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MEASUREMENT AND ANALYSIS OF ROCK FRACTURES 
IN THE TSHIREGE MEMBER OF THE BANDELIER TUFF 

ALONG LOS ALAMOS CANYON ADJACENT TO 
TECHNICAL AREA-21 

by 

K. H. Wohletz 

A total of 1662 fractures was measured in unit 2 of the TBhirege 
Member of the Bandelier Tuff along a llfftion of Los Alamos Canyon 
adjacent to TA-21. Beginning 1200 (I ea11t ofOmega Site (TA-21, 
the section extends eastward 7312 (f to near the end of DP mesa. 
Photomosaic maps lt-'f're constructed to d~ument each fracture, 
and measurements were entered into an RS/1 dolabase for anal~·sia. 
Background linear fracture density aveNllle• around 20 frodunoal 
100-ft interval with a notable incn>aae to about 10 fractures/100 fJ 
over a zone that extends -1500 fl east-west and i• unterrd direC'tly 
south of MDA V. Within this same zon.e, mean fracture apertures 
increase from background t•alu.es of -o.B to -1.25 e-m. Fractunos 
rno.kR up a conjugate set of NW and NE •trikes. 0tlf'rall, the a~Wral{e 
strike is about N12E, but the 988 NE-trending fraclurrs shfiU' a 
mean strike of N43E, and the 674 NW-trrnding fracturrs har'l' a 
mean strike of N33W. Fracturr dips arr generally st~¥p, at•rnll(i ng 
between 73 'Nand 70 ·s. Both fracture mf"an 11trilu•• and dips shou· 
rotations of set•eral deg~s in the mfJst high I)· fractun>d zone. 

INTRODUCTION 

Abundant rock fractures extend throughout 
the Tshirege Member of the Bandelier Tuff 
underlying DP Mesa 1 Fig. 1 1 at TA-21. Thest· 
fractures are important geological feature:-; 
because they constitute potential pathways 
for contaminant infiltration from MDAs on 
the mesa: they also affect slope stability along 
the canyon margins. This report document!' 
an extensive field survey of exposed fractun•s 
carried out at TA-21 in 199:!. It builds upon 
previous fracture studies conducted by 
V~niman and Wohletz 119901 and employ!' thf:' 
detailed procedure developed in that study. 

Tht· ortJ,!in of till' frac·tun•s m tht· Bandelier 
TufT hal'l nt•ver bet>n del'lcrihed fully. Work by 
\'ani man and Wohletz ( J 9901 lmggeflts. by 
analogy to numl•rou,.; otht•r ~tudit•s of welded 
tuffs and by considerataon of te(·tonicfl of the 
PaJarito Plateau •Gardrwr und House, 1987 ), 
that most of tht• fractures can ht> explained 
b~· hrittlt• failure nf tht• tufT durmg cooling 
t·ontraction. Tt•ctonic movt~ment over the last 
millaon yt'ars along tlw PaJarito fault system 
caused subsequent fracturt' extension and 
development m the tufr. BecaU!o~e the exact 
ori~n of the fractures is still in question, this 
study does not attempt to classify fractures 
accordmg to their geologicaloribrins. 

) 
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Fig. 1. Topographic map of TA-21. The fracture trsverse extends •long the north wall of Los Alsmos Canyon 
from 1200 ft east of Omega Site (not shown) to 8512 ft east ot Omega Site. Fourteen photomoulc fracture maps 
cover this traverse. Figure 2 shows an example of the photomossic maps tor the ares ad}llcent to MDA V. 

METHODS 

The methodology consists of three phases. as 
outlined by the SOP for Fracture Character· 
ization I LANL-ER-SOP-03.061: 1 11 photo­
graphic documentation of area or traverse 
along which fractures will be characterized 
and construction of a photomosaic map base. 
121 measurement and plotting of fracture 
dimensions on the photomosaic map, and 
I 3 I statistical analysis of fracture data by the 
procedures described below. 

