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CHAPTERS 

SATURATED PERMEA.BILITY OF DEFORMATION-BAND FAULT ZONES IN 
NONWELDED IGNIMBRITES OF THE BANDELIER TUFF1 

Abstract 

Faults can impact recharge, groundwater flow, and solute transport by modifying 

fluid pathways in the subsurface. Both isolated, major fault zones and more numerous 

small-displacement faults may affect these hydrologic processes. However, most models 

of groundwater flow incorporate only large fault zones. Our study focuses on much more 

common, small-displacement faults across the Pajarito Plateau of northern New Mexico, 

in the ash-dominated nonwelded ignimbrites of the Bandelier Tuff These faulted 

ignimbrites contain perched aquifers, one of the primary groundwater flow regimes 

beneath the Pajarito Plateau. In contrast to low porosity and crystalline rocks, which fail 

along shear fractures, nonwelded ignimbrites can deform by grain crushing and pore 

collapse within deformation bands. Unlike fractures, which increase saturated 

permeability through welded ignimbrites by at least two orders of magnitude, we show 

that deformation bands reduce nonwelded ignimbrite saturated permeability by at least an 

order of magnitude. 

Because deformation bands are very narrow, the volume interrogated by our air-

minipermeameter includes protolith. In addition, measurements made with an air-

1To be submitted to Water Resources Research. 
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minipermeameter cannot take into account the impact of swelling clays like smectite, 

which is common in these faults, on permeability. Thus, our permeability values 

represent maximum estimates, and the permeability reduction associated with faults is 

likely to be greater than we report. If these differences exceed the range in permeability 

exhibited by unfaulted ignimbrite, deformation bands may affect saturated flow by 

introducing effective permeability heterogeneity and/or anisotropy into permeable 

nonwelded units. These permeability variations, even if relatively small, may be 

important at production time scales, possibly impacting recovery rates from perched 

aquifers in stratigraphically lower units of the Bandelier Tuff. 

Introduction 

Saturated flow is affected by the hydrologic properties of subsurface geologic 

features. Where subsurface lithologic units are faulted, fluid flow pathways can be 

modified by either juxtaposition of units with different hydrologic properties and/or 

processes that change the permeability of the fault zone itself, such as deformation, 

alteration, and cementation [e.g., Knipe, 1993; Caine et al., 1996; Rawling et al., 2001]. 

For faults in which displacement is less than bed thickness, the only significant impact on 

flow will be produced by structural and diagenetic modification of the fault zone. Such 

faults are the focus of this study of ash-dominated ignimbrite deposits. 

Ignimbrites are spatially heterogeneous pyroclastic flow deposits consisting of 

poorly sorted assemblages of phenocrysts, pumice, and lithic fragments in a matrix of 

glass shards and ash. Individual cooling units within these deposits show a range in 

degree ofwelding (compaction and fusion of matrix glass and pumice) and 

postdepositional crystallization, including devitrification of volcanic glass to cristobalite 
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and feldspar, and/or vapor~phase crystallization of minerals such as tridymite and 

feldspar from vapors in pore spaces. This range reflects variations in eruption 

temperature, the mechanics of deposition, entrainment of volatiles, distance from caldera 

source, and composition [e.g., Smith and Bailey, 1966]. 

For hydrologic purposes, three categories of ignimbrite unit are considered, each 

of which has distinct ranges of porosity and permeability. Welded ignimbrites have low 

porosities (10~13%) [Wilson et al., 2003] and permeabilities (l0-19 to 10"15 m2
) [Tidwell 

and Wilson, 1999; Wohletz, 1999]. Crystallized nonwelded ignimbrites have 

intermediate porosities relative to the other two categories (21-51 %) [Wilson et al., 2003] 

and variable permeabilities (10-16 to 10-12 m2
) [Rogers and Gallaher, 1995; Springer and 

Schofield, 2002]. Glassy nonwelded ignimbrites have high porosities (32-56%) [Wilson 

et al., 2003] and variable permeabilities (1 0'16 to 1 0'12 m2
) [Winograd and Thordarson, 

1975; Istok et al., 1994; Rogers and Gallaher, 1995; LeCain, 1997; Springer and 

Schofield, 2002]. Undeformed and uncompacted pumice and mahix glass shards are 

responsible for the high porosities observed in nonwelded ignimbrite units. The 

heterogeneity of clast contacts and the resulting variability of pore throat geomehies is 

the likely cause of the highly variable saturated permeabilities documented in nonwelded 

units. 

Hydrologic properties can be linked to controls on deformation in these different 

ignimbrite units. Wilson et al. [2003] have shown that for ash~dominated ignimbrites of 

Los Alamos, New Mexico, and Busted Butte, Nevada, welded units deform by fracture, 

glassy non welded units deform by cataclasis within deformation bands (Fig. 5.1 ), and 

crystallized nonwelded units deform by either of these mechanisms, depending on the 

aa 
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degree and nature of postdepositional crystallization. High porosity and permeability are 

generally correlated to low grain-contact area and strength, which facilitate fault-zone 

failure by cataclasis within deformation bands. These narrow zones in which grain 

crushing, grain-boundary sliding, and pore collapse accommodate mm-cm displacement 

are only found in nonwelded units. Low porosity and permeability typically reflect high 

Figure 5.1. (a) Photo of a fracture-based fault in welded ignimbrite. (b) Back-scattered 
electron (BSE) image of a trans granular fracture in welded ignimbrite. Phenocrysts of 
sanidine (San) and quartz (Qtz) in a welded fabric of flattened pumice are crosscut by an 
open trans granular fracture. The fracture can be considered a plane of increased porosity 
(black) and pore connectivity. (c) Outcrop photo of 1 mm-wide deformation bands in 
nonwelded ignimbrite. (d) BSE image of a deformation band (DB), characterized by 
reduced pore- and grain-size relative to proto lith. Ph =phenocryst, Pu =pumice, and Li 
= lithic clast. 
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grain-contact area and strength, which lead to fault-zone failure by fracture in welded and 

some crystallized nonwelded ignimbrites [Wilson et al., 2003]. 

