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ABSTRACT

Discerningb preferential flow and solute transport through the arid and semi-arid
sedimentary basins of the American Southwest is critical to preserving and protecting
vital ground wéter resources. Commonly found throug_houf these basins, deformation
band faults are tabular dipping structures with severe reductions in grain and pore sizes
relative to their parent sands. These fauhs act as barrie;s to saturated ﬂow and,

potentially, as preferential flow paths through the vadose zone. This study presents the
first measurements of unsaturated hydraulic properties for thlese faults and modeling of

fault-induced preferential flow and transport through poorly lithified vadose-zone sands.

The hydraulic properties of intact samples from five faults, with different
displacements, and their associated parént sand (protolith) were measured using standard
laboratory methods and the Unsaturated Flow Apparatus (UFA). The UFA is a
centrifuge 'system equilpped to measure the mo‘isture content —/matric potential, 6(y), and
hydraulic conductivify —moisture content, K(0), relationships. Measured hydraulic
relations were used in simple, one-dimensional, éteady flow models to assess the
potential for preferential flow and transpbrt through rfaulted gands under semi-arid and
arid conditions. X-ray diffraction revealed the samples have two diffefent mineral
assemblages in their clay size fraction (CSF): samples from one study area contain pure

and possibly authigenic smectite, whereas samples from the other area contain a mixture



of smectite and other minerals. At saturation, hydraulic conductivity (K) for sand
protolith from the area with pure smectite CSF is at least two orders of magnitude less

than the X for sand protolith from the other area with mixed clay minerals in the CSF.

Deformation band fa_ults possess strikingly different saturated and unsaturated
hydraulic properties than their parenf sands. Saturated X is one to three orders of
magnitude lower in faults than protolith. As conditions become drier, unsaturated K
decreases more abruptly in protolith than faults, so that protolith and fault unsaturated K
reach equivalence (crossover point), and, fof still drier conditions, fault unsaturated K
exceeds protolith unsaturated K by several orders of magnitude. Crossover points and
fault unsaturated X functions differ with CSF mineral composition. F auth unsaturated K

functions do not vary significantly for the range of vertical displacements studied (0.2 to

>3 m).

Simple one-dimensional models of wéter movement, solute transport, and diagenesis
reveal that deformation band faults can act as conduits through moderately dry‘vadose-
zone sands. Capillary wicking through finer-grained deformation bands significantly
accelerates water and solute transport, driven downward by gravity ér upward by
evaporatioh, for a range of moderately dry vadose-zone conditions like those observed in
the Rio Grande rift of central New Mexico. Observed fault spatial densities are sufficient
for capillary wicking to locally enhance recharge or evaporative discharge. Faults can
also accelerate contaminant migration because capillary wicking shortens solute
residence times by several orders of magnitude under moderately dry conditions.

Diagenesis is much more likely to occur in faults than protolith because faults are



predicted to transmit up to 10* pore volumes in the time needed to transmit a single pore
volume through the protolith, given the same moderately dry conditions. Under
conditions slightly drier than the crossover point, vapor-phase transport dominates in the
protolith while liquid-phase transport dominates in the fault. Far drier conditions are
required for vapor-phase transport to also dominate in the fault. CSF composition and
the density of _déformatidn bands within the fault significantly affect flow and transport,‘

but the range of fault displacements studied appears to have little effect.

Two-dimensional numerical simulations reveal that non-vertically dipping faults can
act as catchments under relatively wet climates. Like a surface-water catchment, such
faults intercept and channel infiltrating water, creating a zone of enhanced water content
perched atop the fault. This zone of enhanced water content accelerates infiltration and
reduces solute residence time. Catchment behavior could also occur along large-

displacement faults, clastic dikes, and other non-vertically dipping geologic structures.

Deformation band faults can hasten infiltration, exfiltration, contaminant migration,
and diagenesis through vadose-zone sands. By acting as conduits in moderately dry
climatic conditions or as catchments in wet climates, deformation band faults create

preferential flow and transport pathways through poorly lithified sands.
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CHAPTER 1: INTRODUCTION

Faulting of sand or high porosity sandstone can produce an intriguing variety of
structures, including deformation bands. By definition, deformatipn bands encompass
cataclastic or shear bands [Aydin, 1978], compaction bands, and dilatant bands
[Antonellini et al., 1994; Mollema and Pollard, 1995]. Each type of deformation band is
the result of one or rnore processes acting on the grains, and, therefore, potentially
rearranging the networks of pores through which water, air, and other fluids can flow.
Cataclastic or shear deformation bands are the focus of this study, in part because,
relative to the other types of deformation bands, they appear to be more common in the
Rio Grande rift and ailso because shearing grains and pores is more likely to dramatically

change hydraulic properties than either compaction or dilation.

In continental extensional environments, tectonic extension, uplift, erosion, and
deposi‘tion combine to produce thick, basin—ﬁli deposits of variably lithified sediments
crosscut by an abundance of faults and deformation bands. These faulted sediments are
common in areas of the American Southwest, such as the_ Basin and Range province and
the Rin Grande rift [Hawley, 1978; Hawley et al., 1995, 2001; Connell et al., 1999;
Hawley and Kemodie, 2000]. Our understanding of the impacts of faulting nn fluid flow
through the vital but increasingly stressed aquifers and associated zones of vadose water

in this region is only nascent.
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Faulting-induced compaction and cataclasis of poorly lithified sands or porous, well-
lithified sandstone can create cataclastic deformation bands- narrow, tabular zones of
reduced pore and grain sizes - which poséess markedly different hydraulic properties than
the parent material [Aydin, 1978; Pittman, 1981; Edwards et al., 1993; Antonellini and
Aydin, 1994; Fowles and Burley, 1994; Sigda et al., 1999; Heyriekamp et al., 1999;
Rawling et al., 2001]. Hereéfter, the term “deformation band” refers only to a cataclastic
or shear deformation band, unless otherwise indicated. Substantial decreases in porosity
and reductions of several orders of magnitude in saturated hydraulic conductivity have
been lgng established for deformation bands in porous W_ell§1ithiﬁed sandstones [Aydin,
1978, Pittman, 1981; Edwards et al., 1993; Antonelliniv and Aydin, 1994; Fowles and
Burley, 1994]. Similar reductions have been measured in deformation bands and zones
of ban(is formed within poorly lithified sands [Sigda et al., 1999; Hong, 1999; Rawling et

al., 2001; Herrin, 2001; Sigda and Wilson, 2003].

Deformation band faults comprise individual deformation bands as well as zones of
deformation bands [Mollema and Antonellini, 1996; Aydin and Myers, 1997].
Architecturally and hydraulically distinct from faults in crystalline rocks [Smith et al.,
1989; Caine et al., 1996; Fischer et al., 1998; Heynekamp et al., 1999; Rawling et al.,
2001], deformation band faults can be difficult to identify or map because many are
created by displacements much less than the minimum decameter displacgment typically
represented on most geological maps or detectable by present-day geophysical
techniques. Formed by displacements of a centimeter or less, individual deformation -
bands are typically a few millimeters thick and meters or tens of meters in length, -

whereas a zone of deformation bands ranges between a centimeter and decimeters in
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thickness, between hundreds and thousands of meters in length, and can be created by
displacements on the order of a decimeter [Aydin, 1978; Antonellini and Aydin, 1994].
Displacements larger than a decameter can create numerous and complex arrays of
individual deformation bands and zones of deformation bands in sands and sandstone.
Although large-displacement fault zones are vertically continuous in the Santa Fe Group
of the Rio Grande rift and similarly heterolithic deposits, deformation band faults vﬁthin
those faulf zones are likely to be vertically discontinuous because the character of the
fault can change with lithology [cf. Wilson et al., 2003]. The distinction between
individual deformation bands and zones of bands is important, but scale-dependent,
because deformation bands can be closely or widely spaced within a zone, introducing
the possibility for zones with dense distributions of deformation bands to demonstrate
significantly different hydraulic behavior than zones with diffuse distributions. This
study focuses only on zones of deformation bands because they typically have muéh
greater lengths than individual defofmation bands and so are more likely to influence
water and solute transport at larger scales than the individuél deformation bands. It is
also far easier to isolate and measure the hydraulic properties of a 1 cm wide zone of
deformation bands than a single 2 mm wide deformation band [cf. Chapters 2 and 4 with
| Hong, 1999]. We do not consider deformation band faults in sandstones because our
study areas only contain faults in poorly lithified sand. For simplicity and unless
indicated otherwise, I refer to zones of deformation bands formed in poorly Iithiﬁed

sands as deformation band faults or just faults throughout the dissertation.

The large differences in porosity and saturated hydraulic conductivity values for

protolith and deformation band faults are caused by the faulting-related changes in pore-
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size characteristics, which suggests that faults and protolith‘could also differ significantly
in their unsaturated hydraulic properties [Sigda et al., 1999]. In particular, the dramétic
reduction in pore sizes suggests that these faults retain a high water saturation, relative to
protolith, even under dry conditions, potentially enabling faults to act as “fast paths”
through vadose-zone beds in arid and semi-arid areas. Previously published
investigations-of unsaturatéd hydraulic properties for fault and protolith onvlyA examined
deformation band faults in well-lithified porous sandstone and focused solely on the
pressure—saturation relationship [Antonellini and Aydin, 1994; Ogilvie et al., 2001],

which 1s only one of several relationships necessary to predict flow and transport under

unsaturated conditions.

Two sets of independent oipservations attest to thé likeliﬁood that deformation band
faults act as fast paths for fluid flow and solute transport through the Rio Grande rift
vadose zone. We have observed that some deformation band faults appear much wetter
than their adjacent sands several dafs after a rainstorm. Also, many deformation band
faults in the Rio Grande rift are well cemented, in contrast to the adj acent uncemented
protolith (for an example, see Figure 3.1a). The stark difference in cementation suggests
unsaturated flow and solute transport were focused in the faults, because the cementation
rate depends in part on the number of pore volumes of water passed through a material in

a given amount of time (see discussion of Santa Fe Group cementation and fluid flow in

Hall et al., 2004).

If deformation band faults significantly accelerate water and solute movement

through poorly lithified vadose-zone sands, they might prove important exceptions to the
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| commonly held idea that, under arid and semi-arid conditions, downward unsaturated
flow and transport are negligible or extremely slow [Winograd, 1981; Scanlon et al.,
1997]. Little is known about the numbers or spatial distribution of smaller displacement
faults in the Rio Grande rift, but locally high fault densities have 1t‘:veen reported, including
an average density of one deformation band fault every 4 m in our study area in the

| Bosque del Apache National Wildiife Refuge in central New Mexico [Herrin 2001].
Sufficiently large numbers of deformation band féults could locally increase infiltration,
enhancing aquifer _recharge, Vjolating capillary barriers [e.g., Ross, 1990; Selker et al.,
1999], and threatening vadose-zone nuclear wasterepos{itlo'ries such as thé Yucca
Mountain Project. Contaminant solutes coﬁld be transported quickly enough and n
sufficient quantity to adversely affect aquifer water quality wjthin an engineering or
managerially important time frame. For example, faults underlying landfills, USTs,
livestock waste lagoons, industrial sites, and other potenﬁal contaminant sources éould
induce unwanted solutes to traverse arid and sémi-arid vadose-zone sands more rapidly
than would be expected for unfaulted sands. Over longef time scales, accelerated |
transport of naturally ocCuﬁing solutes could induce preferential cementation of the
faults, creating an even lower permeability barrier to cfoss—faiult' saturated flow. The
faults could then compartmentalize aquifers, much as they compartmentalize petroleum
reservoirs ‘[Smith, 1966], should the preferentially cemented fault segments subsequently

be moved into the saturated zone by tectonic activity or by a rising water table.
This study addresses three research questions:

Do deformation band faults have significantly different unsaturated hydraulic
properties than their parent sands?
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Are these differences hydrologically significant under the relatively dry conditions of
semi-arid and arid vadose zones? In particular, do these differences create
opportunities for preferential flow and transport by accelerating the movement of

liquid-phase water, contaminants, or diagenetically important solutes through the
vadose zone?

What conditions specific to protolith, faults, or arid and semi-arid vadose zones

influence the potential for fault-induced preferential flow and transport in vadose-
zone sands?

The initial answers to these questions are presented in the'following chapters. My
collaborators and I tested for differences in unsaturated hydraulic properties between
faults and protolith by experimentally measuring key unsaturated relationships. Then we
.assessed the hydrologic significance of fault-protolith_ differences using analytical and
numerical models of flow and transport behavior under arid and semi-arid vadose-zone
conditions. Using 'nmﬁeroﬁs experimentally tested field samples, an intensive study of
the unsaturated hydraﬁlic properties for a single fault and its hanging wall and footwall
protolith is described in Chapter 2. This chapter is presented in the format for Water
Resources Research, in which it was published [Sigda and Wilson, 2003]. The other
three chapters of results are also presented in the same paper format in anticipation of
submission for publication. In Chapter 3, we tested the hydrologic significance of
preferential flow and transport resulting from the differences in hydrauiic properties for
the safne fault and protolith described in Chapter 2. Our test employed simple flow
scenarios and one-dimensional, steady-state, analytical models to examine liquid-phase
flow processes (infiltration and exfiltration) and solute transport processes (advection,
diffusion, and diagenesis) [Chapter 3]. We sought to corroborate thesé results at four

other fault sites and also investigated the influence of fault displacement, density of
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deformation bands, and mineralogy of the clay size fraction [Chapter 4]. Last, we used

two-dimensional numerical models to confirm predictions from the one-dimensional

models and to examine the influence of fault dip on preferential flow under both wet and
dry climates [Chapter 5]. Conclusions and recommendations [Chapter 6], references

[Chapter 7], and appendices [Chapter 8] complete the dissertation.




CHAPTER 2: ARE FAULTS PREFERENTIAL FLOW PATHS
THROUGH SEMI-ARID AND ARID VADOSE ZONES?

2.0 Abstract.

Numerous faults crosscut the poorly lithified, basin-fill sands found in New Mexico’s
Rio Grande rift and in similar extensional r‘egimes. The deformational processes that
created fhese faults sharply reduced both fault porosity and fault saturated hydraulic
conductiﬁty by reducing grains and pore size, particularly in structures referred to as

deformation bands. The resulting changes in pore distribution create barriers to saturated

flow, but enhance fault unsaturated flow relative to parent sand under the relatively dry
conditions of the semi-arid southwest. We report the first measurements of unsaturated
hydraulic properties for intact samples from a small-displacement normal fault and parent
sand (protolith) in the Bosque del Apache Wildlife Refuge, central New Mexico. Fault
samples were taken from a narrow zone of deformation bands. The Unsaturated Flow
Apparatus (UFA) centrifuge system was used to measure both relative permeability and
moisture retention curves. We compared these relaﬁoﬁs and fitted hydraulié conductivity
(K) — matric potential models to test whether the fault has signiﬁcantiy different
unsaturated hydraulic properties than its parent sand. Saturated X is three orders of

magnitude less in the fault than the protolith. As matric potential decreases from 0 to -
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200 cm, unsaturated K decreases roughly one order of magnitude in the fault, but five to
six orders of magnitude in protolith. Fault X is greater by 2-6 orders of magnitude at
matric potentials between -200 and -1000 cm, v?hich are typical potentials for semi-arid
and arid vadose zones. The fault has a much higher air-entry matric potential than
protolith and remains near saturation at conditions where the protolith approaches
residual moisture content. Under steady state, 1D, gravity-driven flow, advection of
water and solutes is 10° to 10° times larger in the fault than protolith, Deformation band
faults are sufficiently conductive to hasten the downward movement of water and solutes
through vadose-zone sands under semi-arid and arid conditions like those in the Rio

Grande rift, potentially enhancing recharge, contaminant migration, and diagenesis.

