were
collected from each of the four sites without participa-
tion by the geochronologists. These were similarly
subdivided, cataloged, and sent to the laboratories.
However, samples from the second field expedition
were labeled in a manner to prevent the geochronolo-
gists from knowing the sampling location or possible
age constraints for individual samples. Thus, each
laboratory received four identified samples and two
unidentified samples for a total of six samples from

each of the four sites. Eighteen samples were thus
collected from each site, and each laboratory thus
received 24 samples (Table 1.

Each isotope laboratory was provided orally with
information regarding K-Ar age determinations by
the USGS of basalt tlows from tne Crater Flat area.
Lathrop Wells Cone. Site 1. haa teen dated p-»viously
as about 0.25 my. Red Cone. Site 2. is adjacent to and
similar in terms of size and volume ot tflow material to
Black Cone. previously dared as about 1.0 my.

Geomorphic characteristics show that Lathrop
Wells Cone is essentially undissected, and the crater
has not been breached by erosion. Black Cone is
moderately dissected with small colluvial fans at the
base of the cone. The remaining two sites, Sites 3 and
4, are dissected basalt outcrops protruding through
the alluvial fill of east-central Crater Flat. Cone forms
apparently have been removed by ercsion, and only
remnants of cone scoria remain in some places. Thus,
geomorphic evidence indicates that Site 1, Lathrop
Wells Cone, is the youngest; Site 2, Red Cone, is
somewhat older (consistent with previous K-Ar age
determinations); and Sites 3 and 4 are the oldest.

Results

Reported ages of the 72 samples and the average
age for each site are given in Table 2 and Figure 2. The
average of the individual precision brackets for each
site reported by each laboratory also is included in
Table 2. By inspection of the reported ages, it is clear
that there are significant differences among the lab-
oratories, as well as appreciable variation among sam-
ples from a given site. Laboratory A generally ob-
tained older ages for most sites, and Laboratory B
congsistently obtained younger ages. For Site 1, Lab-
oratory B reported two negative ages, an obviously
impossible situation. This happened because the mea-
sured amount of radiogenic argon produced by pota-
sium decay was less than that assumed to be present
due to the atmospheric argon in the rock sample. Even
for a single laboratory, it is apparent that variations
among the reported ages for individual sites occur,
though the standard deviation of the reported ages
from a single laboratory agree quite well with the
average of the reported precision. In some cases. e.g.,
Laboratories A and B, Site 1, the difference between
identified and unidentified sample sites seems signifi-
cant. When all reported ages from each site are consid-
ered, the standard deviation is generally much greater
than reported precision. It is interesting to note that
the standard deviations for each of the sites are about
the same.



Table 2. Reported K-Ar Ages, Precision Brackets, and Overall Site
Means for _Gtatet Flat Basalt Samples

Laboratory A Laboratory B Laboratory C
Mean Age Reported 0.73 0.08 0.57
Standard Deviation 0.19 0.08 0.09
Aversge Precision +0.11 +£0.13 =0.12
S Reported
I
T Sample Set 1 0.70 £ 0.07 0.12 =+ 003 0.60 £ 0.09
E 2 0.65 = 0.07 =001 =029 0.61 = 0.16
3 0.77 + 0.08 003 =+ 0.14 0.66 + 0.10
1 4 0.59 = 0.06 008 =+ 0.03 0.56 + 0.09
5! 11 +03 0.125 + 0.18 0.59 £ 0.21
8 0.58 = 0.08 0.175 + 0.05 0.39  0.07
Mean Age Reported 1.53 1.12 1.55
Standard Deviation 0.31 0.27 0.15
Average Precision £0.19 +0.36 £0.20
S Reported
i
T Sample Set 1 1.7 £02 0.965 + 0.09 146 = 0.11
E 8 18 =02 0985 £ 0.11 1.76 = 0.18
9 1.5 £02 0.878 + 0.05 140 £ 0.13
2 10 1.8 £02 166 + 1.52 1.61 £ 0.2¢
11' 089 = 015 108 + 0.24 1.64 = 0.35
128 15 £02 111 = 0.13 3.66 £ 0.14°
Mean Age Reported 4.27 .73 3.89
Standard Deviation 0.48 0.06 0.17
Average Precision 2045 +0.09 *0.32
S Reported
1 }
T Sample Set 13 48 £ 05 . 3.637 £ 0.04 3.86 = 0.11
E : 14 43 £ 05 3.815 = 0.11 3.90 + 092
15 36 £ 04 3.78 + 0.06 399 = 0.12
3 16 47205 3.745 £ 0.04 3.77 £ 0.32
17" 43 +£03 3.695 + 0.22 414 £ 0.13
18! 39 + 05 373 =+ 0.06 141 = 0.38?
Mean Age Reported 4.22 3.69 4.00
Standard Deviation 0.08 0.09 0.13
Average Precision +0.32 +0.06 +0.12
S Reported
I
T Sample Set 19 43 £ 03 379 + 008 399 £ 0.10
E 20 42203 3.795 = 0.05 399 = 012
21 42 £ 03 3.555 £ 0.04 414 = 0.11
4 22 42 £ 03 364 =010 4.02 = 0.12
23* 43 x03 368 = 0.06 3.76 = 0.11
24 4.1 = 04 3.705 + 0.05 4.10 £ 0.15

Overall Reported Ages from Each Site

Mean Reported Age Standard Deviation
Site 1 ~ Lathrop Wells Cone 0.46 0.31
Site 2 ~ Red Cone 1.41 031
Site 3 - Along Wash in Central Crater Flat 3.96 0.35
Site 4 - Flow on Ridge Top in Central Crater Flat 3.97 0.24

'Unidentified samples

IApparently labels of samples were interchanged. ages were switched between sample sets for the statistical
analysis, including the calculation of means shown in this table. In the analysis all ages were rounded to two deci-
mals.
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Figure 2. Histogram and Site Averages of Reported K-Ar
Ages for Basalt Samples from Crater Flat, Nevada. Squares,
circles and triangles represent ages of individual samples
reported by different laboratories.

A statistical analysis of variance was performed to
separate and identify sources of these apparent varia-
tions. Sources of variation considered were differences
among sites, differences between sample collections,
differences among samples, and differences among
laboratories. The analysis of variance was done for
each site separately and for the four sites combined. It
shows that sample-to-sample and laboratory-to-
laboratory variation dominate the total variation of
the reported ages. Thus, the accuracy of a K-Ar age
determination for the basalts of this experiment de-
pends on both the number of laboratories and the
number of samples analyzed by each laboratory.

Table 3 shows the average ages, standard errors,*
computed confidence intervals, and sources of vari-
ance by category for specific sites and overall reported
ages. Standard errors were calculated from the 18
reported ages for each site and did not consider the
precision values reported by the laboratories. Esti-
mated variances due to sampling and interlaboratory
differences are similar for the four sites, suggesting
that for basalts of this age range, the absolute uncer-
tainty of K-Ar age determinations is constant, but
relative dispersion is greater for younger rocks.

Confidence intervals for actual ages of the sites
were calculated from the standard error of 0.16 my
and indicate an uncertainty of about +0.5 my at 90
confidence and about +0.7 my at 95% confidence,
independent of age. These uncertainty brackets per-
tain to age estimates obtained when 18 ages are re-
ported by each of three laboratories for a single site.
For a single sample dated by a randomly selected
laboratcry, the uncertainty is somewhat greater. In
this case, the standard error is 0.34 my, and the 90
and 95¢% confidence intervals are about +0.7 or +0.9

*Standard error is a measure of how age estimates might
vary if the experiment were repeated.

10

my, respectively (Table 4).* Uncertainty in age esti-
mates, when considering laboratory-to-laboratory
variation is therefore somewhat greater than the pre-
cision reported by individual laboratories (Table 2).

The ages reported in Table 2 were calculated from
measurements of potassium and radiogenic argon con-
tained in the basalt samples. By inspection of Table 5,
it is apparent that significant differences occur among
the potassium and argon analyses of the individual
laboratories.

Analysis of variance of the potassium and argon
measurements (Table 4) shows differences among
sample collections in that the two collections differ by
more than the variation among individual samples can

. account for. This wvariability is attributed to

“Experimental Factors” in Table 4.** When ages are
calculated rom the potassium and argon measure-
ments, the variation attributed to experimental fac-
tors disappears.

Table 4 separates the contribution of sampling
and laboratory differences to the variances for potas-
sium and argon measurements. Because variability
within each of the four sites is similar, only overall
estimates are shown. Included in Table 4 are the
standard deviations and confidence intervals for po-
tassium and argon measurements as well as age calcu-
lations.