Similar material controls on deformation are demonstrated by other field-based 

studies in different lithologies. Low porosity sedimentary and crystalline rocks deform 

by fracture [e.g., Chester and Logan, 1986; Reches and Locker, 1994]. In contrast, high 

porosity sandstone [Aydin and Johnson, 1978; Antonellini and Aydin, 1994] and poorly 

lithified sands (Mozley and Goodwin, 1995; Sigda et al., 1999; Cashman and Cashman, 

2000] deform by cataclasis within deformation bands. Experimental studies have also 

demonstrated the dependence of mode of deformation on porosity [e.g., Dunn et al., 

1973; Wong et al., 1997]. 

Fractures and deformation bands are hydrologically distinct. In contrast to 

fractures, deformation bands reduce porosity and saturated permeability with respect to 

protolith [Antonellini and Aydin, 1994; Sigda et al., 1999; Rawling et al., 2001] and are 

likely to increase fault unsaturated permeability in the vadose zone of arid desert 

environments [Sigda and Wilson, 2003]. 

Previous work in ignimbrite sequences shows that fractures can significantly 

increase the saturated permeabilities of welded units [Winograd, 1971; Wohletz, 1996; 

LeCain, 1997]. In this paper, we document a minimum reduction in saturated 

permeability of defom1ation bands relative to nonwelded protolith ignimbrite (Bandelier 

Tuff) using an air-minipermeameter. Backscattered-electron imaging shows that 

ignimbrite grains are crushed within deformation bands, reducing porosity, pore size, and 

saturated permeability both normal and parallel to the deformation band. Porosity is 

reduced by as much as 21% within an unaltered deformation band and up to 43% in 
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deformation bands containing smectite. Variable pore-size reduction leads to air 

permeability reduction in the range of one half to one order of magnitude. We note that 

our measurements likely overestimate fault-zone permeabilities. Hong [1999] 

demonstrated that water-saturated deformation-band faults in sand that contain smectite, 

a swelling clay, exhibit an order of magnitude lower permeability than that measured dry. 

The even smaller decreases in permeability exhibited by the other faults in our study are 

likely minima also, since most of the deformation-band faults studied were so thin that 

measurements were influenced by surrounding higher permeability protolith. Other 

geologic factors influencing the magnitude of permeability reduction in a given fault 

include local variations in protolith permeability and degree of cataclasis, diagenetic 

alteration and/or cementation. An unexpected increase in permeability from protolith to 

deformation band in some cases is attributed to the presence of desiccation cracks and 

post-cementation fractures in deformation bands containing smectite and calcite, 

respectively. This effect would not be evident with standard falling-head permeability 

measurements of smectite-rich faults, as hydration would cause desiccation cracks to 

close [e.g., Hong, 1999]. 

Within perched aquifers in the Bandelier Tuff, these lower permeability stmctures 

introduce effective permeability heterogeneity and/or anisotropy into the flow field and 

may affect production of groundwater [e.g., Yobbi, 1997]. If further study shows that the 

permeability reduction is greater than we have estimated from air-minipermeameter 

analyses, their impact on saturated flow may be greater. Deformation-band faults may, 

however, exert the greatest impact on unsaturated flow. Preferential diagenetic 
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modification of deformation bands is evidence that they have served as preferential fluid 

flow pathways in the unsaturated vadose zone [Wilson et al., 2003). 

Geologic Setting 

Our study of pore structure, porosity, and saturated permeability modification 

within deformation bands was focused on Bandelier Tuff ignimbrite deposits, which are 

located on the flanks ofthe Jemez Mountains of northern New Mexico (Fig. 5.2a). The 

Bandelier Tuff is composed of the lower, 1.6 Ma Otowi Member and the upper, 1.2 Ma 

Tshirege Member, both of which were deposited :from violent pyroclastic eruptions of the 

Valles/Toledo caldera complex [Smith and Bailey, 1966; Izett and Obradovich, 1994]. 

Both members are dominated by silicic ash with lesser amounts of pumice, lithic 

:fragments, and phenocrysts of quartz, sanidine, and plagioclase feldspar [Broxton et al., 

1995]. The Otowi Member (Qbo) is a single, nonwelded, glassy cooling unit (Fig. 5.2b). 

The Tshirege Member (Qbt) comprises a sequence of cooling units, which vary in degree 

of welding and postdepositional crystallization (Fig 5 .2b ). 

These welding and crystallization characteristics are the main petrophysical 

controls on deformation in ignimbrites, and therefore influence the mode of deformation 

in each unit [Wilson et al., 2003]. The differentiation among units according to response 

to fault-zone deformation defines a mechanical stratigraphy for the Bandelier Tuff (Fig. 

5.2b), in which the stratigraphic section is dominated by nonwelded ignimbrites that fail 

by the formation of deformation bands. 

On the Pajarito Plateau, the Bandelier Tuff is cut by the Pajarito fault system, a 

41-km-long, rift-related, normal fault system consisting of four large faults, each dipping 
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steeply west or east and striking approximately north (Fig. 5.2a). Displacement is 

characteristically dip-slip, up to 180 m on the Pajarito fault with local evidence of strike-

slip movement [Carter and Gardner, 1995]. Conceptual models of groundwater flow 

focus on how topography and this large-displacement fault zone affect regional flow 

paths [e.g., Rogers et al., 1996]. However, many small-displacement faults (mm-m 

throw) are also present, and may number in the thousands over a km2 area on the Pajarito 

Plateau [e.g., Carter and Winter, 1995]. Although rarely mapped because of their size, 

the spatial distribution and character of these faults are important to understanding both 

regional deformation and subsurface fluid flow [cf. Sigda et al., 1999]. 