2.1 Introduction

Faults are common features in thé poorly-lithiﬁed clastic sediments of‘ many
extensional environments, such as the Rio Grande rift and the Basin and Range
physiographic province. As in porous sandstones and crystalline rock, faults in poorly
lithified clastic sediments can extend for tens of kilometers in length and meters in width.
Faults in such poorly lithified sediments can display core, damage, and mixed zones,
which completely lack macroscopic fractures [Heynekamp et al., 1999; Rawling et al.,
2001]. ‘This architecture differs substantially from the gouge-filled core zone and fracture-
dominated damage zone architecture common to faults in crystalline rock [Smith et al.,

1989; Caine et al., 1996} and from the core zone and deformation band-rich damage zone
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described for faults in well-lithified porous sandstones [Aydin, 1978; Antonellini and

Aydin, 1994; Caine et al., 1996]. Deformation bands are narrow, quasi-tabular zones of
localized deformation [e.g., Aydin, 1978; Pittman, 1981; Edwards et al., 1993Cashrnan‘
and Cashman, 2000]. Deformation bands and zones of deformation bands are common
elements within the damage and mixed zones of larger displacement faults in poorly
lithified sediments [Heynekamp et al., 1999; Rawling et al., 2001] and may be the only
visible element in smaller displacement faults [Sigda et al., 1999; Herrin, 2001]. Small-

displacement faults comprising only zones of deformation bands (hereafter called

deformation band faults) can be locally numerous and bothrlaterally and vertically
extensive. Deformation band faults in the variably lithified sands of the Rio Grande rift

are poorly exposed and are not typically mapped at conventional geological scales

(1:24,000 or smaller).

Shear deformation bands are formed by cataclasis (grindirig and breaking of grains) and
compaction, even from displacements as small as a few millimeters [Aydin, 1978; Sigda et
al., 1999; Cashman and Cashman, 2000; Taylor and Pollard, 2000; Herrin, 2001]. We do
not consider non-cataclastic deformation bands (i.e., compaction and dilation bands
[Antonellini et al., 1994]) because we have not observed them in th¢ Rio Grande rift or
found reports of their occurrence there in the literature. Cataclasis and shear-induced
compaction drastically reduce mean pore size, increase clay;size fraction, and decrease
sorting, thereby reducing porosity and saturated hydraulic conductivity relative to parent

sandstone [Pittman, 1981; Antonellini and Aydin, 1994; Ogilvie et al., 2001] or sand
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[Hong, 1999; Sigda et al., 1999]. The extent of reduction in porosity and saturated
conductivity differs with degree of protolith (parent material) lithification. The porosity
of deformation bands in sandstones is almost completely eliminated and saturated
conductivity is reduced one to seven orders of magnitude (relative to the protolith)
[Aydin, 1978; Fowles and Burley, 1994; Antonellini and Aydin, 1994; 0 gilvie et al.,,
2001]. Deformation bands in poorly lithified sands demonstrate saturated conductivity
decreases of only .two‘ to four orders of magnitude, and significant fnacro and micro-
porosity remain [Sigda et al; 1999; Hong, 1999; Herrin, 2001]. Irrespective of the degree
of protolith lithification, deformation processes create sizeable structures with very

different saturated hydraulic properties than the surrounding matrix.

The striking changes in pore-size characteristics suggest that deformation band faults
should differ significantly from thgir protolith in hydraulic properties beyond porosity
‘and saturated hydraulic conductivity [Sigda et al., 1999]. In particular, the dramatic
reduction of pore size suggests that these faults retain relatively high water saturation

even under dry conditions. Consequently, we raise two sets of questions:

Do deformation band faults have significantly different unsaturated hydraulic properties
than their protolith?

Are these differences hydrologically significant under the relatively dry conditions of
semi-arid and arid vadose zones? In particular, do these differences accelerate the

movement of moisture, contaminants, or diagenetically important solutes through the
vadose zone?
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Only the first of these questions has received any attention in the past, but solely for
deformation band faults in well-lithified porous sandstone, and even then the focus was
limited to only the pressure-saturation relationship in the context of capillary barrier

petroleum traps [Antonellini and Aydin, 1994; O gilvie et al., 2001].

To address thes?, questions for poorly lithified sediments we studied a small-
displacement deformation band fault in the poorly lithified sand of central New Mexico’s
Rio Grande rift. Studj/ing a small displacement fault allowed us to minimize the
confounding effect of juxtaposition between different 1ith01_0 gies and so more clearly
contrast the hydraulic behavior of the fault with that of its parent sand. We measured
moisture content 6 as a function of matric potential (or moisture potential,"tension head,
suction, eté.) 1, and unsaturated hydraulic conductivity X as a function of moisture |
content 8, for intact samples of both the deformation band fault and the undeformed
parent sand. Hydraulic property measurements were made with specially equipped
centrifuges and then fitted to theoretical 6(p) and K(8) models. We compared model fits
and thevresulting K() relationships for both faulted and parent sand to investigate the
iaotential for signiﬁca.nt impacts of faults on water and solute movement through the
vadose zone. We’ve already noted that when potential ¢ = 0 (saturation), undeformed
sand has roughly two to four orders of magnitude greater saturated hydraulic conductivity

than the fault [Sigda et al., 1999; Hong 1999]. The work presented here demonstrates

that at some lower matric potential value (termed the crossover 1 value), the two
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materials have the same unsaturated conductivity because sand K(y) decreases more
steeply than fault K(1) with decreasing 1. As matric potential decreases further, the fault
becomes more conductive than the sand. We use the fitted K(v) relationships and a

steady, gravity-driven flow model to show that faults should be preferred flow pafhs for

both water and solutes under these dry conditions.

2.2 Geologic setting

Located near the éouthern end of the Rio Grande rift’s Socorro basin in central New
Mexico, our Canyon Trail field site includes two 135 m long outcrops separated by a
railroad cut within the Bosque del Apache Wiidlife Refuge, approximately 160 km south
of Albuquerque, NM (Figure 2.1a). The outcrops ekpose many faults crosscutting a
poorly lithified, well-sorted, very fine to medium-grained sand overlain by a well-lithified,
very poorly sorted, matrix-supported conglomerate containing large cobbles and boulders
(Figure 2.1b). The conglomeratic unit is interpreted as a piedmont facies, while the sand
unit comprises a lower bed of fine-grained sand, interpreted as an eolian facies, and an
upper bed of medium—graiﬁed sand with a likely fluvial origin [Hong, 1999; Herrin, 2001].
Varying in thickness from 1 to 10 m where exposed, the two sand beds are casily friable
to the touch except for ‘local cementation, usually localized along bedding planes. Both
conglomerate and sand units are interpreted as part of the Miocene-age Popotosa

Formation (correlative with the Albuquerque Basin’s lower Santa Fe Group), which
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forms the vadose and aquifer units in this area and in other parts of the Socorro and La
Jencia basins [Hawley, 1978j. Poorly lithified, well sorted, eolian and fluvial sands such
as these are common throughout the Rio Grande rift in the Santa Fe Group basin fill
[Hawléy and Kernodle, 2000], which forms the major aquifer and vadose zone units in the
Albuquerque, Las Cruces, and El Paso-Ciudad Juarez metropolitan areas [Connell et al.,

1999; Hawley et al., 1995, 2001].

Both east and west sand outcrops at our study site are cut by numerous deformation
band faults and associated individual deformation bands (Figure 2.1b). Most clearly
visible in the sand ﬁnit, individual deformation bands (=1 cm vertical displacement)
closely resemble thosle‘describ.ed in cher poorly lithified Rio Grande rift sands
[Heynekamp et al., 1999; Sigda et al,, 1999]. Fault-zone architecture varies from small

~displacement (<1 m vertical displacement), mostly sub-parallel, narrow or diffuse zones
of deformation bands at the southern end, such as those described by Sigda et al [1999],
to larger displacement faults (1 .m < vertical displacement < 15 m) in the northern end
with complex packages of deformation bands, zones of deformation bands, and pods of
little-deformed sand that exhibit both sub-parallel and antithetical orientations [Herrin,
2001]. Roughly 30 faults have been identified in the sand unit and although we did not
count them all, we estimate there are hundreds to several thousand individual deformation
bands located within and between fault zones. This yields an éverage fault density of one
fault every 4 m. Fault dip varies between 54 and 87°, and displacement is predominantly

normal with evidence of minor strike slip [Herrin, 2001]. Fault-zone width varies
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considerably along dip and along strike, as do the number and orientation of splays

[Herrin, 2001]. Only one of the faults at the site was cemented.

We emphasize there are no open, macroscopic fractures within any fault in the sand
units, although fractures commonly cut through cobbles near faults in the conglomerate.
Faults crosscutting both saﬁd and conglomerate have a different appearance in the two
units [Herrin, 2001]. Instead of the splaying, anastomosing zones of deformation bands
with highly variable widths and‘ orientations observed in the sand, faults appear
macroscopically as relatively planar tabular zones with reduced grain size and fairly

consistent width and orientation in the conglomerate [Herrin, 2001].

The eastern outcrop exposure of fault 10 (E10) was selected for intensivé study
because it possesses a small-displacement fault with a well—deﬁned, vertically continuous,
‘narrow zone of deformation bands within the sand unit (Figure 2.1¢). Individual
deformation bands were judged unsuitable for thi_s study because they are téo fragile and
possess too little volume for effective measurements using the centrifuge method. Fault
E10 crosscuts ~3 m of conglomerate and nearly 5 m of sand, which itself is divided by an
erosional contact (clay drape) into an upper bed of fine to medium grained sand roughly
3.5 m thick and a 1.5 m thick unit of fine grained sand with iﬁterbeds of slightly coarser
gray sand (Figure 2.1¢). The fault zone comprises a narrow zone of anastomosing
deformation bands, which is a planar tabular structure 0.5 - 1.5 cm wide and dipping 60

degrees, and an accompanying network of splaying deformation bands (Figure 2.1c-¢).
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The traces of these structural elements appear as white lineations on the outcrop surface.
The zones of bands are better indurated than the poorly lithified parent sand and together

have accommodated 55 cm of vertical displacement (Figure 2.1c¢).

2.3 Methods

Sample collection. Undisturbed samples of undeformed and faulted fine grained
sand were collected from fault E10 and its footwall and hanging wall (Figure 2.1¢) during
two field seasons. The dimensions éf the centrifuge rotors dictated sample sizes. Pai'ent
sand samples were cylindrical in shape with mean length and volume 5.3 cm and 68 cm’
for large samples and 4.1 cm and 28 cm’ for small samples. All five fault samples were
hexahedral with rﬁean length and volume 5.9 cm and 37 cm’® fqr large samples and 4.9 cm
and 16 e’ for small samples. Multiple sand samplés were taken from the same (lower)
bed on both E10’s hanging wall and footwall. All but one of the fault samples were
collected along the fault’s down-dip length into which only materials from the same lower
bed were entrained. The remaining fault safnple, NMTO04, was taken from the portion of

the fault into which only the coarser upper sands were entrained (Figure 2.1c).

Sample preparation. Samples were carefully cut, then measured for bulk density
using the clod method and oven-dry weight. Selected samples were jacketed with Devcon
2-Ton epoxy and then epoxied into Delrin sleeves to prevent short-circuiting of flow

along the sample perimeter. One fault sample, DL02, was epoxied using the much denser
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Devcon F2 aluminum epoxy. Hexahedral fault samples were oriented so that flow
through the sample was parallel to dip, reproducing down-fault flow. Flow was directed
parallel to bedding (denoted hereafter as bedding)) for nearly all sand samples because of
difficulties in extracting intact samples with the longitudinal axis oriented normal to
bedding (denoted as bedding, ). One pair of sand samples was successfully extracted from
the footwall with longitudinal axes bedding, (DS22) and bedding, (DS23). Different
combinations (bottom assemblies) of plastic/stainless steel grids and filter paper/stainless
steel filter mesh were joined to the sleeve bottoms to prevent sample slump or loss.
Following transport to a lab in Richland, WA, samples were safurated using a vacuum

chamber with deaired Hanford vadose zone water [Wright et al., 1994].

K-0 relationships. Centrifuge K-8 curves were measured using Unsaturated Flow
Apparatus (UFA) centrifuge systems (Beckman L8, J6, and J2 models) and the method
described by C‘onca and others [Conca and Wright, 1990 and 1992; Khaleel et al., 1995;
Conca et al., 1999]. In _this method, each of a pair of initially liquid-saturated samples 1s
inserted into a sample bucket with an effluent collection chamber at the bottom, and then
affixed to the UFA rqtor. The samples are subjected to a stepwise-increasing series of
angulér velocities while applying a constant liqﬁid flux to the inlet face of the sample via a
proprietary liquid dispersion cap. Effluent liquid stored in the co]rlection chamber after
passing through the sample is periodically weighed and emptied by stopping the
centrifuge. Sample bucket design ensures that collection chamber effluent will not create

any backpressure as long as the centrifuge run time is carefully monitored. The liquid flux
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rate and angular velocity are held constant until the sample reaches steady state, and then
the final average liquid content is gravimetrically determined. Steady state implies that
the sample weight ceases to change and that volumetric moisture content is essentially
uniform throughout the sample [Nimmo et al., 1987; Appendix 8.A]. The procedure is
repeated after increasirig the angular velocity, w, to the next level and either maintaining or
| reducing the liquid flux rate (Table 2.1). In éur experiments, the UFA was periodically

| stopped and samples wére fémoved and weighed without sample buckets (to ensure
greater accuracy) to determine whether sample weight had ceased changing. The distance
from the axis of rotation to the outflow face was 10.73 cm for the large sample rotor and
11.73 cm for the small sample rotor. Sample weight was judged to be at steady state if
the weight had changed by < 0.05 gm, which represented 0.6 - 2.0% of saturation
(saturation = 100%) for the smaller fault samples and 0.4 - 0.8% of saturation for the
larger sand samples. Data recorded included centrifugation run times (to the nearest
minute - average values for sand shéwn in Table 2.1), flux rate, sample weight, and weight

of expelled water (all weights were measured to the laboratory scale’s maximum accuracy

of +0.01 gm).

Saturated hydraulic conductivity was measured at the start of each sample’s K-0
experiment using the UFA centrifuge system as a constant head permeameter. A fully
water saturated sample was spun at the minimum speed (=300 rpm which is'equivalent to

a 50 cm head difference for a small sample 5.3 cm long) requiréd to establish steady flow.
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* Table 2.1: Unsaturated Flow Apparatus (UFA) experimental conditions

K-0 experimental conditions

Rotor speed  Microinfusion Average
(rpm) pump rate run time
(ml/hr) (hr)
300 50 4
600 : 50 4
1000 50 4
1500 50 4
2000 40 4
2000 15 8
2000 3
. 2000 . 1 8
2000 0.5 8
2300 0.2 12
2500 - 01 12
3000 0.01 12

P-0 experimental conditions

Minimum
~ Rotor speed run time
(rpm) (hr)
300, 600, 800 24
1200, 1500, 2100, 3000, 4000,
5000, 7000, 9000 12

Volumetric flux rate was determined by measuring bubble travel times through the supply
tubing. Weight measurements showed sample moisture content did not change
appreciably indicating that the measured hydraulic conductivity value was associated

with a moisture content very close to saturation.

8-y relationships. Centrifuge drainage curves were measured following Hassler and

Brunnér’ 5 [1945] centrifuge method, adapted for the UFA. In this method, which has
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been a mainstay of petroleum core analysis laboratories since its introduction, an initially
liquid-saturated sample is subjected to a stepwise-increasing series of angular velocities
while carefully monitoring the change in liquid content. Air is allowed to freely enter the
sample and leave the effluent collection chamber. Angular velocity is held constant until
the capillary and centrifugal forces equilibrate, forcing liquid flux to zero, and then a final
average liquid content is noted. The procedure is repeated after increasing the angular
velocity to the next level (Table 2.1). In our experiments, sample weights were checked
periodically by stopping the centrifuge to remove and weigh the samples without sample

“buckets. A sample weight was judged to have reached equilibrium coﬁditions if the
weight had changed by < 0.05 gm after at least several hours of centrifugation. We
recorded centrifugation run times (to the nearest minute), samplé weight, and weight of
expelled water. The average moisture content — rpm data produced by an experimeﬁt

-~ were inverted to 8-y values using the method of Forbes [1994] as adapted for vadose

zone hydrology conditions [Appendix 8.a].

