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ABSTRACT 

Earlier studies have suggested that the traces of the Rendija Canyon and Guaje 
Mountain faults project across Pajarito Mesa, based on the distributions of fracture 
abundances and apertures on mesas to the north. However, the only direct evidence 
for faulting found at Pajarito Mesa is near the Rendija Canyon fault projection, as 
fault offsets observed in trench TWS. Offsets in outcrop were found farther to the 
west, about 490 m (1600 ft) from a potential Mixed Waste Disposal Facility (MWDF) 
boundary. These fault offsets, generally down to the west where closest to the 
potential MWDF in trench TWS, may be related to the southern extension of the 
Rendija Canyon fault. Inferred fault offsets in the bottom of Threemile Canyon, just 
south of Pajarito Mesa, have an opposite sense of apparent offset (down to the 
east). These inferred fault offsets in the canyon bottom may instead represent 
irregular flow-unit topography within the tuft, unrelated to faulting, or they may 
represent secondary faulting related to a section of steeply east-dipping tuff 
stratigraphy to the NE on top of Pajarito Mesa. Regardless of these various 
interpretations, the absence of any evidence for Holocene offset in faults at the 
mesa top indicates that the MWDF site is not compromised by young faulting. 

Studies of mesa-penetrating fractures along the southern edge of Pajarito Mesa 
show no concentration of abundant fractures or increase in fracture apertures 
associated with the previously inferred projections of the Rendija Canyon or Guaje 
Mountain faults. Fracture apertures increase to the west where fracture orientations 
are strongly oriented N17°E ± 15°. This interval of relatively wide and oriented 
fractures represents the potential MWDF locality. 

Clay minerals are formed in soils at the mesa top and transported downward into 
deeper fractures. With few exceptions, clay transport is effectively stopped where 
these fractures pass into the nonwelded tuff at the mesa base, where such transport 
is diverted laterally over short distances into the more permeable layers of nonwelded 
tuff rather than moving farther downward. The mineralogic data suggest that fracture 
transport just above the nonwelded tuff can discharge fluids at the mesa base, but 
association of clays with halite indicates that evaporative concentration may prevent 
many solutes from escaping from the mesa: However, the evidence for this 
evaporation effect has been found only in those parts of the mesa to the east of the 
potential MWDF. 
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INTRODUCTION 

Pajarito Mesa is the candidate locality for development of a Los Alamos National Laboratory 
Mixed Waste Disposal Facility (MWDF). The locations of waste pits and waste processing facilities 
at Pajarito Mesa may be constrained in part by the locations of fault traces. The provisions of 40 
CFR 270 (EPA Administered Permit Programs: The Hazardous Waste Permit Program) in 
270.14(b)(11 )(ii) call for investigations to either (1) discount any evidence for Holocene faulting 
(i.e., any displacement within the past 11 ,000 years) or (2) provide the necessary information to 
place treatment, storage, or disposal facilities at least 60 m (200 ft) from faults if Holocene 
displacements can be found within 915 m (3,000 ft) of such a facility. The studies pursued at 
Pajarito Mesa address item (1) directly through trenching to investigate any soil-zone offsets. 
Trenching and trench mapping have been completed (Kolbe et al., 1994). Item (2) has been 
addressed by preparation of a detailed geologic map at a scale of 1:1200, including measured or 
inferred offsets of bedrock units (exclusive of trench exposures) and the mapped locations and 
orientations of major fractures along the well-exposed southern margin of Pajarito Mesa. This 
map permits fracture analysis, for future comparison with trench and pit data on the mesa top, to 
assess the possibility of fracture transport of contaminants and to examine fracture distributions 
and apertures for any evidence of faulting. An earlier study, centered around TA-55, projected the 
traces of the Rendija Canyon and Guaje Mountain fault zones to the south and across Pajarito 
Mesa, based on zones of disturbance inferred from the abundances and apertures of fractures on 
mesas to the north (Vaniman and Wohletz, 1990). These inferred fault projections are included in 
the map made for this study of Pajarito Mesa. A copy of this map, in three sections, is included with 
this report (Plates 1-3). · 

Pajarito Mesa is bounded on the north by Pajarito Canyon and on the south by Threemile 
Canyon. The mesa has been tentatively divided into three possible sites for waste disposal; these 
sites are designated (from west to east) as PS-1, PS-2, and PS-3 (Fig. 1). Respectively, these 
sites are approximately within TA-67, TA-15, and TA-36 in the administrative subdivisions of Pajarito 
Mesa. Current emphasis is on the close examination of PS-1 as a candidate for earliest development, 
and the proposed facility outline is shown in blue on Plates 1 and 2. 