The south-facing cliff exposures al,mg Los 
Alamos Canyon were chosen for thIS study 
because they provide the only continuous 
vertical exposure of the Tshirege ME·mber of 
the Bandelier Tuff beneath TA-21 'Fig. 21. 
Unit 2 of Vaniman and Wohletz I 19901 is 
partly welded along this traverse and shows 
the best exposure of fracture surfaces; conse­
quently, the results of this study are from unit 2. 
The documented section begins 1200 ft east 
of the Omega Site ITA-21 access gate to the 
canyon and continues 7312 ft to the east. 

Photo Documentation 

When unit 2 of the TshiregP Member was 
photographed. successive stations at the hase 
oft he unit' where slopes an• accessible 1 were 
set up so that focal distancl'H of 40 to 60 ft 
were maintained and photographs had - 20'4 
overlap. Because of the curvaturt> of the cliff 
face and its irregular vertical extent, each 
photoJ.,rraph covered between 30 to 50 ft of 
lateral exposure; scales ndded to the 
photomosaics reflect this variable lateral 
scale. After construction of the photomosaic, 
tracing paper was overlaid to make a map of 
outcrop features, including key topographic 
points such as cliff tops and bottoms, promi­
nent fractures. and geographic objects such 
as buildings, trees, and large signposts. This 
map was attached to the base of the 
photomosaic so that there is a 1:1 correspon­
dence between mapped and photographed 
features. The 7312-ft traverse required 14 
individual photomosaic maps, each covering 
-500 ft of lateral exposure. 
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Fracture Measurement 

The horizontal scale for the fracture maps was 
determined by measuring distance on the 
topographic map between topographic poinLo; 
identified on the photomosaics. This scale was 
then placed on each map to show the distance 
between mapped features. Because of the 
exposure irregularities in cliff face described 
above, this scale will have an error of± 1Qf:( 
of each map's total width. 

22 

Starting from one end of the fracture traverse. 
each fracture was sketched on the map and 
designated by a number. These numbers 
increase from west to east and are pertinent 
only to the photomosaic map on which they 
are shown lfor example, fracture numbers 
1 though 80 of photomosaic map 1. fracture 
numbers 1 through 66 ofphotomosaic map 2. 
etc. 1. The location of each fracture is its aver· 
age point of intersection on the map. All 
obsen·ed fractures have been recorded with 
some parallel sets too closely spaced to be 
given individual numbers on the map. but 
nonetheless they are recordt>d in tht> data­
base. Fracture strike and dip were measured 
to an aceuracy of ±2c Y.'ith the Brunton compass. 
and fracture opening width was measured 
perpend1cular to fracture surfaces. In cases 
where fractures could not be safely acc-essed. 
standard application of Brunton compass 
techniques were applied: these require measun-­
ments using the compass alignment sights 
with cautious obsen·ation of the relationship 
between true and apparent orientations. 

Fracture Data Base and Analysis 

The fracture data recorded in the field nott'· 
book were entered into a database, which 
allowed application of several statistical 
procedures. The database consists of a table 
with a column for each fracture, listing the 
fracture's number designation. horizontal 
location on the fracture map. dip nnd strike. 
and aperture. From these data. several other 
columns are statisticully calculated: 
( 1 l a linear fracture density calculated as a 

mo\'ing average by counting the number of 
fractures contained in a ~,riven distance interval 
f 10 and 100 ftl that is centered on each frac­
ture. f 21 a cumulative fracture width over a 
specified interval f 10 and 100ft 1 that is cen­
tered on each fracture. and 131 the relative 
dip of fracture from vertical. t negative values 
indicate southerly inclinations 1. Because frac­
tures in the Bandelier Tuff show apparent 
~·w. and NE-strike groupings and cross-cutting 
relationships suggest that tht-se t.wo groups 
are coe\•al. I have considered fractures to repre­
sent a conjugate set. Accordingly, additional 
columns for the table are separately calcu­
lated for each of the three above columns for 
each conjugate set. This conjugate relation­
ship is an hypothesis I attempt to support in 
later data analysis. Numerical procedures for 
the abo\·e include: f 11 calculation of linear 
fracture densities for se\'eral different dis· 
tance intervals, taking into account section 
end effects by extrapolating the gradient of 
density with distance, 121 transformation of 
dip measurements to degrees from vertical. 
and 131 computation of cumulative fracture 
width!'~ for 10- and 100-ft distance intervals. 
Although more sophisticawd ,.;tatistical analy­
ses can be applied to tht•se datu. those u~ed 
art• sufficient to charactcrizt• the fractures. 

