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

ALONGLOS~OSCANYONADJACENTTO 
TECHNICAL AREA-21 

by 

K. H. Wohletz 

A total of 1662 fractures was measured in unit 2 of the 'l'Bhirege 
Member of the Bandelier Tuff along a section o(Los Alamos Canyon 
adjacent to TA-21. Beginning 1200 fl east of Omega Site (TA-2), 
the section extends eastward 7312 ft to near the end of DP mesa. 
Photomosaic maps were constnu:ted to document each fracture, 
and measurements were entered into an RS/1 database for analysis. 
Background linear fracture demity averages around 20 fractures/ 
100-fl interoal with a notable increase to about 70 fractures/100 fl 
over a zone that extends -1500 fl east-west and is centered directly 
south of MDA V. Within this same zone, mean fracture apertures 
increase from background values of -o.8 to -1.25 em. Fractures 
make up a conjugate set ofNW and NE strikes. Overall, the average 
strike is about N12E, but the 988 NE-trending fractures show a 
mean strike of N43E, and the 674 NW-tren.ding fractures have a 
mean strike ofN33W. Fracture dips are generally steep, averaging 
between 73 Wand 70CS. Both fracture mean strikes and dips show 
rotatiom of several degrees in the most highly fractured zone. 

INTRODUCTION 

Abundant rock fractures extend throughout 
the Tshirege Member of the Bandelier Thff 
underlying DP Mesa <Fig. 1) at TA-21. These 
fractures are important geological features 
because they constitute potential pathways 
for contaminant infiltration from MDAs on 
the mesa; they also affect slope stability along 
the canyon margins. This report documents 
an extensive field survey of exposed fractures 
carried out at TA-21 in 1992. It builds upon 
previous fracture studies conducted by 
Vaniman and Wohletz ( 1990) and employs the 
detailed procedure developed in that study. 
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The origin of the fractures in the Bandelier 
Tuff has never been described fully. Work by 
Vaniman and Wohletz 0990) suggests, by 
analogy to numerous other studies of welded 
tuffs and by consideration of tectonics of the . 
Pajarito Plateau (Gardner and House, 1987), 
that most of the fractures can be explained 
by brittle failure of the tuff during cooling 
contraction. Tectonic movement over the last 
million years along the Pajarito fault system 
caused subsequent fracture extension and 
development in the tufT. Because the exact 
origin of the fractures is still in question, this 
study does not attempt to classify fractures 
according to their geological origins. 
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Fig. 1. Topographic map of TA-21. The fracture traverse extends along the north wall of Los Alamos Canyon 
from 1200 It east of Omega Site (not shown) to 8512 It east of Omega Site. Fourteen photomosslc fracture maps 
cover this traverse. Figure 2 shows an example of the photomosslc maps for the ares adjacent to MDA 11. 

METHODS 

The methodology consists of three phases, as 
outlined by the SOP for Fracture Character· 
ization < LANL-ER-SOP-03.06 1: < ll photo­
graphic documentation of area or traverse 
along which fractures will be characterized 
and construction of a photomosaic map base, 
<2l measurement and plotting of fracture 
dimensions on the photomosaic map, and 
(3) statistical analysis of fracture data by the 
procedures described below. 

The south-facing cliff exposures along Los 
Alamos Canyon were chosen for th:is study 
because they provide the only continuous 
vertical exposure of the Tshirege Member of 
the Bandelier Tuff beneath TA-21 (Fig. 2). 
Unit 2 of Vaniman and Wohletz (1990) 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 !TA-2> access gate to the 
canyon and continues 7312 ft to the east. 

Photo Documentation 

When unit 2 of the Tshirege Member was 
photographed, successive stations at the base 
of the unit (where slopes are accessible) were 
set up so that focal distances of 40 to 60 ft 
were maintained and photographs had - 209C 
overlap. Because of the curvature of the cliff 
face and its irregular vertical extent, each 
photograph covered between 30 to 50 ft of 
lateral exposure; scales added 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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Fig. 2. Photomosslc and fracture map of the north wall of Los Alamos Canyon In the vicinity of MDA V. (See Fig. t for loCtJtion of photograph.) 
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Fracture Measurement 

The horizontal scale for the fracture maps was 
determined by measuring distance on the 
topographic map between topographic points 
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±lO'k 
of each map·s total width. 

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 (for example, fracture numbers 
1 though 80 of photomosaic map 1, fracture 
numbers 1 through 66 ofphotomosaic map 2, 
etc.). The location of each fracture is its aver­
age point of intersection on the map. All 
observed fractures have been recorded with 
some parallel sets too closely spaced to be 
given individual numbers on the map, but 
nonetheless they are recorded in the data­
base. Fracture strike and dip were measured 
to an accuracy of ±2° with the Brunton compass, 
and fra1..'ture opening width was measured 
perpendicular to fracture surfaces. In cases 
where fractures could not be safely accessed, 
standard application of Brunton compass 
techniques were applied; these require measure­
ments using the compass alignment sights 
with cautious observation of the relationship 
between true and apparent orientations. 