Fitting modelé. Theoretical models of unsaturated hydraulic properties were
simultaneously fit to each sample’s X(8) and 6@ data using a trigl and error approach.
Goodness-of-fit was subjectively determined by visual comparison of the fitted curves
and data as parameter values were varied. We also applied the automatic curve fitting
progravaETC [van Genuchten et al., 1991], but rejected its use as it typically yielded
poor fits. The commonly used Mualem-van Genuchten (MvG) theoretical model was fit

to the UFA data for each sample [Mualem, 1976; van Genuchten, 1980]:




0(y) =6, +(6,- Hr)(l +[oc1p|")_m where m = (n-1)/n 2.1

'6 9 Um]" 2
1| ——r 2.2
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where K, is the saturated hydraulic conductivity (LT, ais the inverse of the air entry

matric potential (L), 6; is saturated volumetric moisture content (L3L*) and equals the
connected porosity for Vgcuum saturation, 0, is the residual volumetric moisture content
(L*L), and » and B are dimensionless fitting parametérs. The » parameter is an index of
the pore size variability (commonly taken as the inverse of the pore size standard
deviatién) for the MvG model, whereas f represents the toftuosity and the partial
correlation in pore radius between two adjacent pores at a given saturation [Mualem,
1976]. During parameter fitting we consvtrained the measured parameters, K, o, 0,, and
9,, much more than the » and § fitting parameters. Once the data were fitted to these two
equations the KAp) rélationship was easily calculated. The Bropks and Cérey [1964]

model was also fit to the experimental data and yielded very similar results (Appendix

3.B).

We subsequently calculated a set of parameter values that correspond to a “mean”
undeformed sand and to a “mean” fault by averaging estimated values for each parameter

across all samples for each material. Thus, the mean fault ¢z is the arithmetic average of
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the set of ¢ values estimated for all fault samples. Mean values for the 8, 6, n, and ‘
parameters were calculated in the same fashion. Mean saturated hydraulic conductivity,

K, was calculated by geometric averaging of the estimated K values.

Potential hydrologic re_levance. Our preliminary assessment of the potential
h};drolo gic siéniﬁcance of deformation band faults used a simple, one dimensional,
analytical model of steady tlow. We chose an analytical modeling approach because it
addresses the essential features of the second research question witﬁout introducing
conceptual complexity. We calculated and compared downward moisture and solute
movement in the fault and in the parent sand. A numerical model should be used to
examine other factofs inﬂuehcing the hydrologic importance of faults, such as transient
- flow, fault architecture, spatial density, dip, and other spatially varying characteristics,
but it will introduce approximation issues. In particular, numerical approximations must
resolve the effects of large hydraulic property changes over the sub-centimeter scale while

modeling flow in domains that extend for tens of meters (see Figure 2.1).

The uﬁsaulrated hydraulic conductivity is numerically equal to the liquid-phase flux
density (specific discharge) when faults are vertical, there is no exchange of moisture
between fault and sand, and the hydraulic behavior is sufficiently constant over long time
periods to be considered steady state. Such conditions are most likely to bé found in the .
middle portion of a thick, arid or semi-arid vadose zone, well below the root zone and

well above the capillary fringe, where gravity, as the sole driving force, induces a unit
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gradient. Steady downward liquid-phase advection of water and solute is thus determined
by the ambient matric potential, which is assumed to be constant, and the material’s K(1p)

relation. Under these assumptions, the liquid-phase flux density, g, is given by.

2

i) =~K(w) =~ 1+ fou] I {1 - [1 - {1+ oy )H (23)

Advective transport of non-reactive, non-volatile solutes is calculated using the
seepage velocity, defined as the flux density (2.3) divided by the effective moisture
content: g; /6.5 As a simplification, we approximate the effective moisture content by
the total volumetric moisture content for the governing matric potential: 6,5= 6().
Rather than examine velocity we studied solute advective residence time, £, (years). Fora

vertical colurnn of length L (cm) this is given by

() = Liv(w) = L6()/a(y) 2.4
where v, is the seepage velocity (cm/year) and 6 is the volumetric moisture content

(cm®cmn®). The advective residence time depends on the ambient matric potential.

2.4 Results

Nearly two dozen samples were collected from the fault E10 site. Six samples were .

collected from the fault, seven from the footwall sand, and ten from the hanging wall sand.
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Measurements for all properties were successfully completed on slightly over half of

these samples (Table 2.2).

Undeformed hanging wall and footwall sand samples appear quite similar in bulk
density, porosity, and saturated hydraulic conductivity, K, with a slight difference in
bﬁlk density between the upper anci lower sand beds (Table 2.2). The UFA K; results for
hanging wall and footwall sands are quite close to Hong’s [1999] water permeameter
measurements and our unpublished air mini-permeameter measurements made on the

same units near fault E10.

The fault samples also have very similar porosity and bulk density values, but the
sample from the coarser-grained upper sand bed, NMTO04, has a larger K, than that
observed in the lower bed samples (Table 2.2). Fault samples have grea'ser bulk density
and lower porosity than their parent sands. Comparison of K, measurements between
Vf‘ault and parent sand demonstrates that parent sand K, is two to approximately three
orders of magnitude larger than fault K. This pattern cotroborates previous observations
‘made at Canyon Trail’s fauit E10 site [Hong, 1999] as well as other deformation band
fault sites in the Rio Grande rift, such as the Santa Ana site in the Albuquerque Basin of
New Mexico [Sigda et al., 1999]. Our UFA centrifuge K, measurements also compare

very well with Hong’s [1999] flexible-wall water permeameter measurements for

materials from the fault E10 site.



2-19

Table 2.2;: Measured properties

.Sample Bulk Porosity Saturated hydraulic
Sample volume denst (cm’ cm™) conductivity
D Description” (crm®) (g/ em’) (cm/s)
Footwall -
DLO6  buff 73.8 1.68 0.31 1.2 x 107
DS08  gray 34.9 1.67 0.30 2.2x10°
DS22  buff and gray || to bedding ~ 24.7 1.70 0.30 2.3 x 107
DS23 buff and gray L to bedding  25.6 1.66 0.29 2.1x 107
All lower bed samples 1.6840.02 (5° 030001 (4) 1.9x 10°£0.13(4)
All upper bed samples 1.81£0.02 (2) 0.30%0.01(2) NM*®
Hanging wall
DLO7  buffand gray 62.0 1.63 0.33 1.1 x 10°
DS07  buff and gray 29.2 1.61 0.31 2.0 x 107
NMT15 buff 23.7 1.63 0.31 NM
All lower bed samples 166 £005(7) 032£0.02(3) 1.5x 10°£0.18(2)
All upper bed samples 1.75+0.03 (3) 0.31+0.02(2)
Fault ’ )
DLO2  lower fault 38.1 1.94 0.21 9.5x 10°
DL20  lower fault 36.2 1.91 0.20 3.5x 10°
NMT11  lower fault 12.9 1.89 0.20 3.7 % 10°
NMT18 lower fault 20.0 2.04 0.20 8.3 x 10°
All lower bed ZDB* 195+ 0.07 (4) 020%001(4) 57x 10°x0.23 (4)
samples ' ' '
NMTO04  above erosional contact 15.0 1.95 0.22 2.0 x 10°
All upper bed ZDB samples 1.95+0.01 (2) 024xNA(1) 1.96x 107 £ NA (1)

*Buff sand is very fine to fine grained; gray sand is fine to medium grained.

®Mean = standard deviation and (number of samples). K statistics are calculated for the base
10 logarithms of the measured values. The (geometric) mean K value shown is the back-
transformed mean log value, but the standard deviation shown is the standard deviation of the
logarithms. (The sixth fault sample has only a bulk density measurement due to time
constraints.) Aggregate statistics for sand beds and faults are based on all samples for which
any measurements were made, not just those samples for which UFA analyses were
completed. °NM, not measured; NA, not applicable. d7DB = zone of deformation bands.

Eleven intact samples were used in both K-0 and 8- experiments (Table 2.2). Only
8- data were measured for hanging wall sample NMT15. 8- experiments for two
samples, DS22 and DS23, were not executed according to protocol and may not have
fully achieved equilibrium conditions. 8 data for DS22 were discarded because the

sample dried out prematurely, making it impossible to fit model parameters. We retained
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DS22’s K-8 data for compatison. K-6 experiments for 11 samples yielded ranges of 0.07
<P <0.33 and 10 < K < 10 cn/s for undeformed sand, and 0.13 <6 < 0.24 and 107 <K
< 10°5 cm/s for faults (Figure 2.2). The UFA method has been reported able to measure
hydraulic conductivity as low as ~107? cm/s [Conca and Wright, 1998], but all our
measurements less than 10 cm/s were rejected because of a pcheduial error. (Sample
collection chambers with holes were used, instead of those without holes, for the lowest
flow rate, possibly leading to non-steady flow conditions from evaporation.) 60—y
experiments for 11 samples yielded ranges of 0.06 <6 < 0.24 for faults, 0.04 <6 < 0.34 for
undeformed sand, and 5.0 x 10° <1 < 0 cm for all samples (Figure 2.2). Replicatg SRV

experimehts for fault sample D102 show good agreement (Appendix 2.A.g).

Each of the samplés with complete analyses was parameterized for the Mualem-van
Genuchten (MvG) models for K-6 and 8-y by simultaneously fitting (2.1) and (2.2).
The results are reported in Table 2.3; plots of individual fits are shown in Appendix 2.A.
Fitted and measured K values were not constrained to match exactly, and estimates of the
0, and 0, parameters were selected to give the best overall fit to both K-0 and 6 curves.
If fitted independently, estimates of residual moisture content (8,) were typically higher
for the K-0 than the 6 curves, particularly for the last several centrifuge speed steps
(Appendix 2.A). Variability in water .storage volume and drainage behavior of the sample
holder’s bottom assembly, particularly those that used filter papers, had a significant

influence on saturated moisture content (8;) for smaller samples. We used data from
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control experiments on empty sample hold;rs to minimize the confounding influence of
bottom assembly drainage on sample data, but disparities as small as 0.01 units of
volumetric moisture content in 6; significantly enlarge the feasibility space for n and 3
parameter estimates. It was not possible to fit the MvG (or Brooks and Corey) model to
closely match the K-6 data just below saturation and still maintain a reasonably good fit at
mid and lower saturation for the sand samples; however, this was seldom a problem for |

fault samples (Appendix 2.A).

Fault air entry matric potential values (o!) range between -250 and -450 cm of matric
potential and are ten to 20 times greater than the -20 to -30 cm values estimated for
undeformed sand samples (Figure 2.2 and Table 2.3). Estimates of the MvG scaling
variables n and 3 show consistent differences betwéen fault and sands. Sands hé_ve n
values close to three, .whereas fault values. fall between one and two (Table 2.3). In
contrast, sand S values are always less than fault 3 values and are reasonably close to the
0.5 estim.ated by Mualem [1976] for 45 different soils (Table 2.3). Fault v.alues appear

more variable than those for sands and are consistently larger than the commonly assumed

value of 0.5,

K- curves calculated from fitted MvG parameters show significantly different
unsaturated behaviors for parent sand and deformation band faults (Figure 2.3). Sand X
rapidly decreases two orders of magnitude once matric potentials drop below the sand air

enfry potential, reaching a crossover { (between —35 and —80 cm) where sand X equals
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Table 2.3: Fitted parameter values for Mualem-van Genuchten model.

Sample 0, 9, « n. p ‘ K
1D (1/cm) (crm/s)*
Footwall sand '
DLO06 0.315 0.058 0.03 3.4 0.2 1.20 x107
DS08 0300  0.062 0.035 3.2 0.7 2.40 x1073
DS23 - 0.287 0.060 0.046 29 08 2.20 x10°3
Hanging wall sand
DLO7 . 0.335 0.07 0.034 3.5 0.1 1.20 x10°3
DSO7  0.320  0.058 0.045 3.7 0.3 £ 2.00 x10°
mean 0.318  0.062 0.038 334 0.42 1.72 x10°3
std  0.014 0.005 0.01 030 031 1.46 x10°*
Fault
DL02 0.196  0.105 0.0032  1.80 0.9 9.9 x10°®
DL20 0.198 0.105 0.0040 1.80 1.2 3.5 x10°®
NMT11 0.190 .0.075 0.0022 1.80 1.1 3.8 x10°°
NMT18 0.200  0.085 0.0028 1.55 2.7 8.3 x10°®
NMTO04 0.227  0.075 0.0035 1.75 1.9 2.0x10°°
mean  0.202  0.089 0.003 1.74  1.56 7.36 x10°°
std  0.014  0.015 0.001 011 074 3.15 x10?

* Mean and standard deviation for K are calculated for the base 10 logarithms of the
estimated values. The (geometric) mean value shown is the back-transformed mean log
value, but the standard deviation shown is the standard deviation of the logarithms.

the fault K (Figure 2.3). Below this crossover 1 the sand X is much more sensitive to

matric potential than the fault, so that sand X is at least four orders of magnitude less than

fault K at ¢ =-500 cm. K-¢ plots for the meaﬁ fault and the mean sand fall near the

middle of the appropriate set of material curves and so adequately describe “average”
sand and fault behaiviors (Figure 2.3). Fault sample NMT04, which had the largest parent
sand grain size, maintains an appreciably larger hydraulic conductivity across much of the

2 range. We observed little systematic difference between large volume (DL) and small
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Figure 2.3: a) K-\ relationships for Canyon Trail E10 from fitted Mualem-van Genuchten
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volume (DS and NMT) samples.

Sand saturated conductivity K, is lower for the bedding, DS23 sample than the
beddingﬂ DS22 sample, and though the margin of difference is somewhat smaller than that
determi_ned by Hong [1999], it is still larger than the observed variabilify in exﬁerimental
flow fates (coefficients of variation = 3% for both DS22 and DS23). Qur saﬂd K
anisotropy estimate of (l).92‘ is smaller than Hong’s estimate of 0.66, which was based on
‘more measurements. We found that for moisture contents less than saturation, bedding,
K(B) (DS23) is larger than bedding, K(@) (DS22) (Appendix 2.A). This difference may be
real, if unéxpected, but the close agreement in Y-8 and K-B data between the bedding,
DS23 sample and two otﬁer be.dding” footwall samples, DL06. and DS08, suggests that
the DS22 data may have been compromised by unknown error. Although we have no
measurements of anisotropy in the fault, Hong [1999] measured K| anisotropy in a
narrow zone of deformation bands and found fault anisotropy is much larger than sand

anisotropy; normal-to-dip fault K is only 10% of parallel-to-dip fault K.

The K- plot (Figure 2.3) also describes how the sand énd féult gravity-driven, liquid-
phase flux densities vary with matric potc_antial. ‘Below the ¢ crossover of -35 to -80 cm,
fault liquid-phase flux density exceeds sand liquid-phase flux density by orders of
magnitude so that gravity-driven steady infiltration throughvthe fault far eﬁceeds
infiltration through the adjacent sand. Thus, gravity-driven, steady infiltration is 10 to

1000 times faster through the deformation band fault than the parent sand whenever 1y = -
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100 cm, and at -500 cm, the flux density disparity increases to between 10* and 10°.
Advective solute residence times, t,, increase much more rapidly for sand, as matric |
potential decreases, than for faults (Figure 2.4). At high ﬁlatric potentials, sand residence
time is two orders of magnitude shorter, but sand and fault residence times ¢, are
equivalent for slightly dryer conditions, —40 <1 <-90 cm. Aty =-200 cm fault ¢,
increases by less than an order of magnitude from its value at+ = 0, yet sand ¢, increases

by five to seven orders of magnitude over the same interval.

2.5 Discussion

The measured values of porosity and saturated hydrqulic conductivity confirm
previous findings that deformation band faults have much lower porosity and saturated
cqnductivity, K, values than their parent sands. In our fault E10 samples, K 1s shown to
be ~10 cr/s for flow through poorly lithified sands oriented beddingn and ~10° to ~107°
cmy/s for narrow zones of deformation bands with flow oriented parallel to dip (Table
2.2). In comparison, Hong [1999] measured X values for bedding); flow 0of 2.3 — 9.1 x 10
* /s in fault E10 footwall and hanging wall finer-grained sands, and values of 2.5 - 3.7 x

10°7 cma/s for flow oriented normal to fault E10 deformation bands.

In answer to our first research question, the centrifuge data and model fitting support
the hypothesis that deformation band faults have significantly different unsaturated

hydraulic properties than their parent sands. Deformation band faults possess smaller
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to travel 1 m with no dispersion.



2-28

pores and greater variability in pore sizes, leading to higher residual moisturel contents
and hi éher air entry matric potential values than their poorly lithified parent sands. The
van Genuchten » parameter, which is proportional to the inverse of the pore size
distribution’s standard deviation, is much lower for fault than sand. This diffefence in
fitted » values is supported by previous thin section observations that grain and pore
sizes are much more variable in deformed than undeformed sediments [Sigda et al., 1999;
Herrin, 2001]. The lafge difference .in air entry values indicates that faults remain near
saturation or have higher moisture contents when adjacent sands have almost entirely
drained. Higher 8, values for faults suggest that faults contain a vertically and

horizontally continuous network of wholly or nearly saturated pores within the

individual deformation bands even under dry vadose-zone conditions.