The discussion that follows summarizes the data on (1) fault offsets and traces, (2) fracture 
distributions, orientations, and apertures, and (3) fracture mineralogy and petrography as they 
pertain to past fracture transport of alteration products and potential future fracture transport of 
contaminants. 

FAULT OFFSETS AND TRACES 

Observable Fault Offsets in Outcrop 

With the exception of faults mapped in trench TW5 (Reneau et al., this volume) the only 
observable offsets that have been found in the tuff bedrock occur to the west of PS-1 (see Plate 1 ). 
These offsets are visible at the base of unit 4, where surge beds provide a mappable horizon 
within theTshirege Member of the Bandelier Tuff (the designation of unit 4 is defined in this report; 
see section on site stratigraphy, petrography, and mineralogy by Broxton et al., this report). The 
measured offsets are of moderate amount (23 to 30 em or9-12 in.). Within the area mapped, most 
of this contact ( -314) is not exposed and other fault offsets of the contact have likely been missed. 
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Fig. 1. Sketch map of Pajarito Mesa, showing the approximate boundaries of mesa segments considered as potential 
,..,, sites for mixed-waste disposal (PS-1, PS-2, and PS-3). Locations of the "finger mesa" and "backfinger" are also shown 

(see Figs. 3, 4, and text section on Fracture Orientations). 

Two of the observable offsets are close together and relatively far to the west of PS-1, at 
the western margin of Plate 1: 

• offset at New Mexico State Plane (NMSP) coordinates 1621438 E, 1765538 N. Plane 
of offset strikes N70°E, dips 86° SE. Measured displacement is 23 em (9 in), down to 
theSE. 

• offset at NMSP coordinates 1621513 E, 1765519 N. Plane of offset strikes N18°W, 
vertical dip. Inferred displacement is approximately 30 em (12 in), down to the SW. 

The third measured offset is closer to the western margin of P S-1 ( 490 m or 1600 ft, from 
the closest part of the potential MWDF facility outline; see Plate 1: 

• offset at NMSP coordinates 1622300 E, 1765331 N. Plane of offset strikes N20°E, 
dips nosE. Measured displacement is 30 em (12 in), down to theSE (this fault is 
shown on Plate 1). 

Possible Fault Offsets in Threemlle Canyon 

Possible fault offsets of bedrock have also been found in Threemile Canyon, south of PS-1 
between NMSP coordinates 1623450 E and 1624565 E; some of these possible offsets are shown 
at the southern edge of Plate 1. Inference of fault offset is based on anomalous reappearances of 

73 



the contact between moderately-welded tuff unit 2 and the overlying nonwelded interval, upstream 
of the mapped termination of the unfaulted contact. The mapped termination of the unfa ~~ 
contact, which is relatively flat-lying (dip -1.2°E), is at an elevation of 7094 ft; the contact reappeefS 
upstream at elevations of approximately 71 00 ft, 7115 ft, and 7130 ft. These stepwise changes in 
elevation suggest cumulative offsets, consistently down to the east, spread across a possible fault 
zone about 335 m (11 00 ft) wide. 

If these stepped recurrences of the unit 2/nonwelded tuff contact are due to faulting, then 
an approximate cumulative fault offset can be estimated for this 335 m (11 00 ft) zone. Where this 
contact dips continuously to the east, without apparent offset, it has a relatively constant decline of 
2.1 m per 1 00 m (21 ft per 1 000 ft). The 11-m (36-ft) drop in elevation of this contact in the inferred 
fault zone is greater than would be expected (7 m or 23ft) if there were no faulting. The difference 
between actual and expected contact elevations, 4 m (13ft), might be attributed to normal faulting 
with down-to-the-east offset. We estimate our uncertainty in mapping of the unit 2/nonwelded 
contact as approximately 0.6 m (2ft) at each of the three inferred fault locations in this zone, 
leading to additive uncertainties in the inferred cumulative fault offset of 4 ± 1.8 m ( 13 ± 6 ft). 

Previous work by Vaniman and Wohletz (1990) from Pajarito Mesa north to the Los Alamos 
townsite projected the trace of the Rendija Canyon fault to cross Pajarito Mesa approximately at 
the western end of this inferred fault zone. If the inferred fault zone is related to the Rendija 
Canyon fault, then the broad zone of faulting is consistent with the breadth of similar dispersed 
fault zones that they mapped to the north of Pajarito Mesa. However, offsets along the Rendija 
Canyon fault north of the Los Alamos townsite are down to the west - an opposite sense of 
displacement compared to that inferred in Threemile Canyon. The opposed sense of apparent 
offset in Threemile Canyon contradicts the inferred extension of down-to-the-west faulting across -
this canyon. 