Each laboratory performed at least two measure-
ments of potassium and argon content of each rock
sample. Table 5 lists the average of these subsample or
aliquot measurements. The estimated contribution of
subsample variance to overall sample-to-sample vari-
ance is shown in Table 6. Subsample variation con-
tributes little to the total sampling variation of potas-
sium measurements, but for two of the three
laboratories, it contributes substantially to the vari-
ance among argon measurements.

*Satterthwaite's approximation (Graybill, 1961, p 369) was
used to obtain approximate degrees of freedom associated
with the estimated ¢’s in Table 4. Note that the standard
error in Table 4 is about twice the corresponding standard
error in Table 3, but widths of confidence intervals are not
increased by the same factor. This occurs because standard
errors in Table 4 (estimated o) are based on more degrees of
freedom and hence are more precisely defined than those in
Table 3.

**In the analysis of variance for potassium and argon data,
variations associated with sample collections and with inter-
actions among sites, laboratories, and collections were
pooled to obtain the variation associated with “experimental
factors.” There are thus two levels of random variation in the
data: variation among groups of samples and variation
among samples within a group. For age calculations, though,
the variation among sample groups was negligible.



Table 3. Average Reported Ages, Standard Errors, Confidence
Intervals, and Sources of Variance for Each Site in Crater Flat

Site 1 Site 2 Site 3 Site 4 Overall*

Average Age Est (my) 0.46 141 3.96 3.97 —

Std Error of Est (my) 0.20 0.14 0.16 0.15 0.16

90% Confidence Interval on  +0.58 +0.41 +0.47 +0.44 +0.47
“True Age™* (my)

95% Confidence Interval on  +0.86 +0.60 +0.69 +0.65 +0.69
“True Age™* (my)

Variance Estimates (my)

Sampling 0.018 0.062 0.081 0.010 0.044
Laboratory 0.113 0.049 0.061 0.067 0.071
Total 0.131 0.112 0.142 0.078 0.115

*Apparent differences among site variance estimates could be “random” allowing data to be
combined to provide overall values.
**Based on a set of 18 samples composed of six samples from each of the three laboratories.

“Table 4. Variance, Standard Deviation (¢), and Confidence Intervals for
_Potassium and Radiogenic Argon Measurements and Age Calculations for
"All 72 Samples

) Potassium Analysis Argon Analysis Age Estimates
- Source of Variation
~ Sampling 0.0026 (% )? 0.325 (mol/g x 10°1%)? 0.044 (10 yr)?
Experimental Factors 0.0051 (% )» - 0.249 (mol/g x 107'%)? 0.000 (10° yr)?
Laboratory 0.0024 (% )? - 0.204 (mol/g x 10'%)? 0.071 (10° yr)?
Total® 0.0101 (%) 0.778 (mol/g x 10°H*  0.115(10° yr)?
Estimated ¢ 0.10% 0.88 mol/g x 1072 0.34 x 10% yr
Degrees of Freedom** 15 18 5
90% Confidence Interval on +0.18% +1.53 mol/g x 102 +0.68 x 10° yr
“True Value™t
95% Confidence Interval on =0.21% +1.85 mol/g x 10°*? +0.87 x 10% yr

“True Value™t

*Total variance is for a single sample measured by a single randomly selected laboratory.
#*“Degrees of freedom” is a parameter used in calculating confidence limits on o.

tFor 2n age of one sample determined by a single laboratory; the “true” age is within the given interval
relative to appropriate quantities reported in Tables 1 and 5.

I



Table 5. Reported Potaqslum and Argon Analyses of Crater Flat Basaits

Potassium (%)

Radiogenic® Argon (mol/g x 10"
Parentheses Indicate < Atomospheric Argon

Sample Set Laboratory A! Laboratory Bt  Laboratory C! Laboratory A* Laboratory B* Laboratory C*
Site 1 1 1.389 1.633 1.625° .75 (96.5) 023  (98.4) 169 (92.1)
2 1.528 1.606 1.643? 178 (985) 010 (999 174 (96.0)°
3 1.518 1.628 1.580? 210 (97.2) -0.08 (100.0) 1.80 (93.5)®
4 1.611 1.545 1.597? .70 (984) 021 (989) 1.54 (92.8)°
5 1.588 1.577 1.607? 325 (976) 030 (99.6) 164 (96.6)
6 1.503 1.558 1.566 1.58 (97.7)* 048  (99.1) 105 (93.4)
Site 2 7 1.493 1.472 1.473? 460 (94.1) 246 (946) 374 (83.6)
8 1.446 1.380 1.459 4.58 (9568) 227 (98.4) 444 (90.8)°
9 1.491 1471 1.443 400 (98.0) 248 (91.6) 351 (87.6)*
10 1.388 1.519 1.414 455 (97.1) 439 (985 395 (92.0)*
11 1.391 1.404 1.397* 248 (96.8) 263 (979 398 (96.0)
12 1.367 1.408 1.437 368 (96.7) 271 (962) 912 (69.9)%°
Site 3 13 1.272 1.710° 1.574 10.75 (90.8) 10.73° (55.4)* 10.54 (50.7)%
14 1.287* 1.555 1.460° 9.80 (88.3) 1035 (52.0) 991 (94.8)
15 1.249 1.680 1.514? B08 (93.0) 1095 (546) 1049 (56.9)°
16 1.309 1.632 1.5722 1093 (91..9) 10.55 (45.5) 1030 (87.1)°
17 . 1344 1.416 1.457 1043 (833) 895 (856) 1048 (57.7)
18 1.342 1.465 1.409° 940 (8950 945 (60.3) 3.45 (95.4)%°
Site 4 19 1.394 1.543 1.387 1085 (77.7) 1010 (743) 961 (33.5)%
20 1.470 1.452 1.309° 1093 (755) 955 (523) 9.08 (56.4)°
21 1.399 1.591 1.421 1040 (66.6) 9.75 (41.5) 10.22 (32.8)°
22 1.530 1.436 1.431° 1135 (75.5) 9.10 (68.2) 9.99 (529)
23 1.269 1.434 1.437 965 (81.8) 915 (64.4) 9.39 (479)
24 1.250 1.366 1.385? 908 (7560 875 (60.1) (65.5)

Average of 2 separate analyses, rounded upward from 5 unless indicated by other footnote

lAverage of 3 separate analyses, rounded upward from 5

JAverage of 4 separate analyses, rounded upward from 5

‘Average of 2 analyses, rounded upward from 5 unless indicated by other footnote

SAverage of 3 analyses, rounded upward from 5
®Average of 4 analyses, rounded upward from 5
"Average of 5 analyses, rounded upward from 5
8Average of 6 analyses, rounded upward from 5
*Only 1 analysis reported or legible on report sheets

®Apparently labels for samples 12(c) and 18{c) were interchanged.

9.85




Table 6. Variance Estimates of Potasslum
and Argon Measurements for Subsamples
and Samples

Laboratory Laboratory Laboratory

Variance A B C
Potassium
Sample .0032 .0030 .0017
Subsample 00041 00016 .00004
Contribution of 6.4% 2.1% 1.2%
Subsample*
Argon .
Sample 547 250 178
Subsample 494 119 025
Contribution of 45% 24% 7%
Subsample®*

*Divide subsample variance by two to obtain its approxi-
mate contribution to total sample variance, because general-
ly two subsamples were analyzed for each rock sample.

The results of this experiment support the con-
tention of others that “K-“Ar age determinations
must be carefully interpreted in terms of their relation
to true ages (Holmes, 1962; Damon, 1970; Dalrymple
and Lanphere, 1969, 1974; Berger and York, 1970;
Noble and Naughton, 1968; Giletti, 1971; McDougall,
1971, among others).

Possible Sources of
Uncertainty

It is genersally accepted in the geological sciences
that uncertainty associated with the “true” age of a
rock is commonly greater than the uncertainty associ-
ated with analytical precision, as reported by geochro-
nologists. In pursuing the sources of this larger uncer-
tainty, much attention has focused on leakage or
assimilation of radiogenic argon from or into rock
systems before or after the start of the radiometric
clocks (Damon et al, 1967; Baksi, 1973; Krummen-
acher, 1970; Shafiqullah and Damon, 1974; Brewer,
1969; McDougall et al, 1979; Dalrymple and Lanphere,
1974; Dalrymple, 1969; and York et al, 1969, among
others). Generally, such discussions are concerned
with lithologic heterogeneity on scales ranging from
intracrystalline to the entire rock mass. Differential
preservation of either potassium or argon in the crys-
tallized rock as well as the evolution and character of
the initial rockforming magma can contribute to real

differences among K-Ar ratioe from even a single lava
flow. This, in turn, can lead to variations in age
determinations of a crystallizing event.