Qbt1g DBs 

Oct DBs 

f • Qbo DBs 

Figure 5.2. (a) Location map modified from Aldrich [1986], Heiken et al. [1990], 
Purtymun [1995], and Stimac [1996]. Shading shows extent ofBandelier Tuff. Dashed 
lines give approximate locations and trends ofmajor canyons. {b) Bandelier Tuff 
stratigraphy of Lewis et al. [2002] modified to highlight mechanical behavior of 
stratigraphic units [cf. Wilson et al., 2003]. Thicknesses are schematic. Not all units are 
present in all locations. Symbols show the distrjbution of different fault types that were 
studied in detail in map view (a) and stratigraphic position (b). DB's =deformation 
bands, Qbo = Otowi Member, Bandelier Tuff, Qbt = Tshirege Member, Bandelier Tuff. 
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The Bandelier Tuff is largely above the water table, and, for the most part has 

been since deposition [Purtymun and Johansen, 1974]. In the semiarid climate of the 

Pajarito Plateau, deeply incised canyons trending roughly E-W from higher to lower 

elevations create two distinct hydrologic regimes: mesa tops and canyon bottoms (Fig. 

5.2a) [Rogers et al., 1996]. Canyon bottoms are the dominant sources of recharge to the 

groundwater regimes beneath the Pajarito Plateau. These groundwater regimes include: 

(1) the main aquifer within the Puye Conglomerate and Santa Fe Group sediments, (2) 

shallow alluvium deposited in some large canyons near the Rio Grande River, and (3) 

discontinuous intermediate layers within the lower, nonwelded portions of the Bandelier 

Tuff and underlying basalts and sediments (Fig. 5 .3) [McLin, 1996]. We focus on how 

deformation bands may affect saturated flow in the latter of these groundwater regimes. 

Saturated flow in the perched aquifers is dominantly eastward toward the Rio 

Grande. However, small-displacement faults may alter flow paths by either inhibiting or 

enhancing fluid flow and transport. Fractures, widely recognized as conduits under 

saturated conditions, are prevalent in the welded units of the Bandelier Tuff and 

underlying basalts, and therefore fracture-based faults may enhance hydraulic 

connectivity in these perched aquifers [e.g., Wohletz, 1999]. On the other hand, small

displacement faults in nonwelded ignimbrites and poorly consolidated rift sediments are 

dominated by deformation bands [e.g., Sigda et al., 1999; Rawling et al., 2001; Wilson et 

al., 2003]. Studies of deformation bands in sands show that pore size, porosity, and 

saturated permeability can be drastically reduced relative to proto lith, likely inhibiting 

saturated flow [Sigda et al., 1999]. In this paper, we document modifications in pore 

size, porosity, and saturated permeability within deformation bands in nonwelded 
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ignimbrites in order to determine whether these structures could also impact saturated 

flow and water recovery in the perched aquifers of the Bandelier Tuff [e.g., Rogers et al., 

1996; Yobbi, 1997]. 

10,000 Jemez Mountains o s 
Pajarito Scale (mites) 

fault zone Pajarito Plateau 

I , / Top of aquifer Rio Grande 

Well fields 

0 Bandelier Tuff 1::1:''•1 Chaquehui Formation 

~ Tshicoma Formation - Basalts 

D Puye Conglomerate !••,:;;j Santa Fe Group 

Figure 5.3. Geologic cross section through the Pajarito Plateau showing conceptual 
sketch ofhydrogeologic units and aquifer levels. After Purtymun [1995] and Rogers et 
al. [1996]. 

Characteristics of Deformation-Band Faults on the Pajarito Plateau 

High porosity and heterogeneous pore structure in poorly sorted, nonwelded 

ignimbrites are modified by pore collapse and grain-size reduction within deformation 

bands (Fig 5.1c, d; Fig. 5.4a, b) [Wilson et al., 2003]. Porosity is reduced, pore structure 

is variably homogenized, and pore connectivity is variably increased by destruction of 

glass walls that had previously isolated pore spaces (i.e., pumice vesicles). 

In the nonwelded ignimbrites of the Bandelier Tuff, zones of deformation bands 

range in thickness from 1 mm to 15 em, and contain variable amounts of diagenetic 

smectite and calcite cement [Wilson et al., 2003]. These minerals are not abundant in 

surrounding protolith (Chapter 4) and result in significant porosity reduction (Fig. 5.4c, 
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Figure 5.4. BSE images of(a) nonwelded crystallized ignimbrite, (b) unaltered 
deformation band in which grains are reduced to predominantly clay-sized fragments 
with highly irregular edges, (c) deformation band with 1.4 wt% smectite, and (d) 
deformation band with 94 wt% smectite. Qtz = quartz phenocryst, San = sanidine 
phenocryst. Note that both relative sizes and area of pore spaces (black) decrease from 
(a) to (c). Sizes of pore spaces appear similar in (c) and (d) due to desiccation cracking 
and plucking of pure smectite in more clay-rich deformation band (d). 

d). Most deformation bands exhibit foliation defined by compositional layering or 

alignment of grains and/or diagenetic minerals parallel to fault boundaries. 

The reduction in pore space and variable increase in pore connectivity within 

deformation bands in the vadose zone of arid environments results in preferential water 

retention [Sigda and Wilson, 2003]. In the Bandelier Tuff, this leads to (1) preferential in 

situ alteration of ignimbrite matrix (volcanic glass, feldspar, and mafic lithic clasts) to 
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smectite, (2) increased infiltration leading to both preferential colloidal transport of 

smectite (Fig. 5 .4c, d) and fault-zone dissolution and/or precipitation, and (3) increased 

volume of plant roots, playing a key role in calcite cementation in these deformation 

bands (Chapter 4). 