Sand unsaturated hydraulic conductivity drops six orders of magnitude as matric
potential decreases from 0 to -200 cm, whereas fault conductivity decreases only one
‘order of magnitude over the same \ range and remains close to saturation. At a matric
potential of -500 cm, fault conductivity exceeds sand conductivity by at least four orders
of magnitude. Whereas sand samples begih draining at P = -30 cm and reach residual
moisture content near ¢ = ~200 cm, fault samples do not drain appfeciably until 2 reaches
-200 cm, and do not approach residual moisture content until P is less than —10,000 cm
(Appendix 2.A). The ¢-8, K-8, and K-y relationships are consistent for all sand samples,
indicating no appreciable differences between hanging wall and footwall samples (Figure

2.2 and Appendix 2.A). Even though NMT04 is not directly comparable to the other
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four fault samples because it was formed from the coarser upper sand, the five fault
samples display consistent K- relations. Choice of theoretical model, Mualem-van

Genuchten or Brooks and Corey, has no impact on the relative differences in sand and

fault behavior [Appendix 8.A].

Our observations may hold for similar structures in poorly lithiﬁéd sand'.‘ Although
our measurements were restricted to centimeter-wide zones containing numerous
deformation bands, it is reasonable to speculate that individual deformation bands (~1-2
mm in width), which are often very numerous, demonstrate similar hydraulic behavior
because they are also created by compaction and cataclasis. We also speculate that
deformation band faults in medium and covarse sands will show larger relative differences
in unsaturated properties than those we have reported here for fine sénds. This assumes
that deformed grain size is independent of parent grain size for the bulk of the protolith,
which may not be a valid assumption [Rawling et al., 2001]. The larger mean pore sizes
for coarse ér medium grained sand are likely to have much larger van Genuchten n values
aﬁd lower air entry potentiqls which would cause the K- crossover to occur at larger

- matric potentials (nearer to zero) and lead to greater differences between fault and sand.

Although this paper is the first work investigating the unsaturated flow properties of
faults in poorly lithified sands, there is previously published work on the petroleum
Teservoir capillary sealing properties of cataclastic deformation band faults in well-

lithified porous sandstones. Antonellini and Aydin [1994] used image analysis to
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estimate pore sizes fdr intercoﬁnected pores in both deformation bands and protolith.
They estimated air entry matric potential for these faults as one to two orders of
niagnitude larger than that for the protolith. Ogilvie et al [2001] lised mercury
porosimetry to measure the drainag‘e capillary pressure-saturation relationships
(analogous to the -8 relationship) of protolith and a narrow zone of deformation bands.
Their results yielded a 9% fault porosity, 20% sandstone porosity, and a fault air entry
‘matric potential on the order of 40 m versus a value no larger than 4 m for the sandstone
protolith, again about an order of magnitude difference. The air entry values in these
studies are much larger than those estimated for the poorly lithified sand (~ 30 cm) and
faults (~300 ¢m) in this study because of the great differences in lithology, diagenesis, and
pore networks. Yet the relative differences in air entry value between protolith and fault
are similar, that is about an order of magnitude or more. The Ogilvie et al [2001] éapillary
pressure — saturation curves (their Eigure 2.2b) for a well-lithified sandstone and fault are
‘quite similar in shape to the Y-8 curves (Figure 2.2; Appendix 2.A) that we report in this
paper for poorly Iithiﬁed sand and fault. Neither sandstone study investigated the
relationship between hydraulic conductivity and moisture content (relative permeability
curve), and their resulté cannot be used to address our second research question (see
below), i.e., “Do these faults significantly affect variably saturated fluid flow?”, without |

making additional assumptions about the K-8 relationship.

Measuring both -8 and K-6 relationships with the UFA centrifuge is relatively new

(e.g., Flint et al [1999] and this study), so we note several procedural issues that we
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encountered in the hopes of improving the methodology. Porosity and drainage
characteristics of the sample holder’s bottom assembly must be determined and, if
possible, the volume stored at any time be minimized, especially for smal] sample

- volumes. Proper choice of bottom assembly materials will help ensure that 0, estirﬁates
from: separate -0 and K-e.experiménts will match closely, thus simplifying estimation of
the K- model’s scaling parameters, e.g., the n and § parameters in the Mualem- van
Genuchten model.‘ The moisture retention data and fits demonstrate that the centrifuge
schedule of angular velocities (Table 2. 1) captured most of the drainage behavior for the
fault samples, but missed much of the sand’s mid-satura.tion behavior (Figure 2.2 and-
Appendix 2.A). Incréasing the number of experimental steps atllow centrifuge speeds
should improve resolution of the moisture retention curves for sands and reduce data loss
during data inversion using the method of Forbes [1994] (or other similar methods). Our
data also suggest that high centrifuge speeds (> 5000 rpm) may induce moisture loss
through evaporation, losing the expecfed balance between matric forces and the centrifugal
body force. Another'pfoblem is our inability to fit the MvG model to the sand 300 and
600 rpm experimental steps for X-0 . This was not a problem for most fault samples,
which required centrifuge speeds > 1000 rpm to induce flow. Perhaps a hydraulic steady
state had not been_achieved in the sand even though sample weight changed by < 0.05 gm,
or the Mualem-van Genuchten model does not fit these materials very well near

saturation. It is also likely that the experiment’s principal assumption that the centrifugal
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body force gradient is far greater than the matric potential gradient [Nimmo et al., 1987,

Conca and Wright, 1990 and 1992] has been violated.

Altflough we can only begin to answer our second question, the observed differences
n hyd_raulic properties already suggest that faults have a significant hydrologic impact
under relatively dry climatic conditions. Under those conditions and using the hydraulic
properties described here, the simple, gravity-driven, steady flow model predicts
downward, liquid-phase flux densities that are 10? to 10° times larger in faults than in
‘their parent sands (Figure 2.3), and reduce non-reactive solute travel times by similar
orders of magnitude (Fi gure 2.4). Such an enormous disparity between sand and fault
behavior increasés the likelihood that deformation band faults act as preferential flow
paths through vadose zones with steady matric potentials in the range of —100 to -2000
cm. Determining the extent of faults’ hydrologic importance requires further investigation
- to consider, among others, ambient matric potential conditions, moisture and solute
exchange between fault and sand, the role of competing processes, as well as fault

architecture, dip, and spatial density.

Ambient matric potential data for the Rio Grande rift indicate that preferential liquid-
‘phase flow through faults can occur, but is likely to be spatially variable. Most
measurements of shallow ambient matric potentials for this area aré in the tensiometer
range: 0 <1 < ~-600 cm [Stephens and Knowlton, 1986; Mattson, 1989; McCord et al.,

1991; Brainard et al., 2002], a wetter subset of the range considered in this paper. In
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combination with the 4(8) relations estimated in this study, our own measurements of in
situ moisture content demonstrate that the near surface matric potential is between —180
and -3 80 cm (Appendix 2.B). In contrast, data from a recent Albuquerque Basin
infiltration experiment revealed drier conditions with matric potential values Well.below
the tensiometer range in the top eight Iﬁeters [Brainard, 1997], likely indicating liquid-
phase infiltration through sand is negligible at that location. Vapor-phase flux eventually
becomes more important thaﬁ liquid-phase flux as sand becomes sufficiently dry.
Thermal vapor-phase‘ flux denéity values have been estimated fo fall between 1.0 - 3.0 x
107 cm/year (compare to right hand axis of Figure 2.3) f(;r other arid vadose zones in the
American Southwest [Ross, 1984; Scanlon et al., 1997]. Fora certain range of drier
conditions, it is likely that water transport through the sand is dominated by vapor-phase
processes, whereas the faults could still be dominated by liquid-phase transport. The
dominant mechanism for solute movement through the sand should also switch, from
‘advection to diffusion, as matric potential drops. Solute transport through the fault could

still be dominated by advection, until much lower matric potentials are reached.

Although deformation band faults appear to provide a liquid-phase “fast path” for
water and solutes through the sandy parts of the Rio Grande rift vadose zone, it is still
not clear whether such “fast paths” are significant. The minimum fault density required
to affect groundwater recharge may only occur in a small portion of the Rio Grande rift.
There are clearly arcas with no faults, but we and others (e.g., Carter and Winter [1995]

and Grauch [2001]) have found many locations in the Rio Grande rift with moderate to
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high densities of faults, such as the Canyon Trail site of this paper. With at least one
fault every four meters, and assuming fault conditions are similar at depth, infiltration
through the sand beds at the Canyon Trail site could be locally enhanced several fold.
Fault density is less critical when coqsidering contaminant transport. One or more faults
beneath a contaminated surface site could redistribute contaminants downward so that -
underlying aquifers are adversely affected. Fault “fast paths” are also more likely to
experience more rapid diagenesis than the parent saﬁd. As an example; a simple
diagenesis model relates the amount of diagenetic change observed in a given volume of
sediments to the number of pore volumes of aqueous solution that pass through those
sediments. At an ambient matric potentiai of -200 c¢m a fault will advect more than a
hundred pore volumes undef gravity-driven flow in the time taken to advect a single pore
volume through the sand (Figure 2.4). Although our resﬁlts_ indicate a propensity for
faults to enhance recharge, shorten contaminant residence times, and accelerate diagenesis,

more study is needed to test for hydrologic significance.

2.6 Conclusions

Deformation band faults resulting from relatively small displacements possess
strikingly different saturated and unsaturated hydraulic properties than their poorly
lithified parent sands. Saturated hydraulic conductivity values for fault E10 at the
Canyon Trail site are three orders of magnitude smaller than those for the parent sand, inb

good agreement with previously published values for this fault and other faults. For
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unsaturated conditions, fault E10 conductivity equals sand conductivity in the (crossover)
matric potential range of -35 to -80 cm, a condition that is relatively high (wet) for much
of the ‘.Rio Grande rift. As matric potential y decreases into the drier range, fault
conductivity, K, declines much less rapidly than does sand K. For matric poteﬁtials less
than -100 cm, typical for semi-arid and arid zones, fault conductivity exceeds sand K by
two to six orders of magnitude. The observed K(y) behavior shows relatively little
variability between hanging wall and footwall sand samples and between various fault
samples. Under conditions of steady gravity-driven flow, faults permit downward,
liquid-phase flux densities 107 to 10° times larger than those in their parent sands, and
reduce non-reactive solute travel times by similar orders of magnitude. If our measured
hydraulic properties describe faults and sands in other poorly lithified vadose zones, and
we believe they do, deformation band faults can significantly enhance gravity-driven
downward moisture and solute transport through vadose zones where the matric potential
is much less than -100 cm. If presenf in sufficient density, faults encountered in semi-arid

and arid climates should enhance recharge, hasten contaminant migration, and accelerate

diagenesis.
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Appgndix 2.A: Sample Mualem-van Genuchten model fits

Plots of K-8 and 6 experimental results and final simultaneous fits to

(2.1) and (2.2) are shown in Figure 2.A-1 for samples with complete UFA
analyses. |
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Figure 2.A.1.a-1: UFA measurements and Mualem-van Genuchten model fits for individual
samples. The left-hand plots show 0y results and the ti ght hand plots show K- results.

Lines depict the theoretical curves for the fitted Mualem-van Genuchten models using
parameters shown in Table 2.3.
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Figure 2.A.1.a-1: UFA measurements and Mualem-van Genuchten model fits for individual
samples. The left-hand plots show 8-y results and the right hand plots show K-0 results.

Lines depict the theoretical curves for the fitted Mualem-van Genuchten models using
parameters shown in Table 2.3.
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Appendix 2.B: Local E10 matric potential estimates

The larger air entry rﬁatric potentials and relatively gradual decline in the 00—y relations
for deformation band faults (Figure 22 and Appendix 2.A) suggest such faults fnay
provide a very efficient means of quickly estimating the ambient matric potential at a
vadose zone outcrop exposure using simple gravimetric methods and fitted 6 curves.
One determines in situ 6 from a fault sample’s volume (or bulk density) and its moisture
weight, then reads off the corresponding matric potential 1 from the fault 8 curve.

We applied thi_s approach at fault E10, gravimetrically measuring moisture content for
four fault samples. Mean volumetric moisture content (+ one standard deviation) for the
fault samples was 18% (= 1%). We used (1) inverted to solve for 1 as a function of o,
the four fault in sizu moisture contents, and mean fault parameters (Table 2.3) to estimate
the ambient matric potential near fault E10. The matric potentials of the four samples
were estimated to be -187,-243, -335, and -379 cm. Using the mean moisture content of
these four samples, thev estimated matric potential is -283 cm. These estimates apply to a
zone roughly 30 cm behind the outcrop face, thus the ambient matric ﬁotential deeper
Withih the outcrop is likely to be higher (closer to zero).

If this approach is valid, matric potential in the adjacent sand should be similar. We
can use these estimated potentials and the sand 6-y relationships to estimate sand
moisture contents, and check these with field samples. For this range of matric potentials

the sand 6-y curves in Figure 2.2 suggest that the sand should be at or near residual
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moisture content. Four representative samples were collected from the lower sand unit,
three from the footwall and one from the hanging wall. of the. The mean 6 was 4.7% (=

1.6%), near to, as expected, but less than any of the estimated sand residual moisture

content values (Table 2.3).
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CHAPTER 3:
PREDICTING VADOSE-ZONE PREFERENTIAL FLOW AND
TRANSPORT BY CAPILLARY WICKING THROUGH
DEFORMATION BAND FAULTS

3.0 Abstract

Recent hydraulic property measurements of deformation band faults and their parent

sands reveal striking differences related to the relatively smaller pores of the deformation

bands. The differences are large énough to allow vertical preferential flow and transport
by capillary wicking through the sandy beds of relatively dry arid and semi-arid vadose

zones. Although deformation band faults have been observed in poorly lithified sands

from California to the Rio Grande rift, the hydrologic significance of fault-related
preferential flow is not yet clear. We iﬁvgstigated the hydrologic significance of these iﬁ‘
faults in the mid and shallow parts of arid and semi-arid vadose zones, like those of the 1
Rio Grande rift, by comparing water movement, solute transport, and diagenesis using i
‘ ‘ r
metrics determined from measured hydraulic properties and simple, 1D, steady-state flow ;fj
models. Hydrologic significance hinges on how competing flow and transport processes | ¢
differ for a fault versus sand. Capillary wicking within faunlts can significantly accelerate ]1

local water and solute transport, driven downward by gravity (infiltration) or upward by
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evaporation (exfiltration), for fault spatial densities, water table depths, and matric
potential ranges observed in the Rio Grande rift. If their spatial density is sufficient,
faults can locally enhance recharge or discharge. Faults are sites for rapid diagenesis and
fast paths for solute transport through sand beds, shortening solute residence times by
two or more orders of magnitude. Oﬁr modeling results indicate that deformation band
faults are hydrologically significant within parts of the Rio Grande rift vadose zone and

>

perhaps, in other semi-arid and arid areas.

3.1. Introduction

Where faulting cuts sandy sediments, shearing may create narrow, tabular zones of
reduced pore and grain sizes, called deformation bands, which possess markedly different
hydraulic properties than the porous parent sands olr sandstones [e.g., Aydin, 1978;
Pittman, 1981; Edwards et al., 1993; Antonellini and Aydin, 1994; Fowles and Burley,
1994; Sigda et al., 1999; Héynekamp ct al., 1999; Rawling et al., 2001; Sigda and Wilson,
2003]. We consider only catacléstic or shear deformation bands iri this paper. Near
elimination of porosity and reduction in saturated hydraulic conductivity, K, by many
orders of magnitude have been long established for deformation bands in porous, well-
lithified sandstones [Aydin, 1978; Pittman, 1981; Edwards et al., 1993; Antonellini and
Aydin, 1994; Fowles and Burley, 1994]. Analogous changes also occur in deformation
bands and zones of deformation bands, called deformation band faults, formed in poorly

lithified sands, such as those found in the basin-fill sediments of the Rio Grande rift
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[Sigda et al., 1999; Hong, 1999; Rawling et al., 2001; Herrin, 2001; Sigda and Wilson,
2003]. Faulting can also create large differences in unsatﬁrated hydraulic properties, as
demonstrated by our recent measurements of a small-displacement deformation band fault
and its poorly lithified parent sand [Sigda and Wilson, 2003]. Fault and protolifh
hydraulic properties differ sufﬁcienﬂy to permit this and similar faults to act as paths for
preferential flow and solute transport under the relatively dry conditions of arid and semi-
arid vadose zones. The hydrologic significance of these potential “fast paths”, broached
-in our earlier paper, remains an open research question with possibly import-ant

management and engineering applications.