Another source of variation in radiometric age
determinations is the difference in analytical methods

_ and instruments used by various geochronology lab-

oratories. Kuntz et al (1980) discuss these sources of

- age discrepancies for young basalts in detail. Variance

among and within the subsamples and the overall
laboratory-to-laboratory differences observed in this
study supports previous conclusions that laboratory
techniques contribute significantly to limits on the
reproducibility for measurements of potassium and
especially argon contents of young basalts.

A small source of variation may be attributed to
the use of different numerical values for electron and
beta potassium decay constants. One laboratory in
this study used 4.72 x 10~ per year for A8 and 0.585 x
10~" per year for A¢, whereas the other two laborato-
ries used 4.96 x 10~% per year and 0.581 x 10~ per
year for g8 and \e, respectively. However, these differ-
ences caused negiligible variation among the reported
ages.

Isochron plots (Hayatsu and Carmichael, 1970;
Shafiqullah and Damon, 1974) provide & method for
estimating corrections for extraneous argon. This
method must still rely on measured values for potassi-
um and argon and does not explain the variance in
these values.

From the perspective of an independent user of
K-Ar ages, any of the possible lithologic or analytical
sources of variance could be responsible for introduc-
ing error to age determinations. It is beyond the scope
of this study to evaluate which factor or combination
of factors can be applied to obtain corrections for the
reported ages. Therefore, equal credibility is assumed
for each reported analysis. The variability among
reported ages is treated statistically as a normally
distributed population about a true mean. The statis-
tical analysis leads to a set of age brackets that can be
assigned with specified confidence levels to each site.
The standard deviation of ages reported for each site
and the corresponding confidence intervals are appro-
priate measures of the uncertainty associated with
K-Ar ages of these young basalts.

Conclusions

The following conclusions are based on the results
of this study:

1. Quaternary basalts with about 1.5% potassium
content can be assigned, at 90% confidence, an
age within an interval of about I my if six
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samples from a single site are radiométrically
dated by “K-“Ar methods by each of three
laboratories. :

. Wider intervals are required for the same de-

gree of confidence for an age determined by a
single laboratory for a single sample.

. Standard precision brackets that commonly

accompany reported K-Ar ages for young ba-
salts do not adequately represent the uncer-
tainty inherent in the ages.

. Geomorphic and stratigraphic methods are

better than K-Ar dating techniques for deter-
mining the relative age of Quaternary basalts
because the accuracy of K-Ar methods prohib-
its confident resolution within the past million
or so years.

Recommendations

The following recommendations reflect user con-

cerns and are offered for consideration by the commu-
nity of geochronologists.

14

1. Statistical means and standard deviations for

potassium, radiogenic argon, and atmospheric
argon contents and radiometric ages of numer-
ous basait deposits whose mean radiometric
ages span the Quaternary period should be
established as standards for K-Ar age determi-
nations of Quaternary basalts. Statistical pa-
rameters for standard deposits should be deter-
mined by combining results from several
independent laboratories that perform redun-
dant analyses on multiple samples. The stan-
dards should be determined and the results
published by some central organization, prefer-
ably the National Bureau of Standards. Cur-
rent standards for radiometric dating of rocks,
if available at all, are commonly specific miner-
als with very narrow ranges in composition.
This type of standard is well suited for calibrat-
ing instruments and determining precision but
not well suited for assessing the accuracy of the

age of a rock that is of a class with a wide range
in composition. This recommendation address-
es a means of establishing accuracy standards
to compliment existing precision standards.
Similar standards for other time periods and
rock types may also be desirable, but the
results of this study are restricted to Plio-
Pleistocene basalts.

Samples from the deposits upon which the
standards are based should be available to
individual analysts for calibration of their re-
sults during study of the radiometric ages of
young basalts. Results of individual analyses
on the calibration samples should be reported
to the organizing insitution for incorporation in
the evolving statistical standards for the depos-
its.

. The practice of reporting precision of radio-

metric ages for young basalts to the nearest
tens of thousands of years should be aban-
doned because the precision, as reported, is
misleading. Rather, precision should be report-
ed for individual potassium and argon mea-
surements, and confidence intervals based on
statistical standards as recommended above
should be reported for ages.

. Stratigraphic and geomorphic interpretations

of relative ages of Quaternary basalts should
not be modified to fit radiometric age distribu-
tions without careful consideration of the real
uncertainty in the radiometric ages.

. A set of experiments should be designed to

assess the dependence of K-Ar age uncertain-
ties for young basalts on each of the compo-
nents of lithologic and analytical variations.
Data from the study reported here could be
analyzed in this manner as a step in solving the
problem of accuracy for K-Ar ages of Quater-
nary basalts. Time and budgets have precluded
carring this study to its fullest extent; there-
fore, the results were presented at a stage of
development thought sufficient to illustrate
the distinction between precision and accuracy.
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Hydraulic Fracturing Stress Measurements at Yucca Mountain, Nevada,
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and Relationship to the Regional Stress Field

J. M. Srock.! J. H. HeaLy. S. H. Hicxman,! anp M. D. Zoeack?
Office of Earthquakes, Volcanoes, and Engineening, U.S. Geologica! Survey, Menlo Park. Califormia

Hydraulic fractuning stress measurements and scoustic borehole televiewer logs were run 1o boles

- USW G-I and USW G-2 21 Yucca Mountain as part of the Nevada Nuclear Waste Storage Invesu-

gations for the U.S. Department of Energy. Eight tests in the saturated zose. at depths from 646 10 1288
m, yielded values of the Jeast honzosptal stress S, that are considerably lower than the verucal pnncapa)
stress §,. [ tesws for which the grestest Bonizontal principal stress $g could be determined, it was found
to be less than §,. indicating & normal faulting siress regime. The borehole televiewer logs showed the
presence of long (in excess of 10 m), verucal, drilling-induced fractures in the first 300 m below the water
table. These are believed 1o form by the propagation of small preexusting cracks under the excess
downhole fluid pressures (up to 5.2 MPa) applied during drilling. The presence of these dnilling-induced
bydrofractures provides fucther confirmation of the low value of the least horizontal stresses. A least
borizootal principal stress direction of N60"W-N6S'W is indicated by the orientation of the drilling-
induced hydrofractures (N25S°E-N30'E), and the orientation of stress-induced well bore breakouts in the
lower part of USW G-2 (N6S°*W). This direction is io good agreement with indicators of stress direction
from eisewbere at the Nevada Test Site. The observed stress magnitudes and directions were examined
for the possibility of slip on preexisting faults. Using these data, the Coulombd criterion for frictional
sliding suggests that for coeflicients of friction close to 0.6, movement oa fuvorsbly oriented faults could
be expecied. For coeflicients of friction of 1.0, preexisting faults of all onentations should be stable.
Laboratory studies on the Yucca Mountain tuffs, reported elsewhere, yield coeflicients of friction ranging

from 0.6 10 09.

INTRODUCTION

In an area such as Yucca Mountain, Nevada Test Site,
where a nuclear waste repository might be constructed (Wino-
grad, 19817, a knowledge of the stress field is needed for the
proper design of the repository and the evaluation of scismic
stability and likelihood of motion on preexisting faults. Activi-
ties related to the construction and use of 2 nuclear waste
repository, such as drilling and excavation. as well as the gen-
eration of heat by the stored waste, will change the local stress
field to some degree. The magnitude of these changes can be

- estimated, but & knowledge of the preexisting tectonic stresses

and their orientations is vital to prediction of how these ad-
ditional imposed stresses will affect the tectonic stability of the
repository area.

Previous workers have obtained a great deal of information
about stress magnitudes and orientations in the Nevada Test
Site (NTS) area. These data, summarized in part by Carr
(1974) and Zoback and Zoback [1980], show that the NTS
region currently exhibits both norma! and strike-slip faulting,
with g least horizontal principal stress direction varying from
NW to WNW. Much of this stress information is poorly con-
strained: direct measurement of the curreat tectonic stress
field using hydraulic fracturing and overcoring techniques had
only been obtained at Rainier Mesa, in the northern part of
NTS, about 40 km NNE of Yucca Mountain [Haimson et al,
1974; Smith et a!., 1981; Ellis and Magner, 1980). In order to
determine the magnitudes and directions of the principal
stresses at the proposed repository site, we performed a series

' Now at Depaniment of Earth. Atmospheric, end Planetary Sci-
ences, Massachusetts [nstitute of Technology, Cambndgs.
% Now at Deparument of Geophysics, Stanford University, Califor-
ais.