Methods 

More than 100 faults in welded and nonwelded ignimbrite units ofthe Bandelier 

Tuff were characterized at the outcrop scale (Fig. 5.2; Appendix A). A representative 

subset ofthese faults and corresponding protolith was identified for additional detailed 

study (Table 4.2; Table AJ, Appendix A). This subset of faults includes unaltered 

deformation bands, deformation bands with 1.4 to 93.5 wt% smectite, calcite-cemented 

deformation bands, and fractured ignimbrite. The relative amounts of pumice, matrix 

glass, phenocrysts, and lithic fragments were determined for each protolith-fault pair by 

point counting on a petrographic microscope (Table B 1, Appendix B). Porosity was 

determined in two dimensions by pixel counts of black (porosity) versus gray (grain) 

within back-scattered electron microprobe images using Matlab (Appendix B). An 

alternate method of determining three-dimensional, effective porosity was also employed 

for a subset of proto lith samples. The volume, dry mass, and water-saturated mass of 

ignimbrite protolith were measured, and effective porosity was calculated from these 

data. 

Protolith, fault-parallel and fault-normal saturated permeabilities were measured 

for protolith-fault pairs in order to determine the hydrologic impact of deformation bands 

in ignimbrites in perched saturated zones. Sets of permeability data were collected and 
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organized by date (Appendix C) in order to constrain such conditions as temperature, 

atmospheric pressure, etc., for a given set of measurements. These measurements were 

made on samples collected for lab analysis and at outcrop sites with a portable air

minipermeameter based on a design by J. Matt Davis at the University of New 

Hampshire. This design was chosen because it is ideal for obtaining rapid measurements 

in both a lab and field (outcrop) setting. In the air-minipermeameter design, air from a 

compressed air tank enters the air-minipermeameter at a constant pressure, travels 

through a mass flow meter (rotameter) and a pressure gauge, and then out of the air

minipermeameter through flexible tygon tubing to the tip seal (Fig. Cl, Appendix C). 

Gas is directed into the rock via this tip seal, which consists of a rigid brass housing to 

which a molded silicone rubber ring is affixed. This soft, durable silicone rubber 

establishes the seal between the injection nozzle and the rock surface. The tip seal size 

used for all measurements has a 0.31 em inner radius and a 0.62 em outer radius. Similar 

to Davis et al. [1997], we use the approximation that the radius of influence for this 2:1 

outer to inner tip seal radius ratio is 4 times the inner tip seal diameter (Fig. 5 .5) [Goggin 

et al., 1988], and that the permeability measurements represent a hemispherical volume 

of interrogation with a radius of2.48 em. As opposed to a tip seal with a 4:1 ratio, the 

2:1 tip seal ratio has a smaller sample volume and can be used to minimize effects of 

sample boundaries. Since most deformation bands are narrower (typically 1 mm) than 

the radius of influence (Fig. 5.5), the 2:1 tip seal was chosen to minimize the impact of 

adjacent protolith on fault permeability measurements; however, we were not able to 

measure the permeability of deformation bands alone. All permeabilities were calculated 
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from Darcy's law using the applied pressure, measured flow rate, and the geometry of the 

tip seal [e.g., Suboor and Heller, 1995]. 

deformation band (1 mm wide) 

k{prot) 

Figure 5.5. Schematic diagram showing measurement location and tip seal coverage for 
fault-parallel, k (JJ), permeability measurement. Inner tip seal diameter is 0.62 em, outer 
tip seal diameter is 1.24 em. Radius of influence is 4 times the diameter of inner tip seal 
(2.48 em). Fault-normal, k ( 1 ), and protolith, k (prot), permeability measurement 
locations are also shown. Fault-normal measurements were taken by removing protolith 
material to reveal the deformation band. 

Standardization 

Instrument drift and measurement error were documented by comparing lab or 

outcrop permeability measurements of standards from one data-collection period to the 

next. Standards included a suite of ignimbrite and sandstone samples provided by Vince 

Tidwell at Sandia National Laboratory (SNL). Prior to use in this study, these samples 

were measured for air permeability with a multisupport permeameter (MSP) at SNL. 

This MSP is equipped with a pneumatic piston to compress the tip seal to the prepared 

surface [Tidwell and Wilson, 1997; 1999]. Measurements of standards in this study were 
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performed periodically before or after a set of proto lith-fault measurements in order to 

document instrument drift and measurement error. Instrument drift refers to the steady 

increase or decrease in measurement values for a standard with continued 

minipermeameter use. Measurement error is the standard deviation from the mean of 

permeability measurements taken for a standard over several dates. These errors were 

minimized by (1) having a consistent operator for all experiments, (2) shielding the 

minipermeameter and gas source from extreme cold and heat, and (3) carefully choosing 

measurement locations on a sample or outcrop that do not lie on major visible 

heterogeneities. 

Results 

Evaluation of Approaches to Determining Porosity 

Effective porosity determined from sample volume and dry versus saturated mass 

was found to be consistently higher, averaging approximately 9% greater, than the BSE

image derived, two-dimensional porosity values (Table 5.1 ). However, poorly lithified 

protolith and fault samples typically disaggregated upon saturation with water. We 

therefore rely on BSE image analysis to compare the porosities of faults with protolith. 

Thus, the porosity values given in this study (discussed in a later section) should be 

considered minimum values. 

Standardization of Saturated Permeability Measurements 

Samples of ignimbrite and sandstone were used as standards to check the 

accuracy ofprotolith-fault permeability values obtained from the air-minipermeameter. 

Permeabilities obtained with the MSP were compared to the miniperrneameter 



110 

measurements of each standard for a given set of proto lith-fault data (Table 5.2). 