Fracture data were then dasplayed on several 
different plots: 

1 }1 fractur(' dt.msit~· l 10- and 100-ft 
intervalsll'll horizontal distance 
along the traverse: 

l21 histograms of fractun• Hlrikc; 
I :J I fracture strike I',<; horizontal 

distance, where positive strikes 
represent strike in degrees east 
of north and negative strikes 
are west of north f these datn 
are smoothed using the RS/1 
data-smoothing option to show 
the trend of northeast and 
northwest fracture R«•ts as well 
as the overall trend of all fracture 
strikesJ; 



141 fracture dips l'S horizontal distance. 
where vertical plots at zero. dips 
toward the northeast or northwest 
are pos~tive inflection" from vertical. 
and southerly dips are negative 
inflections from vertical \again. 
smoothing of data shows average 
trends for fracture sets I; 

t5 1 fracture widths t•s horizontal 
distance with smoothed trends 
for fracture sets; 

161 cumulative fracture widths 
tper 10-ft intervals cs horizontal 
distance with smoothed trends 
for fracture sets; and 

t'i 1 fracture widths> 10 em t's 
horizontal distance. 

RESULTS AND ANALYSIS 

A total of 1662 fractures was documented and 
measured along the n12-ft section located 
along Los Alamos Canyon, as is shown in Fig. 1. 
An example photomosaic and fracture map 

Mrasu~mt'nl and Ana(v11i• of Rorh Frarturf'H 

documenting part of this section is shown in 
Fig. 2. The measurements for each ofthe num­
bered fractures on this map are archived in a 
computer databa~e. as dt>scribed above. The 
tabulated data for fracture strike. dip. and 
aperture are shown statistically in Tables 1, 
2. and 3. 

Fracture Density 

In general. the background spacing of frac­
tures is -5 ft. which is similar to a value found 
for nearby areas in the Bandelit•r Tuff. by 
Vaniman and Wohletz i 19901. However. over 
the zone from 2500 to 4000 ft east of Omega 
Slt.e. the fracture spacing is much closer t 1 to 2ft l. 
Figure 3 is a plot oflinear fracture density for 
10- and 100-ft intervals centered around each 
fracture. Note that very little lateral variation 
in fracture density is immediately apparent 
for the data plotted for 10-f't intervals: this 
represents the density generally apparent to 
an individual viewing the- section while in the 
field. The 100-ft interval is arbitrarily chosen 
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Fig. 3. Plot of linear fracture density vs distance east of Omega Site. The curves show fracture density over 
100- and 1D-N Intervals. 
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to represent the width of potential tectonic 
features. Data plotted for 100-ft inter\'als 
shows a background density of -20 fractun's 
per 100 ft; a notable increast> at horizontal 
locations between 2500 and 4000 ft that 
reaches a high of about 7.') fractures/ 100-ft 
interval. 

The notable rise in fracture density occurs 
abruptly 2500 ft east of Omega site and then 
falls off more gradually to the east. reaching 
background values at -4000 ft. This zone 
corresponds to a fracture zone running N-S 
that Vaniman and Wohletz t 19901 mapped but 
did not document by fracture studies. It likely 
represents a fabric of the Pajarito fault 
system. The zone's northerly projection runs 
directly through i\lDA Vat TA-21. In all, 554 
fractures were documented in this 1500-ft­
wide fracture zone. whereas :no fractures 
were found over a distance of 1300 ft to the 
west, and 828 fractures were found o\·er a 
distance of 4512 ft east of the zone. 