This paper is not subject to U.S. copyright. Published in 1985 by
the Amencan Geophyncal Union

Paper sumber 4B5237.

of hydraulic fracturing stress measurements and acoustic bore-
hole televiewer observations in two wells (USW G-1 and
Usw G-2).

LocaTioN aND GEOLOGIC SETTING

Yuccz Mountain straddles the western boundary of the
Nevada Test Site st approximate coordinstes 36°50'N,
116°28°'W (Figure 1). It is bounded on three sides by slluvial
areas of low reliel: on the east by Jackass Flats, on the west by
Crater Flat, and on the south by the Amargosa valley.

Yucca Mountain consists of g scries of gently east tilted
blocks of Miocene volcanic units. The Tiva Canyon member
of the Paintbrush Tuffl (pre-11 Ma [Marvin et al, 1970]) crops
out over most of the surface. Stratigraphic units encountered
below the Tiva Canyon member, in descending order, are
Yucca Mountain member, Pah Canyon member, and Topo-
pah Springs member of the Paintbrush Tuff: the tuffaceous
beds of Calico Hills; the Prow Pass member, Bullfrog
member, and Tram member of the Crater Flat Tuff; lava and
flow breccia; and the Lithic Ridge Tufl. Minor bedded tuffs
are locally present between each of these units.

Drilling, gravity, and seismic refraction data show that the
Miocene volcanic units probably extend to at least 3000 m
deptk beneath most of Yucca Mountain [Snyder and Carr,
1984; Hoffman and Mooney, 1983]. However, & gravity bigh
on the east side of Yucca Mountain is belicved to correspond
to a high in the prevolcanic surface. In this area, drill hole
Ue25p-1 (see Figure 2) penetrates Silurian limestones and
dolomites at 1400 m depth. These Paleozoic rocks are part of
the Precambrian through upper Paleozoic clastic and carbon-
ate sequence that crops out west of Crater Flat at Bare Moun-
tain and east of Yucca Mountain in the Calico Hills and
Striped Hills.

The structural style st Yucca Mountain is dominated by
high-angle. NW to NE striking, west dipping normal faults
which tilt strata to the east (Figure 2). Vertical offset on these
west dipping faults is generally small except for along the
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Fig. 1. Map of the Nevada Test Site and vicinity, showing lo-
cations of Yucca Mountain, Crater Flat, Pabute Mesa, Bare Mcun-
wain, and Jackass Flats.

bounding faults (c.g., the Paintbrush Canyon fault, with gp-
proximately 500 m vertical offset [Scotr and Bonk, 1984)). The
major normal movement on these (aults occurred between 13
and 11.5 Ma: minor normal, sirike-slip, or oblique movement
may bave continued into the Pliocene {Scott and Casrellanos,
1984]. A second style of vertical NW striking (aults, with sub-
horizontal slickensides and offsets of 100 m or less, is also
present; motion on these f{aults is believed to predate 11.5 Ma
- [Scott and Castellanos, 1984).

Crater Flat, a broad low region of alluvium and some Quat-
‘ernary basalt eruptive centers, lies immedistely west of Yucca
Mountain. The volcanics of Crater Flat bhave been divided
into three groups: 3.7-Ma basalt, consisting of feeder dikes,
scona deposits, and lava flows in the southeast portion of
Crater Flat; a series of four 1.1-Ma Strombolian cinder cones
along a slightly arcuate trend through the center of Crater
Flat: and the 0.3-Ma Lathrop Wells cinder cone, immediately
south of Yucca Mountain [Vaniman and Crowe, 1981]. Drill
holes VH-1 and VH-2 in central Crater Flat pass through
alluvium, Paleozoic slide blocks, and the Timber Mountain
Tufl and encounter the same Miocene volcanic units seen in
drill holes at Yucca Mountsin [Carr, 1982, and written com-
munication, {984]. The dominant structural style of east tilted
blocks bounded by west dipping high-angle faults extends
from Yucca Mountain into eastern Crater Flat. Such faults
have caused over 550 m of vertical separation in the Paint-
brush Tuff between drill holes VH-1 and VH-2; they also
produce minor displacement in the 3.7-Ma volcanics [Carr,
1982].

USW G-1 is located in Drill Hole Wash, on the east side of
Yucca Mountain, at coordinates 36°52'00"N, 116°27°30°W,
and a surface elevation of 1326 m. USW G-2 is east of the
crest of Yucca Mountain, at coordinates 36°5322"N,
116°27°35"W. Its surface elevation is 1554 m. Projections of
the two holes along lines of maximum topographic relief
(Figure 3) show that G-1 has significant drift toward the
southwest inte Yucca Mountain, whereas G-2 is essentially
vertical. The holes penetrate units ranging from the Tiva
Canyon member of the Paintbrush Tuff to some uanamed
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tuffs below the Lithic Ridge Tuff (see Spengler er al. f1981]
and Maldonado and Koether [1983] for detailed straugraphic
descripuons). )

HYDRAULIC FRACTURING PROCEDURES

Tbe hydraulic fracturing stress measurement technique has
been extensively described efsewhere (e.g., Haimson and Fair-
hurst, 1967; Hickman and Zoback, 1983]. Briefly, an interval of
the drill bole is isolated between two rubber packers and
pressunized until a tensile fracture forms in the borehoie wall.
The test interval is then “shut-in™ (sealed off at the surface)
and its pressure-time behavior is monitored. The pressure at
which the fracture closes away from the well bore usually
appears as an inflection in the pressure-time curve just after
shut-in and is referred to as the instantaneous shut-in pres-
sure, or ISIP. The surface valve is then opened to sllow the
pressuce to bleed back to its pretest value, Normally, several
more cycles of pressurization, shut-in, and bleeding back are
conducted, until the ISIP reaches a stable value; this is inter.
preted as the normal stress on the fracture away from the well
bore [Hickman and Zoback, 1983). Theory [Hubbert and
Willis, 1957] and numerous laboratory experiments [Haimson
and Fairhurst, 1970; Haimson and Avasthi, 1975] show that
the hydraulic fracture should propagate in a direction perpen-
dicular to the direction of the least horizonta! principal stress
S, and thus the ISIP is taken to be equal to §,. .

The magnitude of the maximum horizontal principal stress
Sg can be determined if the rock is assumed to be homoge-
neous, isotropic, and linearly elastic, with one principal stress
direction parallel to the borehole axis (ie., vertical). Under
these conditions the minimum tangential stress at the bore-
hole wall occurs at the azimuth of the greatest horizontal
principal stress S. The interval pressure required to create 2
bydraulic fracture at this azimuth depends on the tensie
strength T and the pore pressure P, and is called the break-
down pressure P, [Haimson and Fairhurst, 1967, after Hubbert
and Willis, 1957):

P.-JS.—S.-D-T-P, (”

If an ISIP is pot visible on the pressure-time curve (for
example, because the high permeability of the interval ob-
scures the inflection point), & step rate injection test [Eariou-
gher, 1977) can help to constrain the normal stress on the
fracture [see Hickman et al, 1985). The stable pumping pres-
sure for each of a series of decreasing flow rates is recorded.
The resulting plot of flow rate as a function of pumping pres-
sure will generally be linear in two regions, with a slope
change relecting the decrease in apparent permeability of the
interval as the fracture closes.

Values of S, and P, determined from hydraulic fracturing
test records can be used in equation (1) to solve for Sy if the
values of T and P, are known. Because tensile strength T is
observed to depend on both the sample size and the type of
tensile strength test performed [e.g, Hudson, 1971; Ratigan,
19831, T 1s a function of sample size must be obtained
through carefu! laboratory work and then extrapolated
vpward to the in situ borehole size. A more reliable value of
Sy can be obtained by using the fracture reopening pressure
on the second cycie (P, at T = 0) to eliminate T from equa-
tion (1) [Bredehoeft et al., 1976]:

PT =0)=35,~ Sy~ P, 2

Equation (2) is only valid if the excess fluid pressure can be
bled back from the interval after each cycie, so that the equi-
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Fig. 2. Map of Yucca Mountain showing locations of drill holes discussed in text. White is outcrop of volcanics. and
suppled pattern represents alluvium. .

librium pore pressure of the wall rock is not significantly dis-
turbed. If the pressure in the interval cannot be bled back, the
hgher pressure in the interval may raise the pore pressure in
the rock around the hole. Use of the equilibrium value of P, in
tquation (2) will then result in an erroncously high value of
Su- Under these circumstances, equation (2) can oaly be used
10 place an upper limit oo the value of Sy [Hickman and
Zoback, 1983). In this report we rely primarily on equation (2)
for determination of S, values. The uncertainties in these Sy
values due to possible changes in P, are discussed slong with
the §,, results below.