A variety of geologic processes combine to produce thick; basin-fill deposits of
variably lithified sediments crosscut by an abundance of faults. These faulted sediments
form vital saturated and vadose zones in areas like the Basin and Range province of the
American Southwest and our area of interest, the Rio Grande rift. Within the basins of
the Rio Grande rift, the estimated number of faults continués to ipcrease as mapping
coverage expands and geophysical techniques improve [Carter and Winter, 1995, Gfauch,
2001]. Little is known about the numbers or spatial distribution of smaller displacement
faults, but high fault densities have been observed, including an avefage density of one
deformation band fault every 4 m at our field site in the Boscjue del Apache National
Wildlife Refuge in central New Mexico [Herrin 2001; Sigda and Wilson 2003]. We have
observed a still higher deformation band fault density, roughly one fault every 2 m, in an

area located several kilometers further south (Figure 3.1a).
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Figure 3.1: Deformation band faults in the Rio Grande rift. a) Elmendorf fault zone located in Bosque del
Apache National Wildlife Refuge, NM, within the Socorro Basin of the Rio Grande rift. Well-cemented faults
form regularly spaced inclined planes with 1.5 - 2.0 m between each fault. The parent sand is uncemented
and friable. This pattern extends for nearly 100 m. b) Wide zone of deformation bands in the large
displacement (-600 m) Sand Hill fault zone, just west of Albuquerque. Note the footwall bedding at the left,
Flagging indicates 50 cm intervals. Adapted from Rawling et 4l [2001]. ¢) Wetted narrow zones of
deformation bands (sub-vertical) and cemented lamina (sub-horizontal) several days after a rain storm at the
Canyon Trail site, Bosque del Apache National Wildlife Refuge, NM. Total outcrop height is 5 m. Adapted
from Herrin [2001]. d) Canyon Trail fault E10 showing individual deformation bands and the narrow zone

of deformation bands investigated by Sigda and Wilson [2003]. Grid is 1 m high.



The term “deformation band fault”, a deformation band or zone of bands, warrants
amplification because it is not in general use in the hydrology community. Deformation
band faults are architecturally and hydraulically distinct from faults in crystalline rocks,
which comprise gouge and fracture zones [Smith et al., 1989; Caine et al., 1996;.Fischer et
al., 1998; Heynekamp et al., 1999; Rawling et al,, 2001]. Cataclastic deformation band
faults can only be created by shearing sand-rich beds, so a fault zone v;fhich crosscuts
beds of various lithologies (clay, sand, silt, etc.) will not create deformation band faults in
sand-poor beds. However, a fault zone crosscutting sand-rich beds may comprise one or
more zones of deformation bands, especially in larger-displacement fault zones (Figure
3.1b). This study focuses only on zones of deformation bands because they typically
hav_e nmuch greater lengths than individual deformation bands and so are more likely to

influence water and solute transport at larger scales than individual bands.

Several independent observations attest to the likelihood that deformation band faults
act as fast paths for fluid flow and solute transport through the vadose zone of the Rio
Grande rift. Some deformation band .faults appear to remain much wetter than their
adjacent sands several days after a rainstorm (Figure 3.1c). Cent;ifugé measurements
[Sigda and Wilson, 2003] of volumetric moisture content 8 as a function of matric
potential Y, and unsaturated hydraulic coﬁductivity K as a function of moisture content 0,
for a deformation band fault and its undeformed parent sand (Figure 3.1d) revealed that
the sand and fault K(3p) functions crossover as 1 decreases from 0 cm. Under wetter

conditions ( near 0 cm) sand K >> fault X, but under drier conditions sand X << fault X,
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and between these two end cases there is a ¢ value (35 > >80 cm), called the
crossover point, at which fault X = sand K. Fault K is two to four orders of magnitude
less than sand X if the matric potential is greater than the crossover Y, but becomes orders
of magnitude larger than sand K for 4 less than the crossover ¢. Sigda and Wiléon [2003]
used a simple, gravity-driven, steady flow model to predict that, under dry conditions,
downward, liquid-phase flux densities are 10* to 10° times larger in the fault than in its
parerit sands and that non-reactive solute residence times from advection through the féult
are reduced by similar orders of magnitude. In the Rio Grande rift, we have also observed
well cemented deformation band faults, whereas their ;;ar.ent or adjacent sands have little
or no cement (Figure 3.1a). This suggests unsaturated flow and solute transport were
focused almost entirely within the faults because the cementatioh rate depends, in part,

on the number of water pore volumes passed through a matérial in a given amount of time.

If deformation band faults significantly accelerate water and solute movement through
poorly lithified vadose zone sands, they might prove important exceptions to the
commonly held idea that, under arid and semi-arid conditions, downward unsaturated
flow gnd transport are negligible ér extremely slow [Wiﬁo grad, 1981; Scanlon et al., 1997].
Large numbers of deformation band faults in a given area could locally increase infiltration,
enhancing aquifer recharge, violating capillary barriers [e.g., Ross, 1990; Selker et al.,
1999), and threatening vadose-zone nuclear waste repositories such as the Yucca
Mountain Project (deformation band faults have also been observed in non-welded

ignimbrites [Wilson et al., 2003]). Contaminants could be transported quickly enough and
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in sufficient quantity to adversely affect aquifer water quality within an engineering or
managerially significant amount of time. For example, faults underlying landﬁlls,
underground storage tanks, livestock waste lagoons, industrial sites, and other potential
contaminant sources could transport unwanted solutes thlfough arid and semi-arid vadose-
zone éands more rapidly than would‘be expected for unfaulted sands. Over longer time
scales, accelerated transport of naturally occurring solutes could cause preferential
cementation of the faults, further reducing fault saturated conductivity andvcreating better
barriers to cross-fault satufated flow. Aquifers could then be compartmentalized by
faults, much as petroleum reservoirs are compartmentalized [Smith, 1966], should the

preferentially cemented fault segments subsequently be moved into the saturated zone by

tectonic activity or by a rising water table.

Are the observed differences in fault and protolith hydraulic properties hydrolo gically
important in semi-arid and arid vadose zones? Under which conditions do these
differences significantly accelerate the movement of water, contaminants, or diagenetically
important solutes through the vadose zone? We examine how liquid-phase transport
processes (infiltration and exfiltration), advective solute transport, and diagenesis differ in
sands and‘ faults for simple flow scenarios. Each advective liquid-phase process is
contrasted against a competing vadose zone process. Infiltration and exfiltration are
compared to thermally driven vapor-phase water flux in the sand. Liquid-phase advective
transport of solutes is compared with transport by diffusion. We assess all processes for

each flow scenario using simple, one-dimensional, steady-state models that also



accommodate varying fault spatial density. For the present we ignore transient flow,
variations in fault dip and architecture, spatially varying lithology of the parent

sediments, and cross-flow between the fault and surrounding sand.

3.2. Conceptual model

A dauntingly wide array of forces drives water and solute movement through semi-
arid and arid vadose zones. The relative importance of osmotic, gravitational, thermal,
density, and matric potential gradients can each vary greatly, both spatially and
temporally, as can the resulting liquid-phase, vapor-phase, and net water flux directions
and magnitudes. For example, liquid-phase flux can be overshadowed by vapor transport
given the geothermal gradients and low moisture contents reported for areas of the
western US [Ross, 1984; Scanlon et al., 1997]. Solute fiux may be co_ntrolléd by liquid-
phase advection only, diffusion only, or some combination of the two. Appropriate time
scales can vary from the near surface’s diurnal periodicity to the multi-millennial
variability governing cieep arid vadose zones. Vadose-zone thickness ranges between
meters and a kilometer, and hydrogeologic characteristics encompass a tremendous range
of gréin sizes, sorting, depols'itional environmehts; and lithification and other diagenetic

changes.‘

Our hydrogeologic conceptual model was constructed from a subset of this complex
array of processes and scales. It is based on known or inferred characteristics of the

middle Rio Grande vadose zone. Average annual precipitation of ~22 cm/year, reports of
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downward liquid-phase fluxes [Stephens and Knowlton, 1986; Phillips et al., 1988;
McCord et al., 1991], and measurements of shallow ambient matric potentials in the
tensiometer range (0 to ~-600 cm matric potential) [Stephens and Knowlton, 1986;
Mattson, 1989; McCord et al., 1991; Brainard et al., 2001; Sigda and Wilson, 2003]
indicate recharge is important in sorﬁe areas of the middle Rio Grande rift. In contrast,
dafa from an Albuquerque Basin infiltration experiment revealed matric potentials within
the top eight meters that were well below the tensiometer range [Brainard, 1997,
indicating infiltration through sand is likely negligible at that site. In response, our
conceptual model considers a wide range of possible matric potentials from zero (near
saturation) to values below tensiometer range. Significant geothermal gradients within the
rift’s vadose zone [Reiter, 199l9] raise the possibility that upward water movement via
vapor-phase transport can dominate liquid-phase movement in areas with low liQuid-
phase fluxes [Walvoord et al.,, 2002]. Accordingly, the model employs estimates of
upward vapor-phase water fluxes to provide a lower bound on the significance of liquid-
phase processes. We investigated both local downward (infiltration) and, for discharge
areas with a shallow water table, local upward (exﬁltration) liquid-phase flow. Diffusion-
driven solute transport in the liquid phase was aiso considered, as it can equal or exceed
advective liquid-phase transport if the moisture content becomes sufficiently small. The
model is an idealized representation of the Canyon Trail site E10 in the Bosque del
Apache National Wildlife Refuge, central New Mexico, for which K-8 and 6-1 data are

recently available [Sigda and Wilson, 2003]. E10 is a relatively uniform, steeply dipping,
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narrow zone of deformation bands, which cuts a bed of relatively uniform, well-sorted,
poorly lithified sand (Figure 3.1d). It appears very similar to most of the deformation
band faults observed at other Canyon Trail faults (e.g., Figure 3.1c¢), at the nearby
Elmendorf fault zone (Figure 3.1a) [see also Sigda et al., 1999], and as elements of many

larger displacement faults (Figure 3.1b) [Heynekamp et al., 1999; Rawling et al., 2001].

The gravity-driven (infiltration) model’s vertical length SCa}e was set as 10 m because
sand-only bed thickness is typically < 10 m in the rﬁiddle Rio Grande rift [Davis et al.,
1993; Mozley et al., 1995]. Even though fault zones can extend continuously across the
{radose zone from their origin, which may be kilometers below ground surface,
deformation band faults within those fault zones are likely to be vertically discontmuous
because the character of the fault can change with lithology [cf. Wilson et al., 2003]. The
deformation band fault unsaturated hydraulic properties measured by Sigda and Wilson
[2003] may not accurately describe another portion of the same fault if, for example, it

cuts a lithoiogic unit with relatively little sand, such as a well-lithified debris-flow bed or a

clay-rich bed.

We tested whether deformation bémd faults ‘are hydrologically significant in the mid
and shallow parts of a moderately dry vadose zone like the Rio Grande rift by comparing
the metrics for water flow, contaminant transport, and diagenesis shown in Table 3.1. |
These metrics were determined from previously measured hydraulic properties and oui

simple, 1D, steady-state conceptual model. The infiltration scenario examined gravity-



3-11

driven flow through the middle portion (below the root zone and above the capillary
fringe) of é thick vadose zone where there is relatively little vertical change in moisture
content and matric potential. The exfiltration scenario examined flow through a shallow
vadose zone where surface evaporation (or an active, near-surface root zone) draws
liquid-phase water upward from the water table (e.g., Gardner [19587). We considered
only one-dimensional, steady-state, liquid-phase ﬂow, which is controlled by the ambient
matric potential under the gravity-driven scenario and by the depth to the water table
under the evaporation-driven scenario. We also compared diffusive and advective solute
transport for each flow scenario. Diagenesis was investigated using the number of pore
volumes passing through a given column 1ength of material as a proxy for diagenesis.
Under our conceptual model’s assumptions, the solute residence time for a given column
length equals the time required to push a pore volume through the same column length.
We assume an unlimited supply of reactants, instantaneous equilibrium chemistry, and

that diagenesis does not substantially change fault or protolith hydraulic properties.

Table 3.1: Metrics to test hydrologic significance of deformation barid faults

Gravity-driven, Svaporation-
Process liquid-phase flow - driven, liquid- Comparator
phase flow

Water flow downward upward vapor-phase
flux density flux density flux density

diffusion

Solute transport advective residence time residence

time

Diagenetic change time to push one pore volume
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One diagenetic change commonly encountered in arid and semi-arid vadose zones,
including the Rio Grande rift, is calcite cementation of poorly lithified sediments. The
sedimentary rock fragments and carbonate-rich soils prevalent throughout the middle Rio
Grande basins [Hawley and Haase, 1992; Mozley et al., 1995] and the typically high
vadose-zone CO, partial pressures [e‘.g., Wood et al., 1993; Affek et al., 1998] provide
abundant carbonate and calcium ions. Seepage velocities under relatively dry conditions
are sufﬁcigntly slow that calcife equilibrium is a reasonable assumption [Selker et al.,
1999, p. 179]. By narrowing pores, calcite cementation may actually increase, rather than
decrease, unsaturated hydraulic conductivity over somé unknown time scale in arid or
semi-arid vadose zones, and therefore casts our assumptions of steady flow and negligible

changes in protolith hydraulic properties as potentially conservative assumptions.

Our conceptual model should be applicable to other semi-arid and arid vadose zonés
with deformation band faults. Net water fluxes and matric potentials vary widely for the
few sites investigated. The middle Rio Grande rift studies cited above suggest that matric
potentials range from —10 to <~600 cm in the top 10 m of the vadose zone, whereas
observations at several locations in Texas and Nevada [Scanlon, 1992, 1994; Scanlon et
al., 1997; Walvoord et al., 2002] show matric potentials are on the order of megapascals
(1 MPa = 10,000 cm). Our model is unlikely to be valid for such extremcly. dry regions,
which lie beyond the limiting conditions we calculate, but it may be applicable to areas
within these dry regions where liquid-phase flow is locally important, such as recharge

areas. Moreover, the model can be used to investigate situations in which different
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processes dominate in each material, such as liquid-phase advection in the fault and

vapor-phase transport or liquid-phase solute diffusion in the surrounding protolith.

3.3. Methods

3.3.1 Theoretical hydraulic relations

Experimental K-0 and Q—w data were fit to the commonly used Mualém-\}an
Genuchten (MvG) theoreticél mpdel [Mualem, 1976; van Genuchten, 1980]. The data
were obtained from UFA centrifuge experiments on intaqt samples from the Canyon Trail
E10 site. The resulting data were simultaneously fit ko Equatidns (3.1) and (3.2) using a

trial and error approach, yielding a final K(x) relation [Sigda and Wilson, 2003].

6(9) =6, +(0,-6,)1+|o") " where m = (n-1)/n (3.1)

B Uml™®
K(8)=Ks(si?9’)_ 1—[1*(3”_%) ] | (32)

In Vthis paper we limit our analyses to two pairs of the fault and protolith MvG
parameter sets (Table 3.2) from the group of five fault and seven sand samples measured
by Sigda and Wilson [2003]. The first pair, DLO6 sand and DL20 fault, show the
smallest difference in their K(2)) relations and so provide an indication of the minimum

difference to be expected in flow and transport through fault and protolith. The second
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pair is the set of mean parameters for all E10 sands (“mean sand”) and the set of mean

parameters for all fault samples (“mean fault™).