If the inferred offsets in Threemile Canyon are part of a separate fault structure, then the. , '"""' 
is no need to link the sense of displacement with that on the Rendija Canyon fault. However, if 
there is only .one fault structure along this trend, then the change in sense of displacement may 
indicate a scissor fault. Since pivotal movement around a singular rotation point is generally 
discounted in scissor offsets, a more likely explanation would be based on a strike-slip component 
of movement, with offset of broad anticlinal, synclinal, or dipping structure within the Bandelier Tuff. 
The contact between Tshirege Member unit 2 and the overlying nonwelded tuff drops in elevation 
about 3.1 m per 100 m (31 tt per 1000 ft), from north to south (based on Vaniman and Wohletz, 
1990). With this southward dip in the contact, a component of left-lateral displacement and/or 
displacement down to the east along the Rendija Canyon Fault could be one component of the 
displacements inferred in Threemile Canyon. It should be noted, however, that the mesa tops 
show no evidence of lateral offset. Over 120 m (400ft) of left-lateral movement would be required 
if all of the inferred offset was caused by lateral movement. This amount of strike-slip offset is 
clearly unreasonable. The limited scale of mesa-edge embayments (-30m or 100ft) constrains 
the maximum left-lateral component of any fault offsets to roughly 25%. Thus there is no compelling 
evidence in support of lateral displacement. 

This kinematic constraint, the inference of down-to-the-east rather than down-to-the-west 
offset, can be circumvented if the inferred faults are not extensions of the primary Rendija Canyon 
fault. The inferred fault offsets in the bottom of Threemile Canyon may still be related to the 
primary movement if these offsets are secondary (Coppersmith and Youngs, 1992), dispersed 
away from the primary fault. Secondary faults have rupture intervals smaller than that of the 
primary fault; secondary rupture planes at a high angle to the primary fault can have a different 
sense of offset. Vaniman and Wohletz (1990) mapped a secondary splay from the Rendija Canyor 
fault in the vicinity of Los Alamos Canyon, trending NE-SW rather than N-S. The offsets inferred in 
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the bottom of Threemile Canyon, south of Pajarito Mesa, could be caused by comparable secondary 
fault splays that curve to the SW. This interpretation can be reconciled with the steepened eastward 

...,,,.,. slope of the surge at the base of unit 4 on the mesa top, NE of the down-to-the-east fault zone 
inferred here for the canyon bottom (see text by Reneau et al., this report). If this relationship is 
bome out, the strikes of the inferred canyon-bottom faults shown in Plate 1 may be more easterly 
than depicted. 

-

As an alternative to either primary or secondary fault offsets in explanation of the irregularities 
in the unit 2/nonwelded tuff contact, it is possible that no fault offset occur in Threemile Canyon if 
these irregularities simply reflect undulatory relief in the surface of moderately-welded tuff unit 2. 
Such stratigraphic irregularities may be caused by irregular topography or irregular scouring between 
eruptive pulses in the Bandelier Tuff. 

Without further information, and particularly without trenching in the bottom of Threemile 
Canyon, it is not prudent to attribute the repetition of contacts in the bottom of Threemile Canyon 
either to faulting or to unfaulted stratigraphic undulations. For the purposes of MWDF siting, the 
distinction between these two causes is not of regulatory concern because no Holocene fault 
offsets of any orientation were found in trenches along the mesa top. 

Fault Offsets Observed In Mess-Top Trenches: Relation to Previous Studies 

Trench data collected on mesa tops to the north of Pajarito Mesa (TA-63; Kolbe et al., 
1995) show no evidence of distinct fault breaks in the soil profiles above the tuff, where Vaniman 
and Wohletz (1990) projected the Guaje Mountain fault across Mesita del Suey. Trenching at 
Pajarito Mesa has shown that, as at Mesita del Suey, no young offsets along this projection are 
found on Pajarito Mesa (Kolbe et al., 1994). 

The trace of the Rendija Canyon fault was also projected across Pajarito Mesa by Vaniman 
and Wohletz (1990). This projection crosses the mesa approximately where trenches TW5 and 
TW6 were subsequently excavated (see Plate 1 ). Preliminary results from trench-wall mapping 
indicate at least seven pre-Holocene faults in the eastern part of trench TW5, with offset down to 
the west. The age of this faulting is constrained by the unfaulted overlying soil horizons that lie 
beneath the pre-Holocene (50-60 ka) El Cajete pumice (Kolbe et al., 1994; Reneau et al., this 
report). Although the location of these fault offsets is close to the Rendija Canyon fault projection 
of Vaniman and Wohletz (1990), this does not necessarily indicate a "fix'' on the location of the 
Rendija projection across Pajarito Mesa. The azimuths of these fault offsets are highly variable 
and they may represent the eastern portion of a broad zone of deformation, as suggested for both 
the Rendija Canyon and Guaje Mountain fault projections by Vaniman and Wohletz (1990) and 
suggested by sporadic fault offsets observed in outcrop to the west of the trenched zones on 
Pajarito Mesa (see section on Observable Fault Offsets in Outcrop, above). Regardless of the 
genesis and projections of the fault offsets observed in trench TW5 at Pajarito Mesa, the data 
obtained so far reveal no Holocene fault movement (Kolbe et al., 1994). This conclusion is of 
greatest importance for MWDF siting, for it indicates that the site will satisfy the provisions of 40 
CFR 270, part 270.14, by directly indicating the absence of any Holocene fault movement. 