Aftcr successful hydraulic fracturing tests, impression pack-
¢rs ane often used to obtain an oriented impression of the
h!dr_aulic fracture and determine the S, direction. In the tests
n USW G.1 and USW G-2, no impression packers could be
run due to time constraints. However, consistent and detailed
mnldrmaton on the S, direction was obtained from other fea-
tares in the televiewer log discussed below.

HYDRAULIC FRACTURING RESULTS

E[e\eg successful hydraulic fracturing tests were conducted
8 USW G-1 and USW G-2 (Table 1; Figures 4 and $). The

three shallowest tests in USW G-2 were in the unsaturated
zone; all other tests were below the water table.

The unusually low water levels in these holes (575 m in
USW G-1 and 526 m in USW G-2) snd the low horizontal
stresses encountered in the tests mandated some modifications
of typical testing procedure. The pressure in the interval often
fell below surface hydrostatic pressure during the tests. In ad-
dition to the mechanical pressure recorder normally used
downhole, a2 downhole electronic transducer transmitted pres-
sure data to the surface through the wireline to provide real-
time information on interval pressure. Because & wireline lu-
bricator was used at the surface to seal the wellhead against
the wireline, the rate of pressure decay decreases consideradbly
whenever the pressure in the interval falls below surface hy-
drostatic pressure (e.g., Figure S; see also Stock er al. [1984]).
This change in slope is not necessarily an ISIP: it is caused by
the change in compliance of the fuid-flled drill pipe and
packer system as the water level drops below the top of the
tubing string and a two-phase (water plus low-pressure water
vapor) system is created. This transition from a fluid-filled
(low compliance) to fluid- and vapor-filled (high compliance)
system is refiected by a sudden increase in the apparent bore-
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“hole storage coeflicient. (See Cooper er al. [1967) and Brede-
hoeft and Papadopulos [1980] for a discussion of borebole
storage effects related to in situ permeability tests.)

The cight tests below the water table had clear breakdowsn
pressures, and values of §, were determined from stable ISIP
values or flat pumping pressures (Table 1). For three of the
tests in USW G-2, step rate injection tests on the fina! pump-
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ing cycles were used to further constrain the ISIP values
(Figure S and Stock et al. [1984]). In the three tests in the
unsaturated zone (tests at 295, 418, and 432 m, USW G.2,
Figure 5) the breakdown pressures on the first cycle were the
same as fracture reopening pressures on the later cycles, sug-
gesting that preexisting fractures were being reopened rather
than new bydrofractures being crested. If the preexisting frac-
tures were not perpendicular to S, the norma! stress on the
fracture (the ISIP) may exceed §,. We therefore use the three
ISIP values recorded in these tests as upper bounds on the §,
value at these depths. Because no televiewer logs or fracture
impressions could be obtained in the unsaturated zone, infor-
mation on density and orientation of preexisting fractures is
poor. However, as discussed below, most of the fractures in
the zope below the water table in USW G-2 have normals
within 30° of the §, direction. If the fractures in the uasatu.
rated zone have similar orientations, it is likely that the ISIP
values determined from these tests are close to §,.

Because of uncertainty over which values of tensik strength
to use in equation (1), estimates of the maximum horizonta!
sizess Sy are obtained using equation (2). These Sy values are
poorly constrained because of the following uncertainties in
P, In USW G-1 the circulation valve between the packers
was opened using & weighted bar on the end of the wireline.
This bar had to be brought back to the surface prior to send-
ing the pressure gauge downhole and sealing off the wellhead
so that testing could begin. This required a wait of approxi-
mately | bour between the time that the circulation valve
between the packers was opened (allowing water pressure in
the drill pipe to enter the test interval) and the ume that
pressurization of the interval to breakdown could begin.

TABLE 1. Summary of Stress Measurements, USW G-1 and USW G-2
Hydraulic Fractunng Data Principal Stresses
Shut-Ie Minimum
Breskdown Pumping  Hydrostatic Pore Horizootal  Vertica!
Depth, Pressure, Pressure, Pressure, Pressure.*t Stress, Stress
m MPs MPa MPa MPs MPs MPs* Comments
USW G-

646 83 42+02 62 0.7 42+02 129 Minimum horizonta! stress from flat
subhydrostatic pumping pressure
attained duning second cycle. §,
may thus be severa! bars too high
due to pressure gradient mn fracture.

92 102 12+02 79 22 72£02 159 Same a3 sbove.

943 132 90+ 02 92 36 90 +£02 192 Same a3 sbove.

1038 125 106 £ 02 10.3 45 10.6 £ 02 214 Minimum horizontal stress from stable
instantaneous shut-in pressures
attained i final cycles.

1218 188 121 £ 02 120 63 121 £ 02 288 Same as above.

1288 218 148 £ 02 128 70 148 £ 02 272 Same as above.

USW G-2

295 51 5101 9 00 51+01 6.1 Reopening preexisting fracture of _
unksown orientaticn: shut-in pumping
pressure is upper bound on §,.

418 54 S4+01 41 00 54401 84 Same &3 above.

432 55 $5+0.1 42 0o $5+01 8.7 Same g3 above.

1026 163 111 £02 10.1 49 1.1 £02 208 Minimurm horizonta! stress from stable
pumping pressure on muluple cycies.

1209 182 120+ 02 118 6.7 12002 258 Minimum horizontal stress from fat

pumping pressure attained oo second
cycle. S, thus may be several bars
too high due tc pressure gradient

is fracture.

*Calculated for the appropnate density and depth.

*Based on water table at 576 m depth in USW G-1 and 526 m depth in USW G-2.
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During this time the test interval was exposed to surface hy-
drostatic pressure that was 5.7 MPa above the water table
bydrostatic pressure. However, because of the absence of
preexisting [ractures in the hydrofrac interval and the stability
of the water level in the drill pipe as observed by us at the
wellhead during this pericd. it is unlikely that this excess pres-
sure significantly raised the pore pressure around the test in-
terval prior to breakdown on the first cycle. After the first
cycle the pressure could not be bled back to the water tabie
hydrostatic pressure, so that the actual pore pressure during
later cycles (P, in equation (2)) may have increased through
flow of water through the walls of the newly created hydraulic
fracture into the formation. ’ .

For the USW G-2 tests the weighted bar and dowmnbhole
pressure gauges were combined as a single wireline assembly,
and a wireline [ubricator was used to sca! off the wellhead, 30
that testing could begin almost immediately after knockdown.
Thus the interva! was only exposed to abnermally high fluid
pressures for & few minutes before breakdown. The pore pres-
sure at the beginning of the first cycle in the USW G-2 tests
can be taken as equal to the water table hydrostatic pressure
without reservation. As in the USW G-1 tests, the pressure
could not be bled back to the water table hydrostatic pressure
after the first cycle. Therefore in botk USW G-1 and USW
G-2 we use the water table hydrostatic pressure as a lower
bound and the ground surface bydrostatic pressure as an
upper bound on the value of P, in equation (2).

These bounding values of F, in equation (2) were used to
obtain bounding values of Sy for three of the tests: the two
decpest tests in USW G-2 and the deepest test in USW G-1,
all of which showed clear fracture reopening pressures signifi-

. cantly different from the initial breakdown pressure. Other

N E S W N
BOREHOLE TELEVIEWER LOG

Sinky:  orgntation at MApaIn
Setween podn 40 1tough

Do tan ' (nsg)

TABLE 2. Constrants on §,, From Hydraulic Fractunng
Measurements. USW G-1 and LSW G-2

Usw G-2° USW G-It
Depth. m 1026 1209 1288
Breakdown pressure. MPa 163 18.2 228
Shut-in pressure, MPa 11.1+£02 120+02 “e
Surface Hydrostatic 10.4 11.8 128
pressuce, MPa
Water Table Hydrostatic 49 6.7 17
pressure, MP2
S, MPs 11 +£02 120+02 148+02
Sg from equation (2L MP2 168204 173204 179
if P, = water table
bydrostat
I P, = surface 116+04 122+0¢ 128
hydrostatic pressure
Fracture reopening 11.6 120 188
pressure, MPa
5. MPa 208 255 272

SValues of §y derived assuming P, = water table hydrostat are
likely to be more reasonadle since they imply more reasonabdle rock
tensile strength if the resultant S, value is used in equstion (1)

#Note that since §, < S,, P, = surface hydrostat is too high an
upper limit for P, i equation 12i

.

tests were not used because they either showed fracture vé.
opening pressures that were not significantly different from the
initial breakdown pressure (shallower tests in USW G-2) or
because the fracture reopening pressures were subhydrostatic
and could not be accurately determined (shallower tests in
USW G-1). The S, values obtained in all three cases are
greater than S, and less than S, (Table 2), so that S, is the

steeply dipPing
subparallel
fractures

shaliowly dipPPing
fractures

Fig. 6. Televiewer fracture with sketch of how strike and dip are measured.
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Fig. 7. Plot of azimuth and angle of dip a3 & function of depth for the throughgoing fractures observed in the
televiewer logs of (a) USW G-1 and (b) USW G-2 The open aircles represent fractures which dip less than 60°; solid aircles

represent fractures which dip 60° or more.

intermediate principal stress, clearly indicating a norma! {sult-
ing stress regime.