Fracture Strikes 

Because obserVE·d fractures are likely to have 
been formed during tht• cooling contraction of 
the Bandelier Tuff, a conjugate system with 
60" fracture intersections should be expected. 
This simple hypothesis is complicated by the 
fact that the tuff compacted over a preexist­
ing topography with a strong E-W fabric. 
which would cause a dominant N-S strain 
component to be accommodated by the frac­
tures. Figure 4a is a rose diagram of fracture 
strike frequency measured along the approxi­
mately E-W trend of Los Alamos Canyon. 
Because of its orientation, this canyon exposes 
fractures as a sine function of the angle 
between the fracture strike and the canyon 
wall; hence. the abundance of E-W trending 
fractures is greatly reduced. This figure 
portrays a weak bimodality of fracture strikes 
with modes in the NW and NE quadrants. The 
distribution of strikes is generally symmetric 
around the N-S axis and, because of their 
mutually cross-cutting relationships. these 
two modes define a conjugate fracture set. 

It} (b} 

N N 

Fig. 4. Rose diagrams of fracture strikes measured In 
Los Alamos Canyon plotted In 10 classes. (a) ObStHVed 
distribution at thfl 1662 frllctures measured tor which 
maximum petal magnitude Is 140 occurrences. 
(b J Cslculstecl distribution corrected tor angle l»tween 
fracture strike and the E·W line of Los Alamos Canyon 
exposures (maximum petal magnitude Is 495 
occurrences). Here. an additional 1109 fractures were 
Inferred by the relationship of n = ntsln r(, where n Is 
the number observed tor uch clau and r tIs the angle 
between each clan's strike and E-W. 

By applying a trigonometric t·orrection for the 
t'Xposure hias. Fig. 4b shows that thPre is 
likely a dominant E-W trend in fracture 
strikes and that the NW and NE modes are 
subordinate. If one assunu~r-; the dominant 
E-W fractures shown in Fig. 4b are real. then 
dominant fracture intt>rsections reproduce 60 
angles ! -N30W, -N:JOE. -E-W 1. as expt'cted 
for a '-'ooling contraction origin. 

Bet·ausp the E-W component ilii inferred. frac­
ture data are further represent.t>d with respect 
to only the NW and NE strike modes. Table 1 
lists fracture strike data for the section. show­
ing that of the 1662 fractures measured. 988 
trend NE and 6i4 trend NW. In Table 1. frac­
tures an• differentiated into three zones: those 
occurring west of 2!)00 ft t western back­
ground'· those between 2500 and 4000 n ( frac­
ture zone 1. and those east of 4000 ft I eastern 
background 1. Whereas the NW set shows a 
mean strike ofN33W. the NW set shows a mean 
of N43E-indicating an average intersection 
angle with the NE set -15c greater than the 
expected angle of 60". This result is likely a 
reflection of the dominating influence ofE-W 
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TABLE 1. 
FRACTURE STRJKf: I>ATA FOR TA-21• 

Fracture Set Number Mean Strike Standard Deviation All Fractures 
(I.E 988 42.7 :!.24.5 f'.N\1 674 -32.8 !.23.1 Background 

(West) 
(I.E 182 44.3 -:.26.8 f'.N\1 128 ·33.8 !:22.0 Fracture Zone 
(I.E 312 45.0 :+.:24.5 f'.N\1 212 -40.6 :+.:25.5 Background 

(East) 
(I.E 494 40.7 !:23.5 f'.N\1 334 -27.4 !20.3 8 Strikes shown in dt>J,'Tl"t'S from dut• north. !\"\\' ~<trlkt•s d~>"ll.'llah•d h~· nPj:l'3tl\'t' \'alue>~. Fr,u·tul"l' zone corre~ponds to horizontal distanrt>s from :l!iOO to 4000 n east ,,f Omt•.:a Sitt•. 

fractures in calculation of the NE set mean strike. Note the slight rotation of mean strikes 
west to east over the fracture zone from N44E 
and N34W to N41E and N27W, respectively. 
This rotation may represent the influencE' of tectonic movement on fracture orientations in the fracture zone. 