Table 5.1. Com arisen of effective orosit determinations for selected ignimbrite roto!iths. 
Sample' Volume of Mass of Mass of Mass of Effective Porosity from 

bb3 

bt37 

bt73 

btl09 

btl20 

14.25 

8.49 

6.02 

40.91 

37.66 

22.46 

15.95 

56.13 

50.36 

24.9i 

23.98 

) water"( ) porosity- (%) 
10.37 47.0 

15.22 

12.70 

2.51 

8.03 

50.6 

49.1 

24.3 

59.1 

BSE ima es (%) 
4!.0 

46.9 

40.6 

13.1 

42.4 
Mean difference: 

'Sample numbers correspond to those in Tables 4.2, A1, A3, and AS) 
*Volume of sample determined by piclmometer. 
"Density of water: 9.23gll0cm' = 0.923 glcm' 
-Effective porosity= [(mass of wet sample- mass of dry sample) I density of water) I volume of dry sample 

Table 5.2. Air-saturated penneabilities for standards--comparison ofMSP versus air-miniperm<:amerer values. 
Sample lv!SP Minipennearneter Date ofminipennearneter 

measurement (m) measurement (rn1
) measurement 

Pink ignimbrite 4.64E-l5 6.12E-14 Mean penneability for dates below 

Orange ignimbrite 1.90E-14 

Gray ignimbrite 8.!6E-14 

Brown sandstone 1.04£.-12 

Massillon sandstone 8.45E-12 

l.40E-14 Standard Deviation 
5.49E-14 23--Jul-03 
5.39E-14 
5.73E-14 
5.21E-14 
5.98E-14 
8.92E-14 
9.35E-14 
4.39E-14 
4.98E-14 
7.45E-14 
6.88E-14 
1.46E-13 
6.98E-l4 
!.52E-l3 
8.85E-l4 
!.44FA4 
7.17E-14 

l.l1E-l3 
8.14E-14 
8.55E-14 
8.!2E-l4 
!.OOE-13 
1.37E-13 
2..03E-14 
l.l9E-13 
1.34E-13 
1.4!E-13 

l.IOE-13 
1.4%-13 
1.66E-13 
2.38£.-12 
2.85E-13 
2.28E-l2 
2.76E-l2 
2.24E-12 
L99E-l2 
2.34E-l2 
2.66E-12 

6-Aug-03 
6-Aug-03 
12-Aug-03 
18-Sep-03 
18-Sep-03 

Mean perm::ability for dates below 
Standard!>e'viation 

23-Jul-03 
6-Aug-03 
6-Aug-03 
12-Aug-03 
18-Sep-03 
!8-Sep-03 

Mean perm::ability for dates below 
Standard Deviation 

23-Jul-03 
6-Aug-03 
6-Aug-03 
12-Aug-03 
18-Sep-03 
18-Sep-03 

Mean penneability for dates below 
Standard Deviation 

23-Jul-03 
6-Aug-03 
6-Aug-03 
12-Aug-03 
18-Sep-03 
18-Sep-03 

Mean perrneabil ity for dates below 
Standard Deviation 

23-Jul-03 
6-Aug-03 
6-Aug-03 
12-Aug-03 
!8-Sep-03 
18-Sep-03 

Difference 

% 
6.0 

3.7 

8.5 

11.2 

16.7 
9.2 
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Minipermeameter measurements for the ignimbrite standards varied by relatively large 

amounts, and were variably higher or lower than the MSP permeability values. In 

contrast, permeability measurements for the sandstone standards were relatively constant 

and were consistently lower than MSP permeability values. Based on these trends and 

visual inspection of the standards, the ignimbrite samples were considered too 

heterogeneous to serve as standards to document inst1ument drift or measurement error. 

The more homogeneous brown and Massillon sandstones were more suitable for these 

purposes. Due to the availability of published permeability data on Massillon sandstone 

[Tidwell and Wilson, 2000; Lechler, 2002], it was chosen to document instrument drift 

and measurement error. 

The Massillon sandstone dataset obtained with the minipermeameter does not 

show an overall increasing or decreasing trend (Table 5.2), suggesting that no instrument 

drift occurred with continued minipermeameter use. However, the average 

minipermeameter measurement for Massillon sandstone was low, 2.38 x 10-12 m2 with a 

standard deviation (measurement error) of2.84 x 10"13
, compared to the MSP 

measurement of 8.45 x 10·12 m2
• A correction for the low average permeability 

measurement for Massillon sandstone was not performed since the primary objective of 

this study is to document the permeability differences between fault and protolith 

samples. Thus, relative differences are more important than absolute values. As detailed 

below, our permeability measurements of Massillon sandstone standard are fairly 

consistent from one measurement date to the next. This documents the consistency of 

conditions by which fault and proto lith permeability measurements were taken, thus 

ensuring that permeability differences between protolith and fault are recognized. 
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Porosity and Permeability Differences for Protolith-Fault Pairs 

Porosity is increased by fractures (Fig. 5 .I b). As a result, fractures are by far the 

greatest influence on saturated permeability in welded ignimbrites, increasing 

permeability by at least two orders of magnitude (Table 5.3; Fig. 5.6). In contrast, 

deformation bands in nonwelded ignimbrite units are variably diagenetically modified 

zones of grain crushing and pore collapse (Fig. 5.4). Not surprisingly, they result in 

porosity and permeability reduction (Table 5.3). 

Table 5.3. Pt:ru>ity & ~ily cifi'eren::e; b:tw1n Jl'(lt.lllith-fuult p:rirs. I 

Protohth-fault p:rir Fault Pt:ru;ity l'mmli2e:l* Fault"jElilld N:nmli:n:rl* Fault-rmml N:nmli:n:rl* 
thida= ("lo) di:tf=v:e k,;, difii:ren:e in ksal differen:ein 

(nm) in):XXUiity (nf) fuult"jElillel k., (nr') fuult-n:rrml k,., 
CI')St!llize:l \\ekh:l ignirrl:rite (Ql:3t) I lO 5.2E-14 5.2E-!4 
Fracture I 100" 10.00 5.4&12 ' 103.85 N<\. N<\. 