Fracture Data Base and Analysis 

The fracture data recorded in the field note­
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 and strike, 
and aperture. From these data, several other 
columns are statistically calculated: 
( 1) a linear fracture density calculated as a 

moving average by counting the number of 
fractures contained in a given distance interval 
< 10 and 100ft) that is centered on each frac­
ture, 12) a cumulative fracture width over a 
specified interval no and 100ft) that is cen­
tered on each fracture, and <3) the relative 
dip of fracture from vertical, <negative values 
indicate southerly inclinations). Because frac­
tures in the Bandelier Tuff show apparent 
NW- and NE-strike groupings and cross-cutting 
relationships suggest that these two groups 
are coeval, 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 above include: ( 1) calculation of linear 
fracture densities for several different dis­
tance intervals, taking into account section 
end effects by extrapolating the gradient of 
density with distance, 12) transformation of 
dip measurements to degrees from vertical, 
and <3J computation of cumulative fracture 
widths for 10- and 100-ft distance intervals. 
Although more sophisticated statistical analy­
ses can be applied to these data, those used 
are sufficient to characterize the fractures. 

Fracture data were then displayed on several 
different plots: 

(1) fracture density 110- and 100-ft 
intervals) vs horizontal distance 
along the traverse; 

<21 histograms of fracture strike; 
C3) fracture strike vs horizontal 

distance, where positive strikes 
represent strike in degrees east 
of north and negative strikes 
are west of north (these data 
are smoothed using the RS/1 
data-smoothing option to show 
the trend of northeast and 
northwest fracture sets as well 
as the overall trend of all fracture 
strikes); 
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(4l fracture dips t•s horizontal distance, 
where vertical plots at zero, dips 
toward the northeast or northwest 
are positive inflections from vertical. 
and southerly dips are negative 
inflections from vertical !again, 
smoothing of data shows average 
trends for fracture sets l; 

(5) fracture widths t•s horizontal 
distance with smoothed trends 
for fracture sets; 

(6J cumulative fracture widths 
(per 10-ft intervals vs horizontal 
distance with smoothed trends 
for fracture sets; and 

C7l fracture widths >10 em l'S 

horizontal distance. 

RESULTS AND ANALYSIS 

A total of 1662 fractures was documented and 
measured along the 7312-ft section located 
along Los Alamos Canyon, as is shown in Fig. 1. 
An example photomosaic and fracture map 
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documenting part of this section is shown in 
Fig. 2. The measurements for each of the num­
bered fractures on this map are archived in a 
computer database, as described 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 Bandelier Tuff, by 
Vaniman and Wohletz (1990). However, over 
the zone from 2500 to 4000 ft east of Omega 
Site, the fracture spacing is much closer 1 1 to 2ft. I. 
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-ft 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 
10o- and 1o-rt Intervals. 
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to represent the width of potential tectonic 
features . Data plotted for 100-ft intervals 
shows a background density of -20 fractures 
per 100 ft; a notable increase at horizontal 
locations between 2500 and 4000 ft that 

,., fbi 

N 

reaches a high of about 75 fractures/100-ft w·~--..,.•-------le 

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 < 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 MDA Vat TA-21. In all, 554 
fractures were documented in this 1500-ft­
wide fracture zone, whereas 310 fractures 
were found over a distance of 1300 ft to the 
west, and 828 fractures were found over a 
distance of 4512 ft east of the zone. 

Fracture Strikes 

Because observed fractures are likely to have 
been formed during the cooling contraction of 
the Bandelier 'lUff, 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 offracture 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. 
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Fig. 4. Rose diagrams of fracture strikes measured In 
Los Alamos Canyon plotted In 10° classes. (a) Observed 
distribution of the 1662 fractures measured for which 
maximum petal magnitude is 140 occurrences. 
(b) Calculated distribution corrected for angle between 
fracture strike and the E-W line of Los Alamos Canyon 
exposures (maximum petal magnitude Is 495 
occurrences). Here, an addltlonal1109 fractures were 
Inferred by the relationship of n = nisin a, where n Is 
the number observed for each class and a is the angle 
between each class's strike and E·W. 

By applying a trigonometric correction for the 
exposure bias, Fig. 4b shows that there is 
likely a dominant E-W trend in fracture 
strikes and that the NW and NE modes are 
subordinate. If one assumes the dominant 
E-W fractures shown in Fig. 4b are real, then 
dominant fracture intersections reproduce 60° 
angles (-N30W, -N30E, -E-W1, as expected 
for a .cooling contraction origin. 