Table 3.2: Fitted parameter values for Mualem-van Genuchten model

8, 0, a 1 n B K
Sample ID (em’ cm™ (e’ cm®)  (em™) ) ) (cm/s)*
Footwall sand 7 -
DLO06 0.315 0.058 0.03 3.4 0.2 1.20 x107
Mean sand 0.318 0.062 0.038 3.34 0.42 1.72 x10°
Fault DL20 0.198 0.105 0.004  1.80 1.2 3.5x10°
Mean fault 0.202 0.089 0.003 1.74 1.56  7.36 x10°

*Mean K; values are the geometric means of the measured saturated hydraulic
conductivity values. All other means are arithmetic averages of estimated parameter
values. Values taken from Sigda and Wilson [2003]. "

3.3.2 Testing hydrologic significance

The hydrologic significance of faults was investigated for three processes: water
movement, solute transport, and diagenésis, operating in two different vadose-zone
scenarios under semi-arid or arid conditions. We used a simplé, one-dimensional model
with steady-state flow to compare the relative differences between deformed and
undeformed sand (Figure 3.2). To identify transitions from one dominant process to
another (e.g., from liquid-phase to vapor-phase flow), the matﬁc potential for the gravity-
driven scenario was varied from zero to several thousand c¢m (several bar), and depth to
water table was varied over a relatively large range, 10 to 1000 cm; for the evaporation-
driven scenario. Upscaling from a single fault to a zone of faults, we also examined how

the relative differences in liquid-phase water movement change with fault spatial density.
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Figure 3.2: Ildealized columns for determining impact
~ of fault spatial density. Fault width (Wg=1 cm) is much
smaller than total column width (Wy =100, 10, or 2 m).

* Composite flux density for column is ¢, Sand and fault

- flux densities, q, and gy, are shown for the gravity- -driven
scenario in which the matric potential is uniform
throughout column (W, = v,). For the evaporation-driven
scenario, H is the water table depth, the bottom boundary
is at the water table (Y, = 0 cm) and the top boundary at
ground level (y;=-10,000 cm)

A
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Our conceptual model assumes that faults are vertical (90° dip), exchange of water or
solute is negligible between fault and sand, hysteresis and osmotic gradients are negligible,
and hydraulic behavior is sufficiently constant over iong time periods to be considered
steady flow. Furthermore, the flow and transport analyses assume effective voiumetric

moisture content equals total volumetric moisture content (Bgr=0); i.e., advection and
diffusion of water and solutes continue to occur even When 0 is close to residual, (0 %6;),

because the MvG model approaches 6, asymptotically. Advective solute transport

assumes negligible dispersion and a non-reactive solute.

3.3.2.1 Gravity-driven scenario: advection. The first scenario, which focuses on
the middle portion of a thic;k vadose zone well below the root zone and well above the
capillary fringe, contiﬁues the preliminary analysis of gravity-driven advection presented
by Sigda and Wilson [2003]. Driven by the gravity-induced unit gradient, steady
downward liquid-phase adyection of water and solutes (assuming no dispersion) is
Whélly a functioﬂ of the amBient matric potential and the material’s unsaturated hydraulic
properties, which are both assumed to remain constant within the 10 m domain length.

Under these assumptions, the liquid-phase flux density, g,, is given by

a.(w) =-K(w) - K1 el )_mﬁ{l - [1 - (1+ oyl )H (3.3)

where the z-axis is positive upwards. We examined how the sand and fault flux densities

changed as matric potential was decreased from 0 cm, passing through some crossover
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matric potential, 1, down to a minimum of =3000 cm (roughly -3 bar), an arbitrarily
chosen limit below which liquid-phase flow and transport are presumed to be no longer
significant. The advective solute residence time, 7, (years), for a conservative solute

moving with no dispersion through a uniform, vertical column of length L (cm) under the

gravity-driven scenario is given by

t(W) = Liv(w) = Lo(y)/q(y), | (3.4)
where vy is the seépage velocity (cm/year) and 6 is the volumetric moisture content (em®

cm™). The advective residence time depends on the ambient matric potential.

3.3.2.2 Gravity-driven scenario: diffusion. Diffusion-only transport is used to
establish a lower bound for advective transport, which rapidiy decreasés as moisture
content decreases. We applied Fick’s second law using a volumetric moisture ‘co'ntent-
dependent diffusion coefficient, a semi-infinite domain bounded by a constant
concentration (Cy) boundary at L = 0, and a zero initial concentration throughout the
medium. The solution for a conservative solute and this set of initial and boundary

conditions is [Crank, 1975, pp. 20-21]

C(L,)/C, =1—e7f(L/2w/—D_t), \ (3.5)

where L (L) is the distance from the constant source boundary, erfis the error function,
and D is the diffusion coefficient (L*T). The time needed for the solute concentration at

a distance L (cm) from the boundary to reach the arbitrary value 0.5C, can be calculated
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by simplifying (3.5) and recalling that the error function value essentially equals its

argument value if the latter is near 0.5, or

t() = L 1D(6(y)) . , . (3.6)
Here ¢, 15 the diffusioﬁ residence time (years) and D(G) is the effective diffusion
* coefficient (cm?/year) for a porous medium with volumetric moisture content 6.
Substituting D(6) for D in (3.5) is valid for the gravity-driven scenarid_, as moisture
content is constant tﬁroughout the domain length. As it continues toAbe an arca of
research (e.g., Olesen et al, [2001]), we consider two different models for D(6). The first
is the commonly used Millington and Quirk [1961] (MQ) model in which the effective
diffusion coefficient is the product of the free water difquion coefficient, Dy, (with a

maximum, say, near 2 x 107 cm?/s) and a tortuosity factor, 7, that depends on 6 and 0,:

. 10

- MQ:D(6)=Dy(8)= D876 | (3.7).

The second model (CW) is a linear regression fit to a logarithmic transform of
experimental measurements of effective diffusion coefficients for soils and sands from

Conca and Wright [1992].

CW: D(@ ) = 14320432008, (6) ‘ 3.8)

The effective diffusion coefficients (3.7 and 3.8) and diffusion residence time (3.6) can all

be restated as functions of the ambient matric potential using the fitted 8-ap curves,
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We selected this set of conditions because a constant source concentration is
appropriate for the relatively short travel distances considered and a semi-infinite domain
is reasonable given the vadose zone length and tifne scales considered. There are other
permissible choices of initial, boundafy, and breakthrough conditions, but théy do not
change the relative differences obsérved in fault and sand behavior. By comparing sand
and fault residence times, as well as the matric potential values where ¢, = ¢, for sand and
~ fault, we identified which process will drive breakthrough by a solute under gravity-
driven flow and how the switch in dominant process varies with goverping matric

potential.

33.2.3 Gebthermé]—driven vapor-phase flow. In the presence of a geothermal
gradient and sufficiently low moisture contents, upward vapor-phase flux may be as large
or larger than downward liquid-phase flow. Thus the matric potential value at which
liquid-phase flux denéity equals vapor-phase flux density represents a lower bound on the
signiﬁcénce of liquid-phase flow in either the sand or fault. In the absence of thermal
property ineasurements for faults, we made a conservative assumption that there is no
significant difference between vapor-phase flow in sand and in a fault. AsSumirig that
both mass flow of gas (adv.ective Vapér movement) and isothermal vapor-phase flow (i.c.,
diffusive vapor transport driven by matric potential gradients) are negligible, we
calculated the thermal vapor-phase flux density in poorly lithified sand using the

approach described by Ross [1984] and Philip and DeVries [1957],
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_ dp, '
q,(T.y)=-D,(T)y o (3.9)

in which g, is the vapor-phase flux density (L/T), T is temperature (°K), y is the
geothermal gradient, D, is the effective vapor diffusivity (L¥/T), and the last term is the
derivative of saturated vapor density with regard to temperature. The effective vapor

diffusivity term 1s calculated according to Philip and DeVries [1957],

D(T)=6D,(T)vE0H,) , | (3.10)
where Dy, is the molecular diffusivity of water vapor in air (LZT'll), vis a "mass flow"
constant roughly equal to 1 (-), and &(8,6,) accounts fof the difference in temperature |
gradient between the vapor phase and the bulk soil (-). Taken from.a table in Philip and
DeVries [1957], the latter term is a function of the ambient moisture content, assumed
here to range between 0.05 and 0.10, as well as the sand’s mineral composition and
porosity. The molecular diffusivity and saturated vapor density’s temperature derivative
are functions of terﬁperature, which, based on vadose-zone temperature measurements
collected within the Ri§ Grande rift’s Albuquerque Basin by Reiter [1999], ranges
between 15 and 30° C. Minimum and maximum values of 20 and 40° C/km for the

geothermal gradient, y, were calculated from Reiter’s [1999] data.

3.3.2.4 Diagenesis. Given assumptions of instantaneous kinetics relative to seepage
velocity and an ample supply of reactants relative to kinetics, we argue that the number
of pore volumes which flow through a column provides a proxy for diagenesis. The unit

time required to pass one pore volume through a column of length L is then the inverse of
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the solute residence time, 1 /. Solute residence time, however, will depend on advection
for certain governing conditions and on diffusion for other conditions. A process-

independent solute residence time, #,*, can be estimated by taking the smaller of the

diffusion and advection solute residence times:

t if t t | .
t,*={“ ¥lo< ‘f} BNCRE)
. td

where #, and ¢, are the advection and diffusion residence times, respectively. The exact
residence time can be calculated by finding appropriate time solutions to the 1D

advection-diffusion equation for steady flow:

aC
6(z)— = —[6(2)D(6) —-u] - 6(z)v(z)—(§— (3.12)
_ Z '

where C is the solute concentration (ML), the seepage velocity (LT™) and volumetric
moisture content are functions of elevation, and the effective diffusion coefficient D is a
~function of moisture content. A relative unit time per pore volume, 7,, can then be

> Lpv,

computed from the process-independent solute residence times:
Tpy = (fault £,*)" / (sand £,%)! = sand £.* / fault £, (3.13).

3.3.2.5 Evaporation-driven scenario: advection. Estimating advective flow
upwards from a shallow water table to the ground surface allows comparison of fault and
sand behavior with matric potential and moisture content varying within the domain.
Driven upwards by a matric potential gradient, liquid-phase flux density is a function of

the domain length, material properties, and the upper boundary matric potential (1 = 0
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cm at the water table bottom boundary). Under conditions of one dimensional, steady

flow, the solution can be written in integral form as [lrmay, 1968]

-1
Zr =25 =- ‘ZZ‘J[E%B”J dy, (3.14)
where z is the vertical axis (positive upwards), zy and zp are the elevations (L) of the top

and bottom boundaries, Y, and 1 are the matric potential yalues (L) at those boundaries,
g, 1s the flux density (LT™') through the column (positive for upward flow), and Kap)is

the hydraulic conductivity (LT™). We take zr=0and z = -H, where H (L) is the depth

to the water table. By assuming K(\) is an exponential function of the form

K(y) = K, exp(-afy)), (3.15)
Gardner [1958] solved (3.14) analytically-and then determined the maximum evapérative
flux density, g, by setting 1y =-c0, Ag (3.1 5) provided a poor mafch to the MvG K@)
functions used in this study, we fit a series of piecewise continuous Gardner exponential
functions (3.15) to the eétimgted sand andlfault MvG K@p) functions. This allowed us to
rewrite thé analytical solution fo (3.14) as a system of nonlinear equations for each depth
to the water table, H, which was varied from 10 to 1000 cm, and the system of equations
was solved for g; for each value of H (Appendix 8.C). The upper boundary potential,
Wz, was set to ~10,000 cm (-1 MPa), a value we judged representative of long-term
surface matric potential for many semi-arid and arid vadose zones. This value is larger

(wetter) than the —4 to <-8 MPa (the lower Limit for field thermocouple psychrometers)
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measured by Scanlon [1994] at 30 cm below gTound level in west Texas. It is much less
than the -40 to -90 cm measured at the same depth by Stephens and Knowlton [1986] in
the middlelRio Grande rift, but their data do not agree with those of McCord et al. [1991],
who observed that the surface matric potential was less than the lower limit for |
tensiometer measurements (i.e., < -600 cm) at the same general location. The; flux density
q/(H) is, however, insensitive to the top boundary potential once the lgtter drops below a
certain value (e.g., -1000 cm) [Gardner, 1958; Selker et al., 1999, p. 127]. Calculation of
the evaporation-driven solute residence time for a solute moving from the water table
upwards to the ground surface requires the seepage velocity distribution along the column
length. Solving the system of nonlinear equations for a given water table depth also yields
discrete information about the matric potential distﬁbution along column length, from
which we c;,alculated the volumetric moisture content using (1). The advective solute

residence time was then calculated from

L (H)=q(8)" [T 6()az . (3.16)

The right-hand side integral, which is analogous to the product LG@) in (3.4),
accommodates the spatially varying moisture cbntent and was evaluated numerically.
The evaporation—dfiven residence time, ¢, (3.16), differs conceptually from the gravity-
driven #,, (3.4), because the former is for a variable length, H, while the latter is for a fixed
length, L. Neither residence time nor number of pore volumes are directly comparable

between the gravity- and evaporation-driven scenarios.



3-24

3.3.2.6 Evaporation-driven scenario: diffusion. We estimated diffusion residence

time for each value of A in a manner similar to that for the gravity driven scenario,

=0 -1 i )
t(H)=H [ [D(6(z))] dz. (I
D(B(z)) is the spatially varying effective diffusion coefficient estimated from either the

MQ or CW model (3.7 or 3.8). We evaluated the integral numerically.

3.3.2.7 Fault spatial d_ensity. We gauged fhe effect of the number of deformation
band faults per unit area on liquid water movement by calculating the relative increase in
exfiltration or inﬁltraﬁon through an idealized vadose zone column as a function of fault
spatial density (Figure 3.2). The composite flux density for a given column was
determined by weighting the ﬂow through fault and through sand according to their
relative contributions to the column’s total width (7). Sand and fault properties were
each considered uniform. Faults were assumed to have a constant width of 1 ‘cm (like
fault E10), 90° dip, and spatial densities ranging between one fault /10 m and one
fault/1000 m (denotea as 1:10° cm and 1:10° cm). As fault width was always much less
than the column width occupied by sand (thus Wr =W, the expression for liquid-phase

composite flux density could be simplified;

qynsqu”f Q.f's inf !
q. u:. “,f W ] w 2f g, fgf ( )

where g. is the composite liquid-phase flux density for the entire column (L/T); W, Wy

gs, and grare the widths (1) and flux densities (L/T) for the sand and fault components,
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respectively; and dyis the fault spatial density (-). Dividing the composite flux density
for the faulted domain (3.15) by the composite flux density for the unfaulted domain
yields a dimensionless liquid-phase infiltration/exfiltration enhancement factor, E, which

describes how much more quuid-phaSe water flows through the column because of the

presence of the fault:.

Jaulted

- g
E=-de—altd L . (3.16)

unfaulted

4q. g;

| An enhancement factor value of 1 indicates thé fault has no impact whereas a value of 2
indicates the flux through the composite column is twice that through a ;aﬁd—only column.
The composite flux density and enhancement factors were calculated as functions of fault

spatial density and either matric potential or depth to water table.

3.4 Results

The terms “fault” and “sand” used below refer to faults and sands which have
similarly contrasting hydraulic properties as the E10 fault and its parént sand. Pooﬂy
lithified, well sorted, eoljan and fluvial sands such as those found in the Canyon Trail arca
are coﬁlmon throughout the Santa Fe Group, which constitutes the rﬂaj or aquifer and
vadose .zone units for the Albuquerque, Santa Fe, Las Cruces, and El Paso - Juarez
metropolitan areas [Hawley, 1978; Connell et al., 1999; Hawley et al., 1995, 2001,
Hawléy and Kernodle, 2000]. These sands can be expected to have hydraulic properties .

similar to those measured for the E10 sands if the grain and pore size distributions are
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reasonably similar. We believe that other deformation band faults will behave like the E10

fault because most of the faults we have observed macroscopically resemble fault E10.