Glassy NW ignirri:rite (QX !g) I I 56 !.IE-12 I !.!E-12 
Umltmrlrefarratioo lmrl I 44 0.79 N<\. N<\. 1.9E-l3 0.17 

Cl}5tllllize:lNW ignintrite (Ql:3) -r7 I 6.0E-l3 6.0E-!3 
UmJten.rl re!imnrioo lmrl 80 7J) 0.55 l.IE-13 O.I8 !.7E-!3 028 

Cry.;tallize:l NW ignirri:rite (Ql:3) I 37 I 1.2E-12 1.2E-12 
Marratioo lmrl(l.4 1>.t"/osmx:tite) JO 02 I 0.01 I 1.6E-12 1.33 8.9E-!3 0.74 

Glassy NWignirri:rite (QXIg) I 49 l.JE-12 I.IE-12 
Mmratioo lmrl(7.8 v.t"/osrn:ctite) 30 19 0.39 N<\. ' N<\. 3.0E-!3 0.27 

Glassy NWignirri:rite(QXlg) I 49 I!E-I2 i !.1E-12 
Do!ft:rnution lmrl(l7.4 \\t%srn:ctite) I 30 l3 0.27 

' 
6.2E-13 0.56 4.0E-!3 0.36 

Cl)Stallizai NW ignirrl:rite (Q:l:4) I 42 I 4.0E-l3 4.0E-13 
llimralion lmrl (93.5 \\t"/osrn:ctite) li l I 14 I 0.33 NA I NA i 1.9E-13 0.48 

Glassy N\liignirrtrite (QX !g) !I 54 i 4.7E-!3 :l 4.7E-!3 
Calcite-cen:rt£drefoomtimlmrl I 2 ll 0.20 7.1E-!3 1.51 I 8.3E-14 O.I8 
"Nrn:alizUi<n> \\erecalcula1e:las average fuult value/ averagqrctolith valtc(IXllllllizai):Yctolith values"' I; cb:reases fiu:nptto!ith<l, irx:reases fiu:nptto!ith 
''Pcra;ity offulcture ooly cmsich'cd, SJil1i.al cblsity arrlBjXrtureof fractures rxx ~ I 
Nt\=mt arolyzed, 1\W=Il)!)\\elded II I I Ji 

Unaltered deformation bands show moderate reductions in porosity and 

permeability (Figs. 5.ld and 5.4b; Table 5.3). These deformation bands also have 

variable thickness, ranging from 1 to 80 mm. Due to the volume of interrogation 

imposed by our tip seal, permeability measurements of deformation bands thinner than 
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49.6 mm are likely affected by surrounding, higher permeability proto lith, and thus are 

overestimates of permeability. 
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Figure 5.6. Normalized differences in porosity, fault-parallel saturated permeability, and 
fault-normal saturated permeability for fractures and variably altered deformation bands 
(DB). Sm =smectite. Thickness of fault is given below each fault description. 

Deformation bands containing diagenetic minerals generally show larger 

,. reductions in porosity, but variable decreases in saturated permeability (Fig. 5.6). Among 

the protolith-fault pairs, the largest decreases in permeability are not associated with the 

highest porosity reductions (Table 5.3; Fig. 5.6). In fact, the largest porosity reductions 

result in surprisingly small reductions in fault-normal and fault-parallel saturated 

permeabilities of less than one order of magnitude (Table 5.3; Fig. 5.6). This smaller 

than expected reduction in permeability is in part due to the thickness of all deformation 
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bands that contain smectite or calcite. All are narrower than 49.6 mm, which allows 

higher permeability proto lith to be incorporated into the fault-permeability measurement. 

Two exceptions to the reduction in saturated permeability from proto lith to fault 

include fault-parallel permeability values of a calcite-cemented deformation band and a 

deformation band containing 1.4 wt% smectite. These two measurements are up to one 

half order of magnitude higher than protolith. These increases in air-saturated 

permeability are likely due to the presence of desiccation cracks and post-cementation 

fractures, respectively. These structures were not evident in outcrop, but were observed 

under the petrographic microscope and with BSE imaging. 

Permeability Ranges for All Protoliths and Faults 

Additional protolith and fault permeability measurements were made on samples 

that were not analyzed for porosity or diagenetic mineral content. These permeability 

data (Table C3, Appendix C) are combined with data from Table 5.3 to show the overall 

ranges in permeability for different types of proto lith and fault (Fig. 5. 7). 

Measured permeabilities of glassy nonwelded proto lith range from 1 o·l2.4 to 1 o·n.9 

m2
• Crystallized nonwelded proto lith permeabilities have a wide range of 1 o-12

·
9 to 1 o-tu 

m2
• Penneabilities measured parallel to deformation bands are generally reduced 

compared to proto lith but are typically higher than those measured normal to the 

deformation band. Fault-normal permeabilities for unaltered deformation bands range 

from 10'130 to 10'12
·
2 m2 (Fig. 5.7). Fault-parallel permeabilities for tmaltered deformation 

bands show more variability, from 10'13
·
2 to I0- 1u m2

• Deformation bands containing 

smectite have permeability ranges similar to both protolith and unaltered deformation 
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bands. Fault-normal permeabilities range from 10·129 to I0-1
l.

9 m2, and fault-parallel 

permeabilities range from I0-12
·
2 to 10·1

t.
7 m2

• The calcite-cemented deformation band has 

the lowest fault-normal permeability of 10"13
•
2 m2

, and a moderate fault-parallel 

permeability of 1 o-12
·
2 m2

• Welded ignimbrite is less permeable than nonwelded 

ignimbrite, ranging in permeability from IO-IJ 3 to I0-123 m2
, with fracture-parallel 

permeabilitieS ranging from w-ll.S tO w-It.! m2• 
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Figure 5.7. Box plots oflog saturated permeabilities of protoliths with variable welding 
and crystallization characteristics, and different fault types (fractures, deformation bands 
(DBs), and altered and/or mineralized deformation-band fault zones). Data collected in 
situ and on hand samples using an air-minipermeameter. Boxes encompass 50% of data, 
vertical lines bounded by filled circles show full range of data, horizontal line within each 
box is the median permeability, asterisks indicate mean permeability, and box widths are 
proportional to the square root ofn for each group. 