Note that the use of equation (2} assuming equilibration of
P, to the surface hydrostatic pressure {our upper bound on
P,) would give Sy values very close to S, values, implying a
pure normal faulting stress regime. With S, close to Sy in
magnitude, well bore spalling would be unlikely to occur, and
if it did so, it might show quite variable and discontinuous
changes in orientation with depth [see Zoback et al, 1985).
The presence of continuous well bore spalling along consistent
arimuths in both USW G-1 and USW G-2 implies that &
considerable difference in the magnitudes of S, and Sg is
maintained at depth, so that the closer values of §, and Sy
corresponding to our upper bound on P, are probably unlike-
ly.

The vertical stress §, is normally caiculated as the saturated
weight of the overlying rocks. Because the densities of these
volcanic units vary greatly according to lithology, compaction,
and degree of welding [e.g, Anderson, 1981], a constant §,
gradient could not be assumed. Values of §, were based on
integration of data from commercial borehole compensated
- density logs, where available, for both USW G-1 and USW
G-2 (see tables of Healy e1 al. [1984] and Stock et al. [1984]).

Fig. £. (oppotite} Lower hemisphere, equal-arez projections of
poles to the throughgoing fractures observed in the teteviewer logs of
18) USW G-1 and (b)) USW G-2.
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DEPTH IN METERS

628-

630-

8699

662

666

668+

ﬁp. 9. Examples of drilling-induced hydrofractures, USW G-1 (10.4 cm drilled diameter) and USW G-2 (22.2 ¢m drilled
diameter). .

No borehole gravity studies were made in USW G-2, but
borehole gravity measurements from USW G-1 agree very
closety with the compensated density log (Snyder and Carr,
1984; D. Muller, personal communication, 1983). This sug-
gests that the densities obtained by compensated density logs
are representative of a large region around the borehole and
can be considered a reliable source for estimating §,.

BormHOLE TELEVEWER
Method

The borehole televiewer is & logging teol used to map the
smoothness of the borehole wall. It is useful in idenufying

natural and drilling-induced fractures, borchole spalling
(breakouts), and. :n some cases, bedding. Principles of its oper-
ation and use have been described by Zemanek et al. [1969,
1970] and are brielly reviewed here.

The televiewer consists of & 2-MHz acoustic transducer
which pulses 1800 times/s and rotates 3 times/s. It is puiled up
the hole at & constant speed of 2.5 cm/s. The returned signal is
plotted on a three-axis oscilloscope, with depth on the vertical
sxis, azimuth on the horizonta! axis, and brightness as & func-
tion of the amplitude of the reflected puise. A flux gate magne-
tometer triggers on magnetic north and emits a pulse during
each revolution. Photographs of the oscilloscope dispiay,
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the returned signa! from the acoustic televiewer. This part of the
borehole was drilled 10 22.2-cmm diameter,

taken at regular intervals, are used to form & continuous log of
the bole.

On the televiewer log, smooth regions of the borehole wall
will appear as bright areas, and regions of roughness (c.g,
fractures, breakouts) or regions that are obliquely angled with
respect to the emitted pulse will show up as dark areas. For
example, & planar fracture inclined to the borehole axis will
appear s a sinusoidal dark band on the log. The strike and
dip of such a fracture can be determined from measurement of
the amplitude and phase of its trace on the televiewer photo
(Figure 6). The returning signal is also recorded on magnetic
gpe and can be reprocessed in a travel time mode to create

oss-sectional views of the bole, on which borehole spalling,
tool eccentricity, and the depth of borebole wall features can
be measured.

For a constant logging speed, vertical distortion of features
jn the log varies with borehole diameter. Since USW G-1 was
sbout half the size of USW G-2 (10.4-cm bit diameter versus
22.2-cm bit diameter), there is greater horizontal exaggeration
on the USW G-1 log. This exaggeration improves the resolu-
tion of steeply dipping features but makes the identification of
shallowly dipping features more difficult. In general, for the
logging speed used, resolution is limited to features dipping
more than 30"

Results

Televiewer logs were obuained in USW G-1 from 1318 to
450 m and in USW G-2 from 1250 to 526 m. Both holes were
blocked at the bottom of the logged interval; the top of the
logged interval is the fluid Jeve! in the hole. The complete logs,
obtained prior to hydraulic fracturing, bave been reproduced
by Healy et al. [1984] and Stock et a!. [1984]. Logs were run
after testing 1o check for changes in the test intervals and for
hydraulic fractures, but no differences between these logs and
the carlier logs were observed. Although the entire logs are
too long to be presented here, some of the more interesting
features are discussed.

STOCK T AL.: STRESS MEASURDGENTS, YUCCA MOUNTAMN, NEVADA

Throughgoing fractures (defined as fractures for which both
updip and downdip intersections with the hole are visible on
the televiewer log) are present at all depths. The majonty of
these dip at angles greater than 60°. Plots of the dip direction
as a function of depth for fractures in USW G-| (Figure 7a)
show that in the upper part of USW G-, these fractures stnke
slightly east of north and usually dip stecply 10 the ESE.
Below about 1050 m they have more scattered o-entations,
and some quite shallow dips are observed. Many more frac-
tures are seen in the USW G-2 televiewer log (Figure 7b) than
in the USW G-1 log. In the upper 500 m of the USW G-2 log
the fractures show & preferred orientation of NNE strikes and
high-angle dips (greater than 60°) to either ESE or WNW. A
few fractures with dips less than 60° occur throughout the log.
The scatter in dip direction increases slightly with depth for
both low-angle and kigh-angle fractures.

Stereographic projections of poles to the throughgoing frac-
tures (Figure 8) show that in USW G-2 the fractures clearly
become less steep with depth. This is also the case for the
fractures seen in USW G-, although it is & much more abrupt
change.

Most of these fractures cannot be easily correlated with
fractures in the core because the core was not oriented with
respect to north. Although larger fault zones seen in the tele-
viewer logs can be correlated with similar features in the core,
there are many more fractures in the core than in the tele-
viewer log. Some of these may be due to the coring process;
many are probably preexisting fractures that were too small to
be resolved by the televiewer. We infer that most of the
throughgoing fractures seen in the televiewer log were present
before drilling; the NW to NE strikes are consistent with
surface observations of NW to NE trending faults on Yucca
Mountain (Figure 2).

Very high angle, nonthroughgoing fractures are also promi-
nent in the upper part of the televiewer logs (Figure 9). In
USW G-1 these occur between 520 and 760 m depth, as long
single fractures with strikes between NIS°E and N3IS°E. In
USW G-2 they occur between 526 and 678 m depth, as en
echelon subparalle! fractures merging into one another along
a strike of N25°E to N30°E. Because some of the correspond-
ing sections of core are unfractured, these fractures were prob-
ably created afier coring. We believe that these are hy-
drofractures induced by the drilling process, which are orient-
ed perpendicularly to the §, direction (implying that §, =
N65°W in USW G-1 and N60O°W in USW G-2). The stress
conditions required to form these fractures are discussed later.

Throughout large sections of the USW G-1 televiewer log
and at depth in the USW G-2 televiewer log, vertical black
bands occur in pairs centered at sazimuths approximately 180°
apart. There are two types of black bands: very regular, con-
tinuous black bands with fuzzy, gradational edges and more
irregular bands, often discontinuous., with sharp, jagged edges.
These were examined by reprocessing the recorded signal in
travel time mode to produce a horizontal cross section of the
kole [see Zoback et al., 1985]. The travel time cross sestions of
these bands demonstrate that the regular, continuous bands
are due to the too! being off ceater in the hole. These dark
bands are more prominent in the USW G-1 televiewer log
because USW G-1 had a drift of up to 12° toward the south-
west (Figure 3). USW G-2 had a maximum drift less than 5°
so the tool was usually well centered and these regular black
bands were not observed.