Fig. 5 shows a plot of fracture strikes as a func· tion of horizontal location. In this plot, 
smoothed curves for the data show average orientations of all fractures. only NE-trend­
ing fractures, and only NW -trending fractures. 
Note in Fig. 5 that azimuths west of due north 
plot as negative values in degrees. A compos­
ite average of all fractures varies between due 
north and N20E, with the NE set averaging around N40E and the NW set averaging around N30W. There is notable fluctuation of these curves over a zone extending from 2500 to 4000 ft west of Omega Site, which corre­
sponds to the fracture zone with increased fracture density. Over the fracture zone, strikes are divergent I spreading apartl, but to the! east of this zone, the angle between them stays fairly constant Csympatheticl. 

Fracture Dips 

Fracture dips range from nearly horizontal to 
vertical: northerly dipping fractures show a 
mean dip from horizontal of about 7 4 ± 22'' and southerly dipping ones have a mean at about 
68 :! 20". Table 2 lists results of fracture dip 
data. showing Mtatistics for all fractures both those in the fracture zone 12500 to 4000 ft. l and those on either side of the fracture zone r considered background valuesl. Note that dips 
are shown in degrees from vertical I Table 2. Figs. 6 and 71 so that northerly dips could be 
averaged with southerly dips c noted as nega­
tive valuesl. As with strikes, a NE- and a NW­
trending set are designated. Where northerly 
and southerly dips are not discriminated in 
Table 2. the greater abundance of northerly dipping fractures gives mean values of8.5° 1 N 1 for both the NE and NW sets. In Fig. 6. fracture dips are plotted against horizontal location. Curves for all fractures, the NE set alone, and the NW set alone are shown with dips indi­cated as degrees from vertical such that south· erly dips plot below o~ 1 vertical l. For most of the section. the NE and NW sets show sympathetic 
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TABLE 2. 
FRAcruRF. DIP DATA FOR TA·21 • 

Fracture Set Numbltr ,_n Dip from Standard O.VI.rlon 
VIHflc.l( '] 

All Fractures 
t-1: 988 9 127 N 768 17 :t24 s 220 ·20 !19 NW 674 9 t26 N 559 16 121 s 115 ·25 :t21 Background 

(West} 
1'£ 182 4 :t25 t#V 128 6 :t21 Fracture Zone 
1'£ 312 10 131 t#V 212 1 , t33 Background 
N: 494 9 :t25 t#V 334 8 :t23 

8 Dips shown in degrees from vertical, southerly daps del'ltgnated by nt>gativP value~. Fracture zone corresponds to horizontal distances from 2500 tu 4000 ft east of Omega SitR. 
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those NW and NE ones. As In Fig. 5, 0. 1 smoothed data curvn are shown for all fractures, for those of the NE 

set, and for those of the NW set. 
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27 
) 



Earth SciencP lnt•estigations/Enr•ironmr111tal Rrstoration-Los Alamos Tf't'hnical An-a 21 

28 

dips going east into the fracture zone: east of 

the fracture zone. they become antithetical 

and show opposite trends. Figure 7 shows a 

plot of dips for all fractures, northerly dipping 

fractures only, and southerly dipping frac­
tures only as a function ofhorizontallocation. 

For most of the section, as northerly dips 

become less vertical with distance. so do 

southerly ones. An increased fluctuation in 
dip is noted over the fracture zone-again. a 
possible effect of tectonic movement. 

Fracture Apertures 

Fracture apertures ranged from 0 em 1 closed 1 

to 15 em 1 open 1. Aperture statistics 1 Table ~J 1 

show mean openings of 0.82 and 0.93 em for 
the NE and NW sets, respectively; however. 
the standard deviations of between± 1.0~ and 

± 1.33 em indicate that most apertures vary 
between 0 and about 2 em. Table 3 shows that 
mean apertures increase from -0.84 em west 

of the fracture zone. to 1.11 em for the NE 
seL to slightly more 11.52 em 1 for the N\V:. 

within the fracture zone. East of the fracture 

zone, aperturE's again fall off to mean value~ 

around 0.61 em and standard deviations are 

about one-half as much as thost' found to the 

west of the most highly fractured zone. It is 

not known to what degree 1 if any I fracture 

aperturE's have been modified by their prox­

imity to the canyon walls. No visible erosive 

widening was observed; the fractures show 

more or less pristine, cast>-hardt•nt•d surfaces. 
However. apertures were ob!-lerved to decrease 
abon• and below unit 2. Fracture-filling 
materials are sparse to absent in unit 2. but 

they become prominent in unit 3. 