Discussion 

Measurement error 

Permeability measm-ement of Massillon sandstone standard yields a mean 

permeability of2.38 x 10"12 m2 with a standard deviation, or measm-ement error, of2.85 x 
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1 o- 13 
_ This is a significant error, potentially caused by biases or small uncertainties in 

input parameters in permeability calculations, spatial variability of the standard, any 

miniscule tilt on the tip seal that could alter the radius of influence (Fig. 5.5), and/or 

differences in mode of measurement (manual versus automated). However, this error is 

fairly consistent from one measurement date to the next (Table 5.2). This documents the 

consistency of conditions by which fault and proto lith permeability measurements were 

taken, thus ensuring that permeability differences between protolith and fault are 

recognized. Therefore, measurement error does not affect our objective of identifying 

significant permeability modifications (i.e., contrasts of at least two orders of magnitude). 

Non-Darcian Flow Effects 

Our measurements of permeability for Massillon sandstone were consistently 

lower than, but within one order of magnitude of, the automated measurement provided 

by V. Tidwell. This difference in permeability values may be due to sample 

heterogeneity. Measurement of air permeability on the Massillon sandstone standard 

with the MSP may have been made in a different location on the sample than that 

consistently measured with the minipermeameter. Since Massillon sandstone is actually 

fairly heterogeneous {although less so than ignimb1ite), different values in permeability 

from one location to another in the same sample may cause the small difference in 

permeability measurement from the MSP to our minipermeameter. 

Altematively, high velocity (inertial) non-Darcian flow effects, which result in 

presstrre losses and an underestimate of permeability [Davis et al., 1994], maybe causing 

the consistently lower permeability measurements. These effects may be accentuated by 
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the 2: 1 tip seal which forces air through a smaller sample volume than a 4:1 tip seal 

[Lechler, 2002]. Also, at higher gauge pressures, measured flow rates are less than 

expected for Darcian behavior. A lower flow rate and non-linear deviation from Darcy's 

law is due to inertial effects resulting from the transition to turbulent gas flow. Deviation 

from Darcy's law occurs at a gauge pressure of 0.029 to 0.363 psi for Massillon 

sandstone [Lechler, 2002]. Measurements below these pressures reflect Darcian flow; 

measurements above these pressures reflect non-Darcian flow and are biased toward 

lower permeabilities. All measurements in this study were made at gauge pressures that 

ranged from 0.5 to 15 psi, within the range ofnon-Darcian flow. Gauge pressures for 

deformation-band permeability measurements range from 3.4 to 10.6 psi and for proto lith 

from 1.0 to 6.6 psi. Given the similarities in the ranges of these gauge pressures, this 

effect may be fairly consistent for all measurements. Therefore, our objective of 

identifying the effect that deformation-band faulting has on permeability may not be 

significantly affected. 

Effect ofDeformation-Band Thickness on Fault-Normal Permeability Measurements 

For permeability calculations, the material through which air flows is assumed to 

be relatively homogeneous. However, because fault zones are thin (Fig. 5.6), fault 

measurements typically encompass two materials with different hydrologic properties. 

Flow through a wide deformation band fault zone (greater than 4 times the inner tip seal 

diameter) may be considered homogeneous; flow through a narrow deformation band 

incorporates the hydrologic properties of surrounding protolith into the permeability 

calculation. 
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Deformation-band fault zones analyzed in this study range in width from 1 to 80 

mm. The volume of interrogation for narrow deformation-band fault zones (those that 

are< 49.6 mm wide for a tip seal with an i1mer diameter of0.62 em) can be considered a 

two-layer system consisting of the deformation-band fault zone and surrounding 

proto lith. Corrections to remove the effect of the surrounding proto lith can better isolate 

the hydrologic properties of the deformation-band fault zone. This involves calculation 

of a dual versus single layer geometric factor (Gd versus Go) [Aronson, 1999]. We were 

not able to evaluate the magnitude of the effect that deformation-band fault zone 

thickness would have on fault-normal penneability since there were not enough 

permeability data for wide versus narrow deformation-band fault zones in this study. 

Additional data collection to document this relationship and constrain data corrections is 

anticipated. 

Uncertainties in Saturated Perrneabilities Associated with Smectite and Calcite in 
Deformation Bands 

The small reduction and even local increase in fault permeability for 

diagenetically modified deformation bands relative to proto lith reflects not only the 

influence of surrounding undeformed proto lith, but also: (1) post-cementation fractures 

in calcite-cemented deformation bands, (2) open desiccation cracks in deformation bands 

containing smectite, and (3) the use of air instead of water for the saturating medium in 

an investigation ofmaterials containing swelling clays (e.g., smectite) [Sigda et al., 1999; 

Hong, 1999]. These effects result in measured fault air-permeabilities that are considered 

maximum values. Hong [1999], for example, shows an order ofmagnitude smaller 

permeability of deformation-band faults in sand measured with a flexible-waH 
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permeameter than with an air-minipermeameter. Since the faults he examined have far 

l 

I 
less smectite than some of the faults studied here [Sigda et al., 1999; Wilson et al., 2003], 

this effect may be more pronounced in this study. Although the magnitude of 

I 
1 permeability reduction is not well characterized in this study, we propose that 

deformation bands containing smectite or calcite are likely to have the largest impact on 

saturated permeability of the faults examined in this study. 

Heterogeneity of Saturated Permeabilities of Proto lith Versus Deformation Bands 

Given the effects of deformation band thickness and the presence of diagenetic 

minerals, we use only data from the widest unaltered deformation-band fault zones to 

evaluate the effect that deformation bands may have on saturated permeability in 

nonwelded ignimbrites. One fault in this study meets these criteria, with a thickness of 

80 mm and absence of smectite or calcite (Fig. 5 .4b ). This fault exhibits a one half to one 

order of magnitude decrease in fault-parallel and fault-normal permeability. However, 

comparison of this permeability modification to the wide range in values for unfaulted 

ignimbrite Gust over two orders of magnitude; Fig. 5.7) reveals that the impact of 

unaltered deformation bands on saturated flow may be minimal. 