By contrast, the jagged, irregular black bands were found to
correspond to preferenually eniarged (spalled) regrons of the
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borehole (Figure 10). Their cross-sectional shapes varied from
pointed or triangular to elliptical. Such regions of preferential
spalling, or borehole breakouts, have also been identified on

-dipmeter logs from wells in Alberta, the Texas Gulf Coast, and

Colorado [e.g., Bell and Gough, 1983). Breakouts are believed
to represent shear failure of the borechole wall in the region of
high concentrated compressive stresses, centered on the az-
muth of S, [Be!l and Gough, 1979; Gough and Bell, 1981, 1982;
Zoback &1 al., 1985]. Comparison of the direction of borehole
elongation obtained from a borehole televiewer log with the
arimuth of §, determined from bydraulic fracturing tests in
the same well in central New York state {Hickman et af,
1985] as well as the agrecment between the azimuth of §, as
inferred from breakouts and that inferred from other field
indicators within a given stress province {Zoback and Zoback,
1980; R. Plumb, manuscript in preparation, 1985] confirm this
hypothesis. In sddition, laboratory studies of breakout devel-
opment by Mastin (1984] indicate thst breakouts do occur
centered at the arimuth of S, due to & combination of shear
and teasile failyre of the borehole wall.

In USW G-1, breakouts were continuously present from
1113 t0 1202 m depth, with an aversge szimuth of S80°W
(Figure t1a) In USW G-2, breakouts were present at depths
of 1053-1056, 1074, and 1084-1219 m, with an aversge az-
muth of N6O*'W (Figure 11b). The center szimuths of the
breakouts thus suggest 8 N60°-65'W orientation for §, in
USW G-2, in good agreement with the §, direction indicated
by the orientation of the drilling-induced hydrofractures in the
upper parts of both USW G-1 and USW G-2. This directios is
also in good agreement with that obtained from observations
of borehole breakouts and dtilling-induced hydraulic fractures
in two other boles at Yucca Mountain, in the volcanics and
underlying. carbonate rocks [Stock and Fealy, 1984]. The
ceater azimuth of the USW G-1 breakouts implies an §, direc-
tion of S80°W, & 35°-40° difference from the other directional

indicators. Although deviation of the borehole from the verti-
cal has been shown to have & significant effect on the orienta.
tion of stress-induced features such as hydraulic fractures
[Richardson, 1983), calculations using the observed Yucca
Mountain stress field (S, = vertical, §; = N2S°E, S, =
NGS'W. and 025 S (s: - S,)/(S. - S)) < 0-5) show that the
hole deviation at this depth cannot completely account for the
rotation of breakout azimuths. Devistion can explain this ro-
tation if the grestest principal stress direction is more than 10°
from vertical, or if §, and S, are closer in magnitude than seen
elsewhere st Yucca Mountain (Table 2 and Stock and Healy
[1984]). Because the anomalously oriented breakouts occur in
& fractured zone of flow breccie, such & locz! perturbation n
the magnitude and/or direction of the principal stresses seems
a likely possiblity.

DscussioN OF STRESS MEASUREMENTS

Stability of Preexisting Faults

A preexisting fault will slip if the shear stress ¢ applied to
the fault surface reaches & value equal to (s, — P,) i (the of-
fective normal stress multiplied by the coeflicient of friction,
k). Under the stresses observed in the saturated zone of Yucca
Mountain (S, > Sg > S, With S, oriented N65°W) the plane
with the highest ratio of shear to effective normal stress (the
most favorable plane for slip) would strike parallel to Sy
(N2S°E) and dip either east or west at an angle € related to
the coefficient of friction u by 26 = (tan~? u + 90°). For typi-
cal values of g (between 0.6 and 1.6 (Byerlee, 1978]), such
planes dip between 60° and 67°. There are mapped (aults at
Yuccs Mountain of approximately this orientation (Figure 2
and Scott and Bank [1984]), and fractures of this orientation
sre also seen in the televiewer logs, as discussed above. Lab-
oratory compressive strength tests of the Yucca Mountain
tuffs (summarized by Price [1983]) indicate that in the ob-
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served stress regime, slip would occur preferentially on these
faults rather than through the shear failure of intact rock.
For a favorably oriented fault plane, the expression ¢ = u(s,
= P,) can be rewritten in terms of the priocipal stresses as
sl_-_P,g -[p+ 0‘3 + I)u:]:
S, -P )
{e.g., McGarr et al, 1982; Zoback and Hickman, 1982; Zoback
and Healy, 1984), In 2 normal faulting environment, such as
the saturated zone of Yucca Mountain, §, = §, and S, = §,;
S, and P, are well constrained as a function of depth. There-
fore, if x 1s known, the condition for slip on a favorably orient.
ed fault at a given depth can be defined in terms of a critical
value of §,. If S, exceeds this value, no slip will take place on

any faults, but if S, is equal to or Jess than this value, slip will

occur on {avorably oriented preexisting fauits.

Byerlee {1978] demonstrated that aimost all rocks have fab-
oratory coeflicients of friction between 0.6 and 1.0. We there-
fore use these two bounding values of u to compute critical
values for S, as a function of depth for our measurements in
the saturated zone (Figure 121 Measured §, values are close to
those for which slip might take place on favorably criented
preexisting faults, if u = 0.6. Slip should not occur if y = 1.0.
Laboratery coeflicients of friction for samples of the Topopah
Springs and Bullfrog member range from 0.7 to 0.9 [Morrow
and Byerlee, 1984). A value of 0.59 has been reported for the
Prow Pass member (Olsson and Jones, 1930]). These values
suggest that in at least part of the tuff section at Yueca Moun-
tain, favorably oriented preexisting faults might slip under the
current stress conditions.

Formation of Drilling-Induced Rydrofractures

Preexisting cracks of fairly large size are likely to bave been
present in USW G-] and USW G-2, since much of the core
contains lithophysa) cavities, pumice fragments, lithics, and
phenocrysts exceeding 1 cm in size. It therefore seems quite

plausible that propagation of preexisting flaws occurred
during drilling, as the hole was filled with fluid and downhole
pumping pressure was applied. Such fractures would continue
to propagate away from the borehole if the fluid pressure in
them exceeded S,. Pressures during drilling may have easily
exceeded S, throughout much of USW G-1 gnd possibly also
USW G-2 (Figure 13). We believe that this is the origin of the
long, planar fractures which are prominent in both the USW
G-1 and USW G-2 televiewer logs (as described above in
televiewer results). The complete loss of circulation fluid ex-
perienced during drilling of these two holes can be explained
by the fluid going into the drilling-induced fractures.

RELATIONSHIP OF YUCCA MOUNTAIN STRESSES
10 THE ReGionar Stress FELD

The Nevada Test Site falls at the eastern edge of the stress
transition zone defined by Zoback and Zoback {1980] between
WNW.ESE extension characteristic of the Basin and Range
province and the strike-slip faulting characteristic of the San
Andreas siress province. Because both normal and strike-slip
faulting occur st NTS, the magnitudes of the principal stresses
have been inferred to be at the transition between normal and
strike-slip stress regimes (S, = Sz > S,). The few published re-
gional focal mechanisms from events at depths from- 0.8 to
10.2 km have almost exclusively strike-lip solutions (Figure
14).