FigurE' H is a plot of fracture widths t'H hori­
zontal location. The data haV(' bt."t'n smoothed 

and compared to the linear fracture density 
curve of Fig. 3. Note the strong correspon­
dence offracturE:' widths wtth linear fracturt• 

density. From background \'alUt~s of- 0.85 em. 

fracture widths rise to values >3 em over the 

fracture zone. In Fig. 9. cumulative fracture 

widths for 100-ft inlt•rvals centered on each 

fructure are plotted against horizontal loca­

tion and compared to tht• lint>arfracturE'density 

TABLE3. 
FH.ACTl'Rt: APt:RTl'Rt: DAl"A • 

Fracture Set Number Mean Aperture Standard Deviation 
(em) 

All Fractures 
r-.E 988 0.8 :! 1 0 1 

f\liN 674 0.9 :!:1 .3 

Background 
(West) 

r-.E 182 0.9 ::1 .2 

f\liN 128 0.8 ±1.1 

Fracture Zone 
r-.E 312 1 1 !:1 .5 

mv 212 1.5 ±2.0 

Background 
(East) 

r-.E 494 0.6 ::':0.6 
mv 334 0.6 ±0.6 

a Fracturt· zom· corre;;pnnd~ to horizontnl distaJ)("t·s from :l500 tu -WOO ft (•a><t ofOm<·ga Silt!. 
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data. From a background of -0.5 m of fracture 
opening over 100-ft intervals, the cumulative 
fracture opening rises to about 1.4 m/100-ft 
intervnl over the fracture zone. The impor· 
tance of the fracture zone with respect to 
fracture apertures is further emphasized in 
Fig. 10, where only fractures with openings 
>2 em are plotted with location. 

CONCLUSIONS 

The fracture characteristics described above 
apply to unit 2 of the Tshirege member, but 
their similarity to those described by Vaniman 
and Wohletz (1990) for unit 3 of the Tshirege 
Member suggests that these results for unit 2 
can be extrapolated to the rocks directly 
underlyingTA-21. The results ofthis present 
study also support the conclusion that a frac­
ture zone probably related to the Pajarito 
Fault system runs on a northerly course 
through MDA-V ofTA-21. The fracture zone 
appears as an area of increased fracture 

density from 2500 to 4000 ft. east of Omega 
Site. Over this 1500 ft. of increased fracture 
density, there is a cumulative fracture aper­
ture of nearly 6. 7 m. It is not known whether 
tectonic movement produced the increased 
number of fractures by creating new ones or 
by opening rock discontinuities originally 
formed by cooling contraction. · 

Study of the potential for contaminant migra­
tion will be pursued by coring below MDAs. 
Trigonometric analysis of these fracture data· 
will provide optimum slant-drilling nriPn'I:A. 

tions for intersecting the greatest number 
fractures in a given length of drill core. From. 
the data in Tables 1 through 3, it is 
that NE-striking fractures are 
abundant than NW-striking ones. f4~urt.h,er­

more, the NE-striking fractures (those 
dip north into the NW quadrant) are 
three times more abundant than sotnn-al11>" 
ping ones. Hence, as a first ap]prctxilnation~ 
slant drilling in the direction S48E 



r optimize fracture intersections. Howevt>r. if 
calculated E-W fractures I Fig. 4b 1 are realistic. 
then N-S slant drilling should also be pursued. 

This report concludes the field characteri­
zation of fracture orientations and apertures 
for the upper vadose zone at TA-21. The data 
presented in this report will be used to design 
drilling programs for characterization of the 
MDAs. These data will also be used to evalu­
ate the role of fractures in contaminant 
migration at TA-21. Additional fracture char­
acterization is planned for deep boreholes 
when the drilling is completed. In addition, 
there is an ongoing mineralogical study of 
fracture-lining and fracture-filling minerals 
at TA-21. The results ofthe fracture miner­
alogy studies will be reported separately. 
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