FRACTURE DISTRIBUTIONS, ORIENTATIONS, AND APERTURES 

Topographic maps with two-foot contour intervals were used to locate and measure 591 
fractures along the generally well-exposed south margin of Pajarito Mesa. The north margin of the 
mesa was not mapped because of the poor exposure on north-facing slopes. Mapping concentrated 
on fractures that could be traced from the cliff-forming exposures of unit 3 into the underlying 
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nonwelded tuff; these are referred to as "mesa-penetrating" fractures in this report. The strike anc 

'"""""' dip of each mesa-penetrating fracture was measured with a Brunton compass and the aper )Oi 
each fracture was measured. The mesa-penetrating fractures were numbered and marked'li"ffhe 
field. Fracture numbering is centered around fracture "FO" (fracture zero), near the western end oi 
PS-1. From this position, fractures are numbered in increasing order (F+n) to the east and in 
decreasing order (F-n) to the west. Notes were collected on special characteristics of particular 
fractures (see following section on fracture morphology and petrology). The range of fracture 
mapping extends from the longitude of NMSP line 482350 E in the west to the eastern extent oi 
PS-3, NMSP line 4911 00 E, at the east margin of Pajarito Mesa. This is a distance of 8750 ft (2. 7 
km). The fracture maps are compiled in Plates 1 to 3. 

Fracture Distributions 

The abundance of mesa-penetrating fractures ranges from about 75 per 305m (1000 ft) 
along the tuff unit 3 cliff at PS-1, to about 50 per 305m (1000 ft) at PS-2, to about 40 per 305m 
(1000 ft) at PS-3. The decrease in abundance of mesa-penetrating fractures from west to east 
may be related to the decrease in the degree of welding of tuff unit 3 from west to east. This 
apparent correlation between degree of welding in the mesa cap and fracture penetration suggests 
that fractures formed within a more indurated tuff unit have greater potential for propagating 
downward into underlying nonwelded units. Proximity to deep fault zones may also be a factor, but 
this is not evident in the data on mesa-penetrating fractures collected for Pajarito Mesa. 

A potential problem in the interpretation of fracture distributions is the impact of missing 
fracture data. This is a minor problem for the cliff along PS-1, but there are several cliff segmenn> 
at PS-2 and PS-3 where fracture exposures are covered by bouldery colluvium. These parts ··"~e 
mesa can accumulate bouldery colluvium whereas PS-1 does not, because the cliff slopes~. '"'fi-
2 and PS-3 are gentler, unlike the vertical cliff at PS-1. Also, there are more deeply-incised 
embayments, particularly at PS-2, where blocks of tuff may accumulate. These covered zones 
were not used in making the estimates of fracture spacings cited above, which are based only on 
well-exposed cliff zones. However, the covered intervals at PS-2 and PS-3 could conceal some 
zones of more intense fracturing. More trenching on the mesa top, in PS-2 and PS-3, would be 
required for a more continuous fracture record. 

Fracture Orientations 

Figures 2 to 7 are rose diagrams and histograms that illustrate the distributions of fracture 
strike orientations at Pajarito Mesa. Rose diagrams are shown for mesa-penetrating fractures 
along the southern mesa margin at PS-1, along the small "finger mesa" between PS-1 and PS-2 
(see Fig. 1), along the main mesa margin behind the finger mesa ("backfinger"), along the mesa 
margin at PS-2, and along the mesa margin at PS-3. Although some bias may be introduced into 
these measurements because of the orientation of the cliff exposures studied, the relatively 
consistent E-W orientation of the cliff face should produce a consistent bias, allowing comparisons 
to be made within this data set. 

A prominent NNE fracture orientation is evident at PS-1 and along the finger mesa (Figs. 2 
and 3). The average fracture strike at PS-1 is N17°E with relatively high confidence (±15°). This 
fracture orientation is subparallel to the mapped orientation of the Rendija Canyon Fault trace west 
of PS-1, and the prominence of this orientation at PS-1 may be related to this structure. 