3.4.1. Gravity-driven scenario. The K-y plot in Figure 3.3 shows how the sand and
fault hydraulic conductivity ‘and gravity-driven, liquid-phase flux density (g,) vary with
matric potential. Below thie crossover matric potential, v, =50 to —80 cm, fault liquid-
phase flux density exceeds sand liquid-phase flux density by orders of magnitude [Sigda
aqd Wilson, 2003]. However, as the sand becomes drier, the vapor-phase flux density g,

. becomes increasingly important. Our calculations re\}eal that the thermal vapor-phase flux
density ranges between 9.0v x 10 and 3.0x 107 cm/year, depending on the geothermal
gradient and ambient fnoisture content. (We assumé thét the geothermal-driven upward g,
is equal in both sand and fault.) Represented by the hatched area in Figure 3.3, this flux
density range agrees with the 1.0 - 3.0 x 10" cm/year estimated for vapor-phase flux

- density in other arid vadose zones [Ross, 1984; Scanlon et al., 1997]. Liquid-phase flux
density values for the parent sands (DL06 and the mean) intercept the maximum vapor-
phase flux density in the range -200 > Y = -300 cm and become negligible, relative to
vapor-phase movement, if the matric potential drops below ~400 cm. Fault ¢; doesn’t
cross over the vapor-phase flux density g, until the matric potential is muéh lower, 1700
=1 >-2600 cm (Figﬁe 3..3), suggesting that water movement in deformation band faults
will be dominated by downward liquid-phase movement, even where the surrounding

sand is dominated by upward vapor-phase movement.
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Advective solute residence times, t,, for an L = 100 cm column of sand increase much
more rapidly than fault residence times as matric potential decreases (Figure 3.4). At high
(wet) matric potentials, sand residence time is much shorter than fault £, Sand and fault
residence times are eqﬁivalent at the crossover matric potential: —50 > Yy = —80 cm. Aty
= -200 cm, fault #, is less than an order of magnitude larger than its value at P =0, yet
sand ¢, becomes five to six ofders of magnitude larger over the same interval. Fault
diffusion residence time #, for a 100 cm column length varies little over the full Y range, is
relatively insensitive to the choice of MQ or CW model for the effective diffusion
cqefﬁcient, and is at least an order of magnitude less than diffusion ¢, in sand. In contrast,
sand diffusion #; changes by roughly two orders of magnitude as v decreases; moreover,
the predicted MQ residencé time is significantly larger than that predicted by the CW
model (Figure 3.4). ’fhe dominant mechanism for solute movement through the sand
switches from advection to diffusioﬁ if the matric potential is less than ~200 to —400 cm,
dep:.enc_iingr on the choiqe of ‘sample and D(B) model, whereas solute advection through the
fault is much faster than diffusion until vy is between —1050 and —1800 c¢m (Figure 3.4).
Differe.nces between advective and diffusive residence times may actually be somewhat
greatér as Olesen et al. [1996] have demonstrated that the MQ model overestimates the
effective diffusion coefficient by 200 to nearly 400% for several sandy soils and loams
with moisture contents between 0.10 and 0.20. Irrespective of the D(0) model chosen for
the sand, deformation band faults can provide a significant liquid-phase “fast path” for

non-reactive chemicals through the sandy parts of a moderately dry vadose zone, whether
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by advection or by diffusion. Our results also indicate fault “fast paths” are more likely
to experience more rapid diagenetic change than the sand. When 1 = -200 cm, the fault

will advect more than a hundred pore volumes under gravity-driven flow in the time taken

to advect a single pore volume through the sand (Figure 3.4).

A faultéd sand column can infiltrate significantly more water than an unfaulted sand
column under steady gravity-driven conditions even if fault spatial density is smaller than
those observed at our study site (Figure 3.5). In unfaulted columns (dr=0), downward
liquid-phase composite flux density ¢, (3.15) abruptly decreases with decreasing vy, so
that net water flux is downward for 1 > -200 ¢m and “upward fory <-300 cm (i.e.,
upward geothermél-driven g, dominates). Faults contributé so little additional downward
flux at a spatial density of one 1 cm wide fault in 1 km (1:1km) that net water flux is still
upward (Figure 3.5). For this case, the infiltration enhancement factor, , (3.16) has a
value very élose to one (Figure 3.5). Increasing fault spatiai density above 1:1 km
increases ¢, and E until het water flux switches from upward to downward. Ata fault
density of 1:10 m, g, exceeds the greater of unfaulted g, or upward g, by as much as two
orders of magnitude for -160 > >-500 cm (Figure 3.5). The sharp increase in E at this
spatial density is caused by the abrupt decrease in sand liquid-phase ¢, relative to fauit qr
as 11) decreases (Figure 3.3). The 1:4 m fault density reported for the Canyon Trail ﬁeldn
site [Herrin, 2001; Sigda and Wilson, 2003] more than doubles the downward liquid-phase

g. predicted for a 1:10 m fault density, thereby extending net downward water flux across

an even wider span of matric potentials (Figure 3.6).
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3.4.2. Evaporation-driven scenario. Differences between sand and fault liquid-
phase ﬂux.dgnsity, g1, are at least as large for evaporation-driven upwa;d flow as for the
- downward gravity &iven case (Figure 3.7). Upward sand and fault flux densitiés are
equivalent at crossover water table depths of 40 < H, < 70 cm, above which fault q
decreases much more graduaily than .sand gr At H=100 cm, fault g, is roughly one to
two orders of magnitude greater than sand g, and the disparity widens to two to four
orders of magnitude at # = 200 cm (Figure 3.7). Although we have no steady-state
estimator for a lower bound (the geothermal-driven vapor flux model is inappropriate for
a shallow vadose zone), modeling results by Scanlon and Milly [1994] (their Figure 12)
for a site near the Rio Grande river in west Texas yielded a maximum downwards thermal
(driven by surface temperature) vapor-phase flux density of 1.0 x 1073 cm/year apd a
maximum upwards tlllermAal vapor-phase flux density of 5.0 x 10 em/year, both at a
depth of ~2 m. Choosing the value of 107 cr/year as a first cut approximation for
downwards thermal vapor-phase g, in the shallow vadose zone, we see that the upwards
fault ¢; exceeds downwards thermal g, by at least two orders of magnitude throughout the

entire H range, whereas sand flux density falls well below thermal ¢, once H exceeds 200

to 406 cm (Figure 3.7).

First advection, then diffusion, dominates solute transport through sand as water table
depth increases, whereas only advection dominates transport through the fault (Figure
3.8). Sand advective solute residence times drop to the order of diffusion residence times

for water table depths between 200 and 400 cm (Figure 3.8). Fault advection residence
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times are much shorter than sand advective residence times for water table depths greater
than 60-80 cm (Figure 3.8). Thus, a unit cross-sectional area of fault will advect roughly a
thousand pore volumes upwards through a 300 ¢m column in the ten thousand years

required to diffusively transport a single pore volume through a sand column of the same

dimensions, given a steady water table position.

Faulted sand beds can si gnificantly increase net exfiltration of water upward from the
water table, relative to an unfaulted sand bed, if fault spatial density > 1:1 km and &> |
100 cm (Figure 3.9). As with the gravity scenario, estimates of the liquid-phase
exfiltration enhancement factor, E, increase very rapidly Wi'.th water table depth because

sand flux density diminishes at a far faster rate than fault flux density (Figure 3.9).

3.5. Discussion

As climéte conditions change from wet to dry, flow and transport shifts from sand
(distributed fluxes) to the fault (focused fluxes). Enhanced fault fluxes are persistent for
conditions that aren’t so wet that flow and transport processes in sand dominate, or so
dry that competing vapor-phase processeé dominate both fault and sand. In answer to
our first research question fhis demonstrates that faults can be hydrologically significant
within arid and semi-arid vadose zones. By predicting how the dominant processes
change in each material as governing conditions vary, our conceptual model provides a
useful first cut answer to our second research question about the conditions necessary for

accelerating flow and transport through vadose-zone faults.
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Our results reveal two significant transitions that are critical to understanding and
comparing sand and fault hydraulic behavior. The first transition is the crossover point,
which 1s the value of the governing variable (y, for matric potential and H, for water table
depth) at which the two materials have equivalent liquid-phase flow or transpoft fluxes.
The sécond transition occurs where a new set of flow or transport processes overtakes in
fnagnitude or significance the previously dominant set of processes. This “dominance
threshold” has a value appropriate to each material and pair of processes. For exam’plé,
downward advective liquid-phase water flow dominates all other flow processes in sand
under relatively wet gravity-driven flow conditions, bﬁt at some lower matric potential
value the sand’s liquid—phaée flux is so small that it equals the estimated maximum
geothermal-driven, upward vapor-phase flux. The dominance threshold for vapor-phase
flow in the sand is thus this matric potential value because vapor-phase flow dorﬁinates
liquid-phase flow for sand beds under drief conditions (lower ¢). Similarly, dominance
by ad\}ecﬁve solufe transport in the same sand will give way to dominance by diffusive
solute transport if the éand is sufficiently dry. The relative positions of sand and fault

transition points, both crossover points and dominance thresholds, determine preferential

flow and transport through a faulted sand bed.

Results for poorly lithified sands show that the shift in dominant flow and transport -
processes occurs at relatively wet conditions. Under the gravity-driven scenario,
advective processes dominate flow and transport in sand for high matric potential values

(Y near 0 cm). Dominance by steady, downward, advective liquid-phase water flux (g)
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gives way to dominance by upward, vapor-phase water movement (g,), and advective
solute transport gives way to diffusion, when the governing matric potential is less than -
200 to -300 cm. . This, then, is the dominance threshold for both geothermal-driven vapor-
phase flow and‘diffusive transport for sand under the gravity-driven flow scenario. A
similar pattern is observed for the evaporation-driven flow scenario: liquid-phase
advection through the sand upwards from a shallow water table dominates in relatively
wet conditions.(H small). The decrease in upwards advectidn_ with increasing H shifts the
dominant water flow process from liquid-phase advéction to thermal vapor-phase flow
between water table depths of 200 and 400 cm, using Scanlon and Milly’s [1994] ¢,
estimate. The dominance threshold for diffusive solute transport occurs around the same
water table depth. Thus, when vadose-zone sand beds are stfe;ssed by a thermal gradient
and are so dry that diffusion controls solute transport, water movement in the vapor-
phase also dominates that in the 1iquid~phése. Our sand model predictions agree with
previous studies that have shown 1iqui&-phase flow and transport through sandy beds is

very small under relaﬁvely‘ dry vadose zone conditions [Winograd, 1981; Scanlon et al.,

1997; Walvoord et al., 2002].

The dominant flow and transport processes in faults, on tﬁe other hand, shift at much
drier conditions than those in'sand. Faultsina gravity-driven flow scenario are predicted
to have a dominance threshold of -17 00 > 1 > -2600 cm for geothermal-driven vapor-
phase flow and -1050 > ¢ > -1 800 cm for solute transport by diffusion. Under the

evaporation-driven scenario, advective liquid-phase processes remain dominant over
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thermal vapor-phase flow and diffusion-driven solute transport processes across the
entire range of Water table depths considered. (Again, we have assumed that thermal
fluxes through faults and sands are not significantly different.) The dominance thresholds
for these competing processes within the fault evaporation-driven scenario occur at

conditions far drier than those examined in this study.

Directly comparing fault and sand behavior reveals conditions for preferential flow
and transport through a deformation band fault, beginning at the crossover point and
ending at the point where some other competing proc;ess dominates at lower matric
potentials. We first consider solute transport. Whether by advection or diffﬁsion, solute
transport is always more rapid within faults than in sands if the governing variable has a
drier value than its crossover points for both gravity- and evaporation-driven flow
scenarios. For eifher flow or solute transport, these crossover points fall within -50 > P
>-70 cm for the gravity-driven flow scenario and within 40 > 2 > 80 cm for the
evaporation-driven scenario. The diffusion dominance thresholds for faults, -1050 > >
-1800 cm for the gravity-driven scenario and approximately 2000 < H <3000 c¢m for the
evaporation-driven scenario,‘ are found in far drier conditions than the same thresholds for
sand, increasing the likelihood that much more solute will be transported through faults
than sands. Diffusive solute flux through the fault remains roughly an order of magnitude
more rapid than sand solute flux for the governing variable ranges considered (Figures 3.4
and 3.8). Whether by advection or diffusion, contaminants could short-circuit sand beds

Which have been usually regarded as effective obstacles to solute transport through arid
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and semi-arid vadose zones. For example, at 1 = -200 cm under steady gravity-driven
flow, a solute could advectively break through a 1 m thick sand bed containing one or
more faults in roughly 7 months to 2 years, compared with the 150 to 1400 years needed
to advectively brealf fbrough an unfaulted sand bed. The disparity persist-s for iower
matric potentials: at y = -1000 cm, fault solute advective breakthrough requires 70 - 400

years, rather than the 17,000 - 21,000 years needed to diffusively break through the

unfaulted sand bed.

Such 1arge differences in solute residence tifnes create large disparities in the .rate and
amount of diagengsis‘in vadose zone sands and faults. The nﬁmber of pore volumes
passed through a sand diminishes sharply, as conditiqns change from wetter to drier,
compared to a ﬁuch more gradual decling in faults. In the gravity-driven flow scenario the
ratio of the nﬁmber of fault pore volumes, per sand pore volume, ranges from several
- hundred to several thousand, depending on the D(0) model (Figure 3.10). The ratio is
even greater for the evaporation-driven scenario: from several thousand to several tens of
thousands (Figure 3.10). The maximum ratios occur at matric potentials between —300<
P < -500 cm and at water table depths between 200 < H < 300 cm. Even under the driest
conditions considered, between ~10 to several thousand pore volumes pass through a
fault in the time needed to pass a single pore volume through the same amount of sand.
These processes may be responsible for the cementation of faults observed in the Rio

Grande rift (Figure 3.1a), leading to the formation of the “fault-fin” landscapes [Davis,

1998] such as those in Figure 3.1a.
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However, this cementation ot vadose-zone fauits shouid not be confused with the
saturated-zone cementation of faults also observed in the Rio Grande rift [Mozley and

Goodwin, 1995; Heynekamp et al., 1999].

Several field tests of the preferential ﬂdw and transport behavior predicted for faults are
possible. Assuming samples can be recovered from depth, stable isotope tracers collected
from deformation band faults and poorly lithified sands should differ significantly under
steady gravity-driven flow, if the tracers are specific to liquid-phase water movement.
Calcite cementaﬁion textures and distributions within and adjacent to faults. could also

potentially reflect the expected disparities in saturation.

Fault “fast path” flow behavior requires fault liquid-phase flow g, to substantially
exceed both sand ¢; and the competing vapor-phase flow g,. In a direct comparison of
sand and fault fluxes, preferential flow occurs in the fault at governing variable values
between the crossover point and the dominance threshold, estimated for thermal vapor-
phase flow in the fault, under both gravity- anci evaporation-driven flow scenarios
(Figures 3.3-4 and 3.7-8). Taking the gravity-driven flow scenario as an example,
preferential flow occurs at matric potentials within the range -50 > > -2600 cm, where -
50 cm is the 1, upper limit and -2600 cm is the dominance threshold lower limit for
upward vapor-phase flow in the fault. Liquid-phase flow through the fault dominates in .

this range because it exceeds sand or competing fault fluxes by one to four orders of

magnitude (Figure 3.3).



Upscaling to incorporate fault spatial density into our flow model demonstt
fault prefereﬁtial flow remains important for observed fault densities and vados:
conditions. Volumetrically, faults constitute much less of the vadose zone thajﬁ
the dominance threshold shifts to wetter conditions whereas the crossover poin
area-weighted average of sand and fault flux densities) effectively shifts to drier
conditions, narrowing the range of cohditions for which fau}t liquid-phase flow
importaﬁt to, say, recharge or discharge. Although we did not plot them, the p:
the effective crossover points for the ‘composite columns can be inferred from t
composite flux density plots by looking for the governing variable value at whi
faulted sand bed first deviates from the ¢, curve for é sand-only column (Figure
3.9). Altematively, we define net flux () as the difference between comi)osite

density (g.) for the faulted domain and the larger of unfaulted g, and vapor-phe

.|

For gravity-driven flow thrdugh a faulted sand bed, positive net flux can be

faulted
c

unfaulted

d.

N=|g

- max(

represented as the filled areas in Figure 3.6, which increase in size (width and t
spatial density. The maximum net flux, regardless of fault spatial density, occ
dominance threshold for geothermal-driven vapor-phase flow in unfaulted éanc
=-212.3 cm for a system with mean sand — mean fault properties (Figure 3.6).
dominance threshold >for vapor-phase flow in the faulted domain, marking the

positive net flux, occurs at progressively drier ¢ values as fault density increa:
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crossover point for faulted and unfaulted g, moves further into wetter conditions with
increasing fault density. Thus, for a system with mean sand and mean fault properties,
the matric potential range for positive net flux is ~102 <1 < -487 cm at 1:10 m, -89 <
<-630 .cm at 1:4 m, and —80 <t <-755 cm at 1:2 m (Figure 3.6)\. Whereas maximum net
flux scales roughly linearly with fault density (3.15), the matric potentialv span within
which ‘net flux is possible dOes not. Note that positive net flux and its associated matric
potential span are still significant for a DL06 sand - DL20 fault system that has the least
difference in measured hydraulic properties, but with smaller magnitudes than a mean
sand — mean fault system (Figure 3.5). Deformation band fgults can shift net water flux
from upward to downward in arid-like vadose zone sands under graVity-drivén flow
conditions given fault densities observed in the middle‘ Rio Grande rift, and can therefore

promote greater liquid-phase infiltration under far drier conditions than can be expected

. from unfaulted sand beds,

Evaporation-driyen exfiltration from a faulted sand bed requires a lower fault spatial
density to significantly enhance water ﬂux than does gravity-driven infiltration. The
minimﬁm fault density for significantly enhanced exfiltration is less than 1:1 km, whereas
positive net flux for infiltration does not begin until the fault density is ~1:10 m (Figures
3.5 and 3.9). At a fault density of 1:10 m, maximum upward g. through a faulted domain
1s 60-70 times largér than either thermal g, or liquid-phase g, for an unfaulted domain,
compared to only 10 times for similar comparisons with the gravity-driven flow scenario

(Figures 3.6 and 3.9). Exfiltration through deformation band faults is thus likely to be
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hydrologically significant where the water table is between 1 and 9 m from the surface at
fault densities of 1:1 km and greater, densities which we personally have observed in the

middle Rio Grande rift.