Implications for Saturated Flow Through Nonwelded Ignimbrites 

The reduction in saturated permeability of unaltered deformation bands relative to 

proto lith is similar, at least in process, to the porosity and permeability reductions 

observed in high porosity sandstones and sands [Antonellini and Aydin, 1994; Sigda et 

al., 1999]. Porosity within sandstone may decrease from a value of25% down to 1%, 
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and permeability from more than 10"13 to less than 10"15 m2 [Antonellini and Aydin, 1994]. 

Reductions of up to three orders of magnitude in air-saturated permeability for 

defonnation bands containing relatively small amotmts of clay ( < 30 %) have also been 

documented in poorly lithified sands [Sigda et al., 1999]. Additional water-saturated 

permeability measurements performed on these same faults demonstrated that faults 

containing swelling clay (smectite) exhibited permeabilities up to four orders of 

magnitude lower than adjacent sand [Hong, 1999]. In these faults, adding water caused 

the clays to swell, further blocking porosity and reducing permeability [Hong, 1999]. 

This suggests that deformation bands in sands and sandstones, in sufficient numbers, can 

inhibit cross-fault saturated flow, especially where the faults contain even small amounts 

of smectite. 

In ignimbrites, deformation bands show similar reductions in porosity, but air

saturated permeability is reduced by only one order of magnitude at most. The reduction 

in saturated permeability for unaltered deformation bands relative to proto lith is small, 

and may only have the effect of creating small permeability heterogeneities in the 

perched aquifers beneath the Pajarito Plateau. However, the number of unmapped, small

displacement faults can be very large in this tectonically active area of rift extension, on 

the order of3000 within a roughly 400-krn2 area [Carter and Winter, 1995]. Although a 

systematic study of deformation-band fault spatial densities on the Pajarito Plateau has 

not yet been done, direct observations of deformation bands in non welded portions of the 

Bandelier Tuff suggest that deformation-band faults are likely to be distributed in these 

deposits at a regional scale. Of these deformation-band faults, the majority contain some 

amount of smectite, ranging from 1.4 to 93.5 wt%. Given the size of the volume of 
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interrogation relative to the size of the deformation bands during permeability 

measurements, and the potential effect of smectite on air- versus water-saturated 

permeability measurements on dry fault material, smectite-rich deformation band 

permeabilities are likely to be two orders of magnitude or more lower than the protolith. 

Therefore, they are likely to have the largest impact on saturated permeability ofthe 

faults examined. 

The differences between the fault-normal and fault-parallel saturated 

permeabilities of deformation bands documented in this study suggest permeability 

anisotropy within the faults themselves (i.e., at the mm scale). At the scale of a perched 

aquifer (m to km scale), an accurate characterization of permeability anisotropy would 

have to take into account these direction-dependent permeability variations of 

deformation bands as well as their thicknesses, spatial density, distribution, and 

orientations [cf. Antonellini and Aydin, 1994; cf. Yobbi, 1997). Although the 

petrophysical properties of deformation-band faults have been documented [Wilson et al., 

2003], refinement of permeability values and a comprehensive geometric characterization 

of deformation-band faults across the Pajarito Plateau must be performed in order to 

evaluate the effect that these faults may have on saturated flow and water production at 

the aquifer scale. 

Ultimately, deformation-band faults in the Bandelier Tuff may have the most 

effect on unsaturated, vadose-zone flow since these deposits lie mostly above the regional 

groundwater table and are saturated only within discontinuous perched aquifers [ cf. 

Purtymun and Johansen, 1974; cf. McLin, 1996]. Current models of vadose-zone fluid 

flow through ignimbrites only consider fractures in welded units as significant flow 

ZIQI 
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pathways [e.g., Turin and Rosenberg, 1996; Wolfsberg et al., 2000] (cf. Fig. 4.19, 

Chapter 4). However, the diagenetic record of preferential fault-zone alteration and 

cementation suggests that deformation bands in nonwelded units may also be fluid flow 

I 
i 

conduits above the water table [Wilson et al., 2003]. The indirect result on saturated flow 

is that the preferential vadose-zone fluid flow through these deformation bands and the 

potential for enhanced transport may affect the amount and chemistry of fluids that end 

up in both the regional and perched aquifers that underlie the Pajarito Plateau. 

Conclusions 

In the ash-dominated ignimbrites of the Bandelier Tuff, New Mexico, welded 

units deform by fracture, and nonwelded glassy units deform by cataclasis within 

deformation bands [Wilson et al., 2003]. Analysis ofBSE images from protolith and 

deformation-band fault material shows that cataclasis within deformation bands reduces 

porosity via grain- and pore-size reduction by up to 21%. In the vadose zone of dry 

environments, this porosity reduction leads to preferential fluid flow and diagenesis 

[Wilson et al., 2003; Chapter 4), further reducing porosity and pore sizes. Therefore, 

deformation bands have very different hydrologic properties than fractures. Fracturing 

within welded units significantly increases porosity and pore connectivity, resulting in an 

increase in saturated permeability of at least two orders of magnitude. In contrast, we 

show that deformation bands are zones of reduced saturated permeability. The reduction 

in saturated permeability compared to protolith, in some cases up to one order of 

magnitude, could result in permeability heterogeneity and/or anisotropy in nonwelded 

ignimbrites. Consideration of the limitations in measuring air-saturated permeabilities of 
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dry, thin deformation bands containing variable amounts of desiccated smectite and 

fractured calcite cement leads us to propose that the permeability reduction for these 

faults is likely to be greater by at least an order of magnitude than measured in this study. 

Therefore, deformation bands, if sufficiently numerous and continuous, may impact fluid 

flow associated with water recovery [ cf. Yobbi, 1997] in perched aquifers across the 

Pajarito Plateau. 
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