Because the E-W component is inferred, frac­
ture data are further represented 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 674 trend NW. In Table 1, frac­
tures are differentiated into three zones: those 
occurring west of 2500 ft (western back­
ground 1, those between 2500 and 4000 ft.< frac­
ture zone), and those east of 4000 ft (eastern 
background l. 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 -15° 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 STRIJG~ DATA FOR TA-21 8 

Fracture Set Number Mean Strike Standard Deviation 
All Fractures 

1'£ 988 42.7 ±24.5 
rm 674 -32.8 ±23.1 

Background 
(West) 

1'£ 182 44.3 ±26.8 
tffl 128 -33.8 ±22.0 

Fracture Zone 
1'£ 312 45.0 ±24.5 
r#'J 212 -40.6 ±25.5 

Background 
(East) 

1'£ 494 40.7 ±23.5 
rm 334 -27.4 ±20.3 

a Strikes shown in degrees from due north. NW strikes designated by negative values. Fracture 
zone corresponds to horizontal distances from 2500 to 4000 ft east of Omega Site. 

fractures in calculation of the NE set mean 
strike. Note the slight rotation of mean strikes 
west to east over the fracture zone from N 44E 
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 

r 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 (spreading apart}, but 
to the east of this zone, the angle between 
them stays fairly constant (sympathetic). 

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 statistics for all fractures both 
those in the fracture zone <2500 to 4000 ft) 
and those on either side of the fracture zone 
(considered background values). Note that dips 
are shown in degrees from vertical <Table 2, 
Figs. 6 and 7) so that northerly dips could be 
averaged with southerly dips (noted as nega­
tive values}. 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° <N> 
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 indi­
cated as degrees from vertical such that south­
erly dips plot below 0° (vertical). For most of the 
section, the NE and NW sets show sympathetic 
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Fig. 5. Plot of linear fracture strikes vs distance east of Omegs Site. Curves show smoothed running averages 
(0.1 smoothed= 162 fractures averaged sbout esch fracture) for all fractures, for those of the NE set alone, and 
tor those of the NW set alone. 

TABLE2. 
FRACTURE DIP DATA FOR TA-21 a 

Fracture Set Number Mean Dip from Standard Deviation 
Vertical( ' All Fractures 

tt 988 9 ±27 
N 768 17 ±24 
s 220 -20 ±19 

t#-1 674 9 ±26 
N 559 16 ±21 
s 115 ·25 ±21 

Background 
(West) 

tt 182 4 ±25 
t#-1 128 6 ±21 

Fracture Zone 
tt 312 10 ±31 

fo.N-1 212 11 ±33 
Background 

Ill: 494 9 ±25 
fo.N-1 334 8 ±23 

a Dips shown in degrees from vertical, southerly dips designated by negative values. Fracture zone 
corresponds to horizontal distances from 2500 to 4000 ft east of Omega Site. 
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Fig. 6. Plot of fracture dips (relative to vertical at 0°) vs distance east of Omega Site, comparing all fractures to 
those HW and HE ones. As in Fig. 5, 0.1 smoothed data curves are shown for all fractures, for those of the HE 
set, and for those of the HW set. 
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Fig. 7. Plot of fracture dips (relativ~J to vertical at 0°) vs distance east of Omega Site, comparing all fractures to 
those north· and south-dipping fractures. As In Fig. 5, the 0.1 smoothed data curves are shown for all fractures, 
tor the north-dipping set alone, and for the south-dipping set alone. 
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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 fra<.tures, 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 (closed) 
to 15 em <open). Aperture statistics <Table 31 
show mean openings of 0.82 and 0.93 em for 
the NE and NW sets, respectively; however, 
the standard deviations of between± 1.08 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 
set, to slightly more ( 1.52 em 1 for the NW set 
within the fracture zone. East of the fracture 

zone, apertures again fall ofT to mean values 
around 0.61 em and standard deviations are 
about one-half as much as those found to the 
west of the most highly fractured zone. It is 
not known to what degree <if anyl fracture 
apertures have been modified by their prox­
imity to the canyon walls. No visible erosive 
widening was observed; the fractures show 
more or less prjstine, case-hardened surfaces. 
However, apertures were observed to decrease 
above and below unit 2. Fracture-filling 
materials are sparse to absent in unit 2, but 
they become prominent in unit 3. 

Figure 8 is a plot of fracture widths us hori­
zontal location. The data have been smoothed 
and compared to the linear fracture density 
curve of Fig. 3. Note the strong correspon­
dence of fracture widths with linear fracture 
density. From background values of- 0.85 em, 
fracture widths rise to values >3 em over the 
fracture zone. In Fig. 9, cumulative fracture 
widths for 100-ft intervals centered on each 
fracture are plotted against horizontal loca­
tion and compared to the linear fracture density 

TABLE 3. 
FRACTURE APERTURE DATA a 

Fracture Set Number Mean Aperture Standard Deviation 
(em) 

All Fractures 
1\E 988 0.8 ±1.1 
rm 674 0.9 ±1.3 

Background 
(West) 

1\E 182 0.9 ±1.2 
rm 128 0.8 ±1.1 

Fracture Zone 
1\E 312 1.1 ±1.5 
rm 212 1.5 ±2.0 

Background 
(East} 

1\E 494 0.6 ±0.6 
rm 334 0.6 ±0.6 

a Fracture zone corresponds to horizontal distances from 2500 to 4000 ft cn11t of Omega Site. 
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optimize fracture intersections. However, if 
calculated E-W fractures (Fig. 4b) are realistic, 
then N-S slant drilling should also be pursued. 

This report concludes the field characteri­
zation offracture 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 of the fracture miner­
alogy studies will be reported separately. 
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