A comparison of the fracture orientations along the finger mesa (Fig. 3) with those I 'i,,d 
this finger and along the main mesa (backfinger; Fig. 4) shows a strong dissimilarity, althougrr1he 
small number of measurable mesa-penetrating fractures in the backfinger leads to large 
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Fig. 2. (a) Equal-area rose diagram for 216 fracture orientations at PS-1 (see Figure 1). Note strong preferred fracture 
orientation of N17°E. (b) Histogram of fracture orientations. 

uncertainties. The prominent NNE fracture orientation in Fig. 3 is most similar to the fracture set of 
PS-1, whereas there is no apparent preferred orientation in Figure 4. 

The fractures along PS-2 (Fig. 5) have no single prominent orientation, but instead are 
oriented in at least two sets: a broad distribution from N-S to N20°E and another cluster of 
approximately E-W orientation. Other orientations are common, weakening the prominence of 
any preferred orientation. 

At PS-3 (Fig. 6) the fracture orientations are broadly isotropic. The commonest fracture 
orientations are NE and NW, and there appears to be a significant paucity of fractures trending E­
W, but orientations are so broadly distributed that a larger data set would be needed to draw more 
detailed conclusions. Some of the scatter in fracture orientations at PS-3 may be attributed to the 
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Histogram of fracture orientations. 

collection of data from several cliff segments that trend more N-S than E-W, but this accounts for 
only about 40% of the data for PS-3. The effect of these N-S trending cliff segments can be 
assessed by considering only those fractures measured from E-W trending cliffs (Fig. 7). This 
subset of 60 fractures shows that although N-trending fractures are more prominent than they 
were in Fig. 6, the same general distribution of fracture orientations is observed. The rose diagrams 
of Figs. 6 and 7, taken together, indicate a widely scattered distribution of fracture orientation&Jt(ith 
weakly developed NE, NW, and N-S preferred orientations. ' 

78 



a 

PS3 

N•99 
Class Interval • 10 Clegi'IHIS 
Maximum Pert:emage • 13.1 
Mean Pert:emage • 5.56 Stanelal'll Deviation • 3.82 

SlatiSIICS 

Vec:tor Mean • 61.8 
Conf. Angle • 477.88 

b 

% 

w 

20 

18 

12 

e 

4 

0 
90 eo 30 0 90 E 

Fig. 6. (a) Equal-area rose diagram for 99 fracture orientations at PS-3 (see Fig. 1 ). Note that the very broad scatter of 
fracture orientations leads to no confidence angle (>360°). Approximately 25% of the fractures measured for PS-3 occur 
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(see Fig. 7). (b) Histogram of fracture orientations. 
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of fracture orientations. Note that although the N-trending fractures are more prominent than they were in Fig. 6, the 
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Fracture Apertures 

Fractures exposed at the mesa margin within tuff unit 3 are seldom sealed. Fractures tend 
to be open, with undulatory walls. Where fractures penetrate into the nonwelded tuffs underlying 
unit 3, they are not open but are instead filled with tuff detritus and clay; in some instances, fractures 
terminate in the nonwelded tuff and the clay from the fractures spreads laterally into small-scale 
sill-like features (see section below on Petrologic/mineralogic evidence for possible barriers to 
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transport, and Fig. 9). Because of the variability in fracture aperture, depending on where [ 
measurement is taken, the measurements recorded were of average aperture to the r~s 
centimeter (e.g., 0, 1, 2, 3 em, etc.). Typical fracture apertures are closest to 1 em. Histog~ o 
fracture aperture are shown for the mesa margins at PS-1, PS-2, and PS-3 in Figure 8. 

Locality PS-1 has the largest number of fractures with more than 10 em aperture. The 
prominentfracturetrend at PS-1 is N17°E± 15° (Fig. 2), but most of the NE-trending wide-aperture 
fractures at PS-1 trend more to the east (6 fractures, av. N33°E); other orientations for wide· 
aperture fractures are NW (3 fractures, av. N31°W) or E-W (one fracture). 

Table 1 summarizes the fracture-aperture statistics for the cliff margins at PS-1 , PS-2, anc 
PS-3. The mean fracture aperture is greatest in PS-1 and least in PS-2; standard deviations are 
comparable in magnitude to the means, indicating that the differences in average fracture width for 
the three areas are not statistically significant. However, there is a consistently higher percentage 
of large fractures at PS-1, compared to PS-2 and PS-3. This feature of PS-1 can be readily seen 
in Figure 8. 
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F+192. Locations of clay-sill sample (c) and of unaltered tuff 
sample (t) are indicated, for comparison with the data for F+ 192 
inTable3. 