. The NW to WNW extension direction indicated by the
regional data (Table 3) agrees very well with the S, direction
of N60°W to N65*W seen in the Yucca Mountain drill boles.
The magnitudes of §, measured by the hydraulic fracturing
technique are aiso close to the value of §, = 1/25, determined
by McGarr [1982] to be characteristic of the transition zone.
However, at the depths of our measurements, Yuccza Mous-
tain is within & normal faulting stress regime, with Sy about
balfway between S, and S, in magnitude. This is significantly
different from the stress regime with Sy = §, that has usually
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Fig 13. Measured values of the least borizontal principal stress §; as a function of depth in USW G-1 and USW G-2,
Pore pressure line corresponding 1o the observed water level in each hole is thows for reference. The dashed line is the
pore pressure curve whick would be expected if the hole were filled to the surface with water. The measured values of §,
suggest that the fuid pressure in the hole may have exceeded S, during drilling, causing drilling-induced bydraulic
fractures to form and propagate. Note that the upper three measurements in USW G-2 are upper limits on the value of S,
(see text for discussion). ¢
TABLE ). Compilation of Stress Indicators, NTS Area
Type of S, Stress Age of
No. Location Measurement Direction Regime Indicator Reference Comments

1 Rainier hydrofrac NSS'W strike slip (ss) 0 Haimson et al. al) of these measurements
Mesa (1974} may be strongly influenced

by topography

2 Rainier hydrofrac (in NW-SE normal/ss 0 Smith et al.

: Mesa center of mesa) [1981)

3 Rainier avercoricg NW-SEto mainlyss 0 Ellis and afl of the measurements
Mesa and E-W some normal Megner {1980) may be strongly influenced
Aqueduct by topography
Mesa

4 Pahute explosion produced WNW-ESE sormal 0 Snyder [1971)

Mesa fractures in wfd 1o E-W

S Pahute borehole breakouts  NSO°W ? 0 Springer and
Mesa Thorpe {1981) )

6 Yucca explosion produced  NSO°W gormal ] Carr [1974) fractures ia alluvium
Flat fractures 1 likely to be affected

alluvium by basin structure

7 Yng: . borehole breakouts  N6O*W ? 0 Carr [1974])

t

$ Yuna borehole dreskouts N4sS'W ? 0 Springer and
Flat ) Thorpe [1981)

9 Crater trenching of NN~ ? 0lmy  Sweodley and exact displacement
Flat (east) Quaternary faults 0w * Hoover [1984) direction unknown

10 Crater alignment of N&O°'W sormal 1imy . indicators are 100 oid
Flat cinder cones +10° and their orientation
may be related to pre-
existing fractures
11 Crater dikes E-Wto normal 1M my. indicators are too old
Flat WNW and their onientation
may be refated to pre-
existing fractures
12 NTSama focal mechanism NWiocW  s/mormal 0 Rogers et al, uncertainty in relation.
P axes [1983) ship between P axes and
: S, direction )
13 Pahute focal mechanism NWto W ss/oormal 0 Haomiiton oud uacertainty in relation-
Meu P axes Healy {1969} ship between P axes and
§, direcuon
14  Yuccs drilling-induced Né6o°- gormal () this report
Mountain kydraulic fractures NWO'W
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Fig. 14. Compilaticn of NTS region focal mechanisms. Letters correspoad tc event identification from Table 4.

been assumed for the ares. Yucca Mountain could be locally
anomalous, having & much lower relative magnitude of Sg
than most of the surrounding region. However, no change in
stress regime is actually required by the presence of strike-slip
faulting in the area.

The reported focal mechanisms do not have & uniform dis-
tribution of nodal plane orientations. The nodal planes are
nearly &ll steeply dipping, with N to NE strike, and show
strike-slip faulting, with minor normal component [Rogers et
al., 1983]. Resolution of the Yucca Mountain stress tensor

TABLE 4. Foca! Mechanisms Compiled for the NTS Region

Event Date Depth, km Location Reference

A Jan. 23, 1981 102 J7.148°N, 117.387°W Rogers e al. [1983]
Gold Mountain

B Dec. 28. 1979 8] 37.288°N, 114.062°W Rogers e al. [1983)
Sarcobatus Flat

C March 10, 1981 66 32.185°N, 11617°W Rogers e al. {1983]
Sarcobatus Flat

D* Aug 17,199 92 37.055°N, 116955°W Rogers et al. [1983]
Sarcobatus Flat

E* Aug 17,1979 63 37.185°N, 116.50°W Rogers o al. {1983])
Thirsty Casyon :

F* Dec. 26, 1981 86 36.725°N, 118.708°W Rogers et al. [1983)
Indian Springs

G Apnil 2, 1980 14 J6H60°N, 115961'W Rogers e al. {1983}
Freachman Flat

H April 23, 1980 (%) 36874°N, 116.162°W Rogers &1 al. [1983]
Lookout Peak

1 May 10. 1980 0s 36811°N, 116.26TW Rogers e1 al. [1983)
Jackass Flats

J* Dec. 1968 Aftershocks of Hamilton and Healy (1969}

Benham explosion
K* Dec. 1968 Afershocks of Hamilton end Healy [1969)
Benham explosion

L Feb. 12, 1970 36.60°N, 116.27°W Smith and Lindh [1978)

M Sept. 1970 JTIFN, 117.32°W Smith and Lindk {1978)

N March 23, 1970 37.75°N. 116.00'W Smith and Lindh {1978]

*Composite mechamsm.
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(S, > Sy > §,, with S, oriented N65°W and Sy about hilfway
between §, and §, in magnituds) onto planes of the reported
orientations indicates that the direction of maximum shear
(expected direction of slip vector) on these planes would be
close to horizontal, and could be parailel to the observed slip
vectors (J. M. Stock, manuscript in preparation, 1985). Thus, if
these nodal planes were preexisting faults, subjected to the
Yucca Mountain stress regime, they could produce strike-slip
focal mechanisms coasistent with those observed.

Yucca Mountain itself has very few observed eartbquakes,
compared to surrounding areas of NTS [Rogers ¢t al., 1983].
Although there are faults of known Quaternary displacement
in the area, results of trenching, as of this publication date,
indicate no conclusive evidence of Holocene offset [Swadley et
al., 1984]. Given the available laboratory measurements show-
ing values of u of 0.6 to 0.9 {Morrow and Byeriee, 1984, the
measured stresses st Yucca Mountain are near the limit of
those required to cause slip on favorably oriented preexisting
faults. Scatter in both the laboratory and the ficld data cannot
preclude the possibility that stress values might reach the

levels required to cause seismic or aseismic motion on the

faults.

Brace and Koh!Isted: [1980] showed that Byeriee’s law de-
scribing the frictional bebavior of rocks [Byeriee, 1978] cor-
rectly gives the limiting value of lithospheric stresses in all
cases of measured in situ stresses to depths of at least 4 km. In
areas of active normal faulting, the magnitude of the least
horizonta! stress relative to the vertical stress can be shown to
be controlled by the vertical stress and frictiona) stability of
preexisting faults, at the limit expected from Byerlee’s law
(Zoback and Healy, 1984]. In such areas the minimum prin.
cipal stress values measured from hydrofrac tests are very
clese to the values st which slip would occur on favorably
oriented faults. The measurements at Yucca Mountain fit this
pattern. Since active faulting is occurring throughout the NTS
area, as shown by recent seismicity and Quaternary offsets, it
is expected that §, and §, should follow the values of frictional
stability expected from Byerlee's law. Therefore the direction
of S, and the relative magnitudes of §, and §, measured at
Yucca Mountain are probably typical of the general regional
stress pattern.

ConcLusions

Hydraulic fracturing stress measurements in boles USW
G-1 and USW G-2 at Yucca Mountain show that both the
least and greatest borizontal principal stresses (S, and Sy, re-
spectively) are less than the vertical stress §,. The measured
stresses correspond to 8 normal faulting regime with § about
balfway between S, and S, The observed magnitudes of S,
and §, indicate that frictiona! sliding might be expected to
occur on favorably oriented preexisting faults if the coeflicient
of friction along such faults were close to 0.6. For coefficients
of friction close to 1.0, all preexisting faults should be stable.
Laboratory tests of the Yucca Mountain volcanic rocks yield
coeflicents of friction ranging from 0.6 to 0.9, suggesting that
some favorably oriented preexisting fault zones might experi-
ence frictional sliding under the measured stress conditions.
Seismic and geological observations, however, argue other-
wise.

Borehole televiewer observations of USW G-1 and USW
G-2 reveal that the S, direction is N65*W + 10°, as deter.
mined by (1) the N25°E to N3O’E strike of long, drilling-
induced bydraulic fractures seen to 760 m depth in USW G-1
and 680 m depth in USW G-2 and (2) the average N65S°W

orientation of borehole breakouts seen from 1050 to 1220 m in
the USW G-2 televiewer log. Breakouts in USW G-1, seen
from 1113 to 1202 m, have an average orientation of S8O°W
and are believed to be affected by a local perturbation in stress
direction in this zone (consisting of highly fractured flow brec-
cia which is not present in USW G-2). Owing to limitations
on drill rig time, no orientations of test-induced hy-
drolractures were obtained.

These measurements are in good agreement with other
stress indicators from the Nevada Test Site which yield 2
NW.SE to WNW.ESE direction of $,. Although both normal
and strike-slip faulting patterns are observed at NTS, calcula-
tons of slip on preexisting faults show that the observed
strike-slip focal mechanisms could occur in response to &
normal faulting stress regime sumnilar to that measured at
Yucca Mountain.
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