FRACTURE MINERALOGY AND 
PETROGRAPHY 

Mineral deposits within fractures are 
common at Pajarito Mesa, particularly in 
fractures exposed in trenches excavated in the 
mesa top and at the interface between welded 
and nonwelded tuffs at the break-in-slope at 
the bottom of the mesa-bounding unit 3 cliff. 
Table 2 summarizes the mineralogic data for 
9 samples collected from trenches at the 
surface of Pajarito Mesa in areas PS-1 and 
PS-2; these trenches are shown in Plates 1 
and 2 (trenches TWS, TW2, TE2, TE4, TES, 
TE6, and TEB). Table 31ists comparable data 
for samples from 17 fractures collected from 
the bottom of the mesa-bounding cliff along 
the southern margins of PS-1 and PS-2. The 
fracture-sample locations of Table 3 are also 
shown on Plates 1 and 2. Mineral abundances 
were determined by quantitative X-ray 
diffraction (QXRD). Sample preparation and 
analysis procedures are described in Broxton 
et al. (this report). 

The commonest mineral filling in these 
fractures is smectite clay (up to 86%); this 

mineral is ubiquitous wherever mineral fillings occur in fractures. Lesser amounts of kaolinite and 
calcite occur with the smectite. Gypsum and halite are also found, notably in fracture samples at 
the bottom of the mesa-bounding cliff, providing evidence of evaporative processes that deserve 
particular mention. The smectite common to all fractures is more abundant in the shallow trench­
exposed fractures (Table 2) than in the deeper fractures exposed in the cliff margins (Table 3). This 
reflects the more abundant illuviation of clay closer to the surface, with greater dilution of those 
minerals that represent tuff detritus (principally tridymite, cristobalite, quartz, and feldspar). The 
silica polymorphs in particular appear to reflect the composition of local tuffs. For instance, those 
near-surface fractures from trenches within unit 4 (all of the "TW" trenches in Table 2) have no 
detectable tridymite, in accord with the very low tridymite abundances in this unit (see Broxton et 
al., this report). In addition, the fractures atthe mesa bottom in unit 3 have no detectable cristobalite, 
as observed in the immediately adjacent tuff, even though tuff samples from a few feet higher do 
contain cristobalite (Broxton et al., this report). The distributions of detrital minerals, especially of 

Number of fractures (n) 
Mean aperture (em) 
Std. deviation (em) 
% fractures >2 em 
% fractures >5 em 
% fractures > 1 0 em 

TABLE 1. Fracture-Apertures for Cliff Margins 

PS-1 
216 
3.4 
3.4 

44% 
15% 
5% 

PS-2 
191 
1.9 
2.2 

18% 
2% 
1% 

PS-3 
99 
2.3 
1.8 

34% 
5% 
0 
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1\) TABLE 2. Fracture Mineralogy, Trenches at Mesa Top, Pajarito Mesa, areas PS-1 and PS-2 

Sample Type Smect Kaol Trid Crist Quartz Feld Hem Calcite Halite Total 
Trench TW5#3 clay 44(13) 1(1) - 10(1) 7(1) 36(5) 1 (1) - - 99(14) 
Trench TW5#2 clay 60(18) ~(1) - 4(1) 6(1) 18(3) - 1 (1) - 91(18) 
Trench TW5# 1 clay 86(26) 3(1) - 1(1) 2(1) 8(1) - 1 (1) tr? 101 (26) 
TrenchTW2 clay 62(19) 2(1) - 2(1) 4(1) 21 (3) 1 (1) 4(1) - 96(19) 

Trench TE2 clay 25(8) 1 (1) 9(1) 2(1) 13(1) 46(6) - 1 (1) tr 97(10) 
Trench TE4 clay 36(11) 1(1) 9(1) 2(1) 11 (1) 36(5) tr 2(1) tr 97(12) 
Trench TE5 clay 42(13) 1(1) 7(1) 2(1) 10(1) 32(4) tr - tr 94(14) 
Trench TE6 clay 56(17) 2(1) 4(1) 2(1) 7(1) 24(3) tr 1 (1) - 96(17) 
Trench TE8 cia~ 38(11} 1 {1} 4{1} 4{1} 18{1} 36(5} 1 {1} - - 102(12} 

Notes: Quantitative X-ray diffraction data. Abundances listed in weight percent, with one standard deviation in parentheses. 
Detection of minor and trace amounts, <1%, indicated by "tr"; minerals not detected indicated by·-·. Mineral abbreviations 
are smectite {smect}, kaolinite (kaol}, tridymite (trid}, cristobalite {crisO, feldspar (feld}, and hematite {hem}. 

TABLE 3. Fracture Mineralogy, South Cliff, Pajarito Mesa, areas PS-1 and PS-2 

Sample Type Smect Kaol Trid Quartz Feld Hem Calcite Biotite Am ph Gyps Halite Total 
F-94 clay 17(5) - 9(1) 23(2) 51(7) tr - - - - - 100(9) 
F-73 clay 36(11) 1 (1) 10(1) 10(1) 40(6) tr - - - - - 97(13) 
F-59 clay 27(8) tr 7(1) 12(1) 54(8) - - - - - - 100(11) 
F-42 clay 61(18) 3(1) 2(1) 9(1) 20(3) - - - - - - 95(18) 
F·25 clay 58(17) 3(1) 2(1) 7(1) 22(3) - - - - - - 92(17) 
F+31 clay 53(16) 3(1) 5(1) 8(1) 28(4) - tr - - - - 97(17) 
F+93 clay 32(10) 2(1) 8(1) 15(1) 38(5) - - - - - - 95(11) 
F+125 clay 4(1) - 15(1) 22(2) 61(9) - 2(1) - - - - 104(9) 
F+132 clay 42(13) tr 7(1) 11 (1) 38(5) - - - - - - 98(14) 
F+144 tuff 1 (1) - 12(1) 17(1) 71 (10) tr - - - - - 101(10) 
F+144 fracture wall 1 (1) - 10(1) 15(1) 68(10) 7(1) - - - - - 101(10) 
F+192 tuff 1 (1) - 23(2) 17(1 61(9) - - - - - - 102(9) 
F+192 clay sill 9(3) - 25(2) 14(1) 52(7) - - - - - - 100(8) 
F+193 clay 72(22) 4(1) 2(1) 3(1) 14(2) - - - - - - 95(22) 
F+203 tuff - - 18(1) 23(2) 60(8) - - tr tr - - 101 (8) 
F+203 claysHI 8(2) - 13(1) 20(2) 58(8) - - - - - - 99(9) 
F+203 fracture clay 11 (3) - 16(1) 20(2) 61(9) - - - - - - 108(10) 
F+207 clay 68(20) 2(1) 4(1) 5(1) 25(4) - - - - - - 104(20) 
F+220 clay 8(2) - 5(1) 21(2) 60(8) - - - - 1(1) 10(1) 105(9) 
F+228 tuff - - 16(1) 21(2) 61 (9) - - - - - - 98(9) 
F+228 clay sill 8(2) - 17(1) 16(1) 56(8) - - - - tr - 97(8) 
F+229 clay 8{2} - 15(1} 14{1} 54(8} tr 1 {1} - tr 1(1} 10(1} 103(9} 

•e X-rav diffraction data. Abundances listed in weight percent. with one standard deviation in parentheses. 
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cristobalite, suggest little movement of tuff fragments within fractures despite the evidence for clay 
illuviation. 

Early Hematite Alteration Along Some Fracture Walls 

One fracture at the bottom of the mesa-bounding cliff (F+ 144) did not have a mineral filling 
but did have strongly reddened fracture walls; the mineralogic analysis of these reddened fracture 
walls is compared to the nonreddened, unaltered tuff in Table 3. The reddening is due to the 
development of dispersed hematite along the fracture wall, a type of alteration that appears to be 
part of the vapor-phase or fumarolic alteration that occurred soon after tuff emplacement. Hematite 
alteration of this nature is not representative of the current transport and alteration regime at 
Pajarito Mesa, whereas smectite formation and transport is. 

Smectite Formation and Transport 

Smectite is particularly abundant and common in the fractures along the mesa margin at 
PS-1. It appears to occur in more variable abundances in the fractures at PS-2, both on top of the 
mesa (samples from trenches TE-2 to TE-8, smectite abundances as low as 25%, Table 2) and at 
the bottom of the mesa-bounding cliff (samples from fractures of PS-2 commonly have smectite 
abundances of only 8-11%, Table 3). X-ray diffraction analysis of clay separates from both the 
trenches at the mesa top and the mesa-penetrating fractures show them to be strongly similar, 
suggesting that smectites form in the soil zone and are translocated into the fractures in the 
underlying tuff. Other studies have reached similar conclusions for trench samples (Davenport, 
1993) based on illuviation structures in the shallow fracture-filling clays. Comparable illuviation 
features (e.g., cuspate-downward laminations) have been found in fractures at the base of the cliff, 
up to 15 m (50ft) below the mesa top. Mineralogic similarities thus suggest that clay transport has 
occurred over ranges as great as 15 m (50 m), and perhaps farther, downward into Pajarito Mesa. 
The variation in clay illuviation depths suggests less particulate transport into deep fractures (> 1 0 
m or 33ft) in the eastern part of the Pajarito Plateau than in the western part. This difference in 
clay illuviation may reflect differences in effective soil saturation at the mesa top, where the eastern 
mesa is characterized by an abundance of pinon-juniper-cactus vegetation and the western mesa 
supports abundant ponderosa pine. Alternatively, the decrease in fracture apertures in the eastern 
part of Pajarito Mesa (Fig. 8) may restrict transport by illuviation. 

Petrologic/Mineralogic Evidence for Possible Barriers to Transport 

Because the fractures mapped for this report are specifically those that are mesa-penetrating, 
it is possible to examine the presence or absence of any evidence for transport through the 
nonwelded interval at the base of the mesa. Figure 9 illustrates a feature commonly observed in 
the southern cliff margin of PS-2. Here the clay illuviation downward into mesa fractures penetrates 
a short distance into the nonwelded tuff before it is no longer able pass along the tightly sealed 
fracture trace. Clay penetration is then diverted away from the fracture and into thin substrata or 
lenses within the nonwelded unit. The clay-rich layers are seldom more than a few centimeters 
thick; the layers can not be traced laterally unless discolored by clay infiltration. This phenomenon 
indicates that there are sub-decimeter-scale substrata or lenses of greater permeability within the 
less permeable parts of the nonwelded tuffs. Because of the lack of any visible pre-alteration 
stratification in the adjacent nonwelded tuffs, it is possible that small differences in permeability 
caused by variable compaction may be the principal factor in determining whether or not the clays 
will infiltrate laterally into the tuff. This potential for small-scale permeability variations should be 
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considered in hydrologic models of contaminant transport downward from existing or potential 
waste sites on mesa tops. 

Row to the Mesa Edge: Discharge or Evaporation? 

One of the surprises encountered in the analysis of fracture-filling materials from Pajarito 
Mesa was the occurrence of evaporite minerals (gypsum and halite) from deep fracture fillings 
near PS-2. Two fractures 226 to 271 m (740 to 890ft) to the east of the potential MWDF boundary 
(F+220 and F+229, Table 3) contain about 10% halite and 1% gypsum. Trace amounts of halite 
occur in clays at the mesa surface (Table 2), but not in the high concentrations seen in the clay 
deposits at the mesa bottom. The concentration of smectite at PS-2 strongly suggests that certain 
fractures will transport fluids during wetting cycles but, rather than discharging these fluids at the 
mesa edge, the clays in the fractures retain the fluids and concentrate the salts in solution as the 
water later evaporates on exposure at the mesa margin. However, the data available support this 
concept only at PS-2 and not at PS-1, where halite was not found with the smectites that occur in 
fractures at the mesa margin. 

CONCLUSIONS 

Direct evidence for fault-related structures at Pajarito Mesa is found immediately to the 
west of the potential MWDF boundary, in fault offsets observed in trench TW5. Offsets in outcrop 
are found farther to the west, about 490 m (1600 ft) from the potential MWDF boundary. These 
fault offsets, down to the west in TW5 but more variable in outcrop, may be related to the southern 
extent of the Rendija Canyon fault as mapped by Vaniman and Wohletz (1990). Inferred fault -
offsets in the bottom of Threemile Canyon have an opposite sense of apparent offset: down to th~ 
east. These inferred fault offsets in the canyon bottom may instead represent irregular flow-ur. 
topography within the tuff, unrelated to faulting. We consider it more likely that the inferred fault 
offsets may be related to a zone of relatively steep eastward dip in the surge horizon at the base of 
tuff unit 4 on the mesa top, NE of the inferred faults in Threemile Canyon (Reneau et al., this 
report). Regardless of these various interpretations, the absence of any evidence for Holocene 
offset in faults at the mesa top (Kolbe et al., 1994) indicates that the MWDF site is not compromised 
by young faulting. 

Mesa-penetrating fractures (i.e., those fractures that pass from the cliff-forming tuff unit 3 
into underlying nonwelded tuff) were mapped along the southern edge of Pajarito Mesa. These 
fractures show no concentration of abundance or increase in aperture associated with the previously 
inferred projections of the Rendija Canyon or Guaje Mountain faults (Vaniman and Wohletz, 1990). 
Instead, average fracture apertures increase to the west (from -2 em to -3 em), the proportion of 
fractures with apertures >5 em increases to the west from 3-5% to 20%, and fracture orientations 
in the west are strongly oriented at N17°E ± 15°. This western zone of relatively wide and oriented 
fractures represents the potential MWDF locality. 

Abundant clay minerals are formed in soils at the mesa top and transported downward into 
deeper fractures. In general, clay transport is effectively stopped where these fractures pass into 
the nonwelded tuff at the mesa base, where clay transport can be diverted over short distances 
into the more permeable layers of nonwelded tuff rather than moving farther downward. The 
mineralogic data suggest that fracture transport just above the nonwelded tuff can discharge fluids 
at the mesa base, but evaporative salts (especially halite) indicate that evaporative concentration 
may prevent many solutes from escaping from the mesa. However, the evidence forth is evaporation 
effect is found only in those parts of the mesa to the east of the potential MWDF facility boundar 
where surface vegetation (pinon-juniper-cactus vs. ponderosa pine) indicates less soil saturation. 
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