The transition points (dominance_thresholds) to transport dominated by diffusion
from that dominated by advection depend on the conceptual model’s definition of
breakthrough. In our model, advective .breakthxough is velocity-based, not concentration
dependent, whereas diffus{Ve breaktﬁrough is signified by our arbitrary choice of 0.5 * Cy
for the breakthrough concentration. Nd single value of diffuéive breakthrough
concentration is appropriate for all needs, thus, the position of a diffusion dominance
threshold within the range of governing variable considered will vary with the selected
. value. For example, choosiﬁg 0.9 * Cy (i.e., concentration at the point of interest is 90%
of the source concentration) as the breakthrough concentration shifts all diffusion
residence time curves upwards by a factor of rbughly 25 (or a little over one log cycle on
Figures 3.4 and 3.8). This causes each diffusion dominance threshold to shift into drier
conditions, yet widens the disparity between fault and sand residence times by over an
order of magnitude. Choosing a proportion less than Cy/ 2 instead shifts the diffusion
dominance thresholds into wetter conditions, but still maintains a significant difference
between fault and sand residence times. In all cases, faults act as fast paths for solute

transport across some significant span of governing variable values.
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The predicted differences in solute residence time could also be affected by transport
processes not included in our conceptual model, particularly differences in retardation and
dispersivity between fault and parent sand. The clay size fraction, which may contain
clay minerals in addition té clay-sized feldspar, quartz, and lithic fragments, occupies 5%
of the sand volume and 30% of fault Volﬁme at the Canyon Trail field site [Herrin, 2001]
and at other fault éites in the Rio Gfande rift [Sigda et al., 1999]. A fault’s relatively
greater clay-size fraction could retard pro gress of a reactive chemical (e.g., thiough
sorption), depending on the chemistry of solute and matrix, thereby inéreasing the
effective solute residénce time. Dispersivity for transport through partially saturated
media is primarily controlled by moisture content, pore size djstribution, and the
tortuosity of interconnected water filled pores, films, and pendular rings. Sand
dispersivity can be expected to abruptly decrease for matric potential values < -50 ¢cm
until reaching residual moisﬁge content, leaving water distributed in poorly
interconnected films and pendular rings. In contrast, fault diépersivity should change
much less over thé same .matric poteﬁtial range because fault moisture content changes
less abruptly with matric potential than sand 6. Both the realignment of elongate grains
from parallel-to-bedding to éarallel-to-dip during formation of deformation band faults,
and the sub-vertical continuity of the fault clay-size fraction (gouge for cataclasite) within
the elongate pores, [Goodwin and Tikoff, 2002; Sigda et al., 1999: Herrin, 2001] suggest

that fault dispersivity is likely to be highly anisotropic.
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Despite its simplistic fault arrangement, our conceptual model can be extended to
other faults dips and widths, albeit with some caveats. By limiting fault dip to 90°, the
conceptual model overestimates liquid-phase flux density and underestimates solute
resideﬁoc time for less steeply dipping faults. Nearly all of the deformation band faults
we have observed in the Rio Grande rift have dips between 55 and 90°. Model estimates
can be easily corrected for less steepiy dipping faults by multiplying (dividing) by the
sine of the dip for flux density (residence time). Corrected flux density values for the
observed dip range would then equal 82 to 91% of the model’s estimated value. Fault:
width can vary along both dip and strike for a given fault as the zone of deformation
band‘s widens, narrows, or splays [Herrin, 2001]. Zones of deformation bands reach
widths of 10 to 20 cm in other Canyon Trail faults [Herrin, 2001] and 50 cm in some large
displacement faults (Figure 3. 1b). Accommodating different fault widths requires
redeﬁﬁing fault density to equal the ratio of total fault width to tdtal column width, so a
50 cm wide fault every kilometer gives a fault density of 5 x 10", This correction
assumes that zones with more diffusely distributed deformation bands have hydraulic
properties similar to those used in this study, i.e., those for a narrow zone of deformation
bands. “Diffuse” zones of deformation bands as well as individual deformétion bands
likely possess similar hydfaulic properties because they were formed by the same
processes of cataclasis and shear-induced compaction, bﬁt £his hypothesié must be tested.
A more complete analysis of the effects of fault dip and architecture on unsaturated

hydraulic behavior requires two-dimensional numerical modeling, which could also be
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used to test whether deformation band faults can enable preferential infiltration and solute
transport through sand beds which are wetter (y nearer to zerb) than the crossover
value. With a lower X than the surrounding sand, a fault could form an extensive dipping
catchment that intercepts and concentrates infiltrating liquid-phase water along its hanging
wall contact. Though similar to the “funnel-flow” observed by Kung [1990a,b] along the
top of an inclined coarse sand bed, fault catchment flow behavior would depend. only on a

sharp contrast in hydraulic conductivity, not water entry pressure (i.e., capillary barrier

behavior).

Observations of preferential flow and transport through the vadose zone have
previously been limited to macropores, gravity fingers [Hillel, 1998; Selker et al., 1999],
and funnel flow [Kung, 1990ab, 1993]. Neither macropore nor fingering flow
appropriately describe the preferential flow and transport predicted here for deformation
band faults. Like preferential flow through a macropore network, preferential infiltration
through é fault is driven by gravity and abetted by the large difference between the
hydraulic conductivities of the structure and its sunounding matrix. Deformatioﬁ band
faults, however, are far richer in mictopores and much poorer inmacrlopores than the
surréunding protolith. Furthermore, macropore flow through arid and semi-arid vadose
zones is a transient phenomenon 1imited to raj:id saturation or positive water pressures at
the upper boundary, unlike the steady preferential flow - upward or downward - through
faults described in this paper. Preferential flow through gravity fingers appears to be able

to persist for years or decades [Selker et al., 1999], but the agents (hydrophobicity, air
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pressure gradients, wetting — drying history, etc.) thought to cause fingering do not cause
the fault fluxes described here. Because it also depends on contrasts in capillarity and
thus hydraulic conductivity, the funnel flow observed by Kung [1990ab, 1993] along the
contact between aﬁ inciined coarse-grained sand lens and a finer-grained matrix bears some
resemblance to the preferential flow .and transport predicted here for faults. Funnel flow,
however, would not occur for a vertically oriented coarse lens, is solely limited to
downward movement, and can be self-limiting as continued interception of liquid-phase
water along the contact will eventually reach a matric potential sufficiently large to allow
breakthrough into the coarse lens. Preferential flow aan transport through deformation
band faults can be either upward or downward (depending on the b'oundary conditions),
can occur in vertical and sub-vertical faults, and is not self-limiting. We believe the key is
that both phenomena are created by a crosscutting feature or structure which possesses a
markedly different K(1) function than the surrounding matrix. Although the definition of
“funnel flow” could be expanded to include enhanced fluxes through faulté iﬁ ;;oorly

- lithified sénds, anothef term which more clearly identifies causation for a more gengral

class of phenomena may be more appropriate.

We propose to call the category of preferential flow and transport phenomena driven
by heterogeneities in capillarity, “capillary wicking”. This emphasizes the cﬁusal role of
differences in fault and protolith capillarity. Although small-scale (centimeter to meter)
sedimentary features ‘such as flame, pillow, and ball structures (see pages 163-166 in

Boggs [1987]) may behave similarly to fault capillary wicks, it is likely that the larger-
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scale structures such as deformation band faults, clastic dikes, or slump structures from

syn-sedimentary folding and faulting will prove to be more hydrologically important.

3.6. Conclusions

Substantial vadose-zone preferential flow and solute transport occurs within
deformation band faults, thin tabular extensive zones of reduced grain and pore sizes,
under the relatively dry coﬁditions of arid and semi-arid areas. As conditions become
drier, unsaturated hydraulic conductivity, flux density énd seepage Ve‘locity switch from
being far greater in the poorly lithified parent sand to being far greater in the fault. This
pattern was observed for a scenario with steady, one-dimensional, gravity-driven
downwards flow in which matric potential  is the governing variable, as well as an
evaporétion—driven scenario in which water table depth H governs the steady flux
upwards from a shallow ‘water table to the ground surface. Flux density and seepage
velocity are at least two orders of magnitude larger in sand than in a fault for governing
variable values nearesf to saturation (\ or H near 0); however, flux rates drop far faster in
sand than in the fault as thé governing variables be;come drier ( decreasing or H
increasing), so that fault and sand fluxes are equivalent at some point (crossover point; 1y
=1, or H = H,), and under still drief conditions fault fluxes exceed sand fluxes by two to

five orders of magnitude (y < Yy or [ > H,).



3-52

Preferential flow and transport through faulted sand beds depends on the specific
flow and transport processes active in the system, fault and sand hydraulic properties,
and the rélative proportions of sand and fault. Two transitions are important indicators
of which materials and which processes dominate water or Sqlute fluxes. Betwéen these
transitions flow and transport is dominated by liquid-phase water flow and solute
advection in the fault. At the wet end is the crossover point, where fluxes through fault
and sand are equal. For conditions wetter than the crossover point, the sand is more
important. At the dry end is a dominance threshold, where a competing flow or transport
process begins to take over, e.g., vapbr-phase water ﬂﬁx or diffusive solute transport. In
between the crossover point and the vapor-phase flux threshold, flow through faults
exceeds that through gand by two or more orders of magrﬁtude. Upscaling to a zone of
faults, the faults begin to quantitatively effect infiltration through a deep vadose zone at
fault spatial densities of one 1 cm wide fault per 10 m, and begin to affect exﬁltration

from a shallow water table at only one fault per 1000 m.

Even where water movement in the parent sand is dominated by vapor-phase
transport, faults can have a significant liquid-phase movement in the other direction.
Observed fault densities and matric potentials in the basins of the Rio Grande rift are
sufficient to switch upward vapor movement to locally downward liquid-phase
infiltration. In areas with shallow water tables up to 10 m below ground level, rift fault
densities are more than sufficient to significantly enhance local liquid-phase exﬁltfation_.

Faults also act as fast paths for contaminants and other solutes under both gravity-driven
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and evaporation-driven scénarios. Residence times for a non-reactive solute are many
orders of magnitude shorter in faults thah sand, potentially causing much earlier
breakthrouéh in a sand bed than would be otherwise expected. The dominance threshold
for diffusive transport (diffusive transport begins to dominate advecti\}e transﬁort) lies in
much wetter conditions for sands thén faults, enabling advective transport to persistin a
fault for a much larger range of governing conditions than the sand. Fault diffusive
residence times are roughly one to ﬁvo orders of magnitude less than those for sand.
Faults are expected to be loci for much more rapid diagenesis than sands by transmitting
as many as 10* pore volumes in the time required to trénsmit a single pore volume

through an equivalent length of parent sand.

We propose the term “capillary wicking” as a new category of preferential flow and
transport to describe the behavior we predict for cross-cutting deformatién band faul;cs n

poorly lithified sands. Our predictions of preferential flow and transport by capillary

wicking through deformation band faults demonstrates that deformation band faults caﬁ

have significant impacts on vadose zone hydrology in the Rio Grande rift and other semi-

arid and arid areas.
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CHAPTER 4: HOW VARIABLE IS VADOSE-ZONE
PREFERENTIAL FLOW AND DIAGENESIS IN
DEFORMATION BAND FAULTS?

4.0 Abstract.

Recently published measurements and modeling of a single deformation band faﬁlt |
and its poorly lithified parenf sand suggest that such faults can significantly accelerate
unsaturated liquid-phase ﬂo§v and transport in arid and semi-arid vadose zox;es. We
report confirmatory measurements and modeling for four other small-displacement
normal faults and adjacent sands in the Bosque del Apache Wildlife Refuge, central New
Mexico, USA. Two of these faults are at thé Canyon Trail study area, the location of the
original study, and the other two are at the Elmendorf area, three km further south. |
Poorly lithified sand, protolith, is macroscopically similér‘ for all sites. The new faults in
this study accommodated a range of displacements. Unsaturated hydraulic relations were
measured with the Unsaturated Flow Apparatus (UFA) centrifuge system. Measured
properties were used in simple, one-dimensional, steady flow models to assess the
potehtial for preferential flow and solute tfansport through faulted sands under semi-arid
and arid conditions. X-ray diffraction revealed the clay size fraction (CSF) from
Elmendorf samples contains pure and possibly authigenic smectite, whereas Canyon Trail

samples contain a mixture of smectite and other minerals. Saturated hydraulic
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conductivity, K;, for protolith with pure smectite CSF is at least two orders of magnitude
less than the K; for protolith with mixed clay minerals in the CSF. The difference
between fault and protolith K is several orders of magnitude for samples with mixed clay
minerals but only an order of magnitude for pure smectite CSF samples. Unsaturated
property measurements show that as conditions become drier, K decreases more abruptly
in protolith than faults, so that protolith and fault X reach equivalence (crossovér point),
and, for still drier conditioﬁs, fault K exceeds protolith X by several orders of magnitude.
Fault X functions and fault — sand crossover points differ significantly between the pure
smectite and mixed clay mineral samples, whereas thgy do not vary significantly for the
vertical displacements studied. Given appropriate conditions and dependihg on CSF
composition, more water cén inﬁltraté and exfiltrate thréugh faulted sands than unfaulted
sands by orders of magnitude. Faults are also conduits for solute transport because solute
residence time is far longer in protolith than faults for dry climate conditions. Diagenesis
is much more likely to occur in faults thah protolith because faults are predicted to
transmit up .to 10* pore volumes in the time needed to transmit a single pore volume
through the protolith. Cvomposition of the CSF and the density of deformation bands
within the fault can significantly affect ﬂow.and transport. The range df fault
displacements studied does not affect properties or behavior. Our results demonstrate that
deformation band faults can significantly accelerate liquid-phase infiltration, exfiltration,

solute transport, and diagenesis in arid and semi-arid vadose zones.



4.1 Introduction’

Recent studies of a single small-displacement fault from the Rio Grande rift suggest
that the unsaturated hydraulic properties of a poorly lithified sand and its crosscutting
deformation band fault differ so substantially that, in the rift’s relatively dry clirﬁate, the
fault acts as a path for preferential flow and solute transport through the vadose zone
[Sigda and Wilson, 2003; Chapter 3]. Fault unsaturated hydraulic conductivity, K,

“decreases with decreasing matric potential, 1, at a slower rate than does protolith X, so
that below matric pot‘eﬁtials of —40 to —80 cm, fault K éxcee(is protolith X by as much as
four to six orders of magnitude [Sigda and Wilson, 2003]. Preferential flow and soiute
transport through the sand beds of a moderately dry vadose zone would focus within this
fault, enhancing infiltration (downward flow) for steady gravity-driven flow, enhancing
exfiltration (upward flow) for steady evaporation-driven flow from a shallow water table,
and accelerating diagenesis under both scenarios [Sigda and Wilson, 2003; Chapter 3]. If
other deformation band faults in the Rio Grande rift and hydrogeologically comparable
basin-fill vadose zones (e.g., Basin and Range Province) behave similarly, there could be
important consequences fdr burgeoning cities, for hazardous and nuclear waste sites, and
for weapons testing sites in those regions. We report new measurements of unsaturated
properties and new predictions of unsaturated prefefential flow and diagenesis for four
other nearby deformation band faults and their poorly lithified parent sands, and we

contrast these new results with those for the previously studied site.

" As this chapter was prepared for submission to a journal for publication, it by necessity revisits some of

the introductory material previously presented in Chapters 2 and 3. Readers eager to avoid any repetition
are urged to skip to page 4-5 and begin with the research questions,
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A variety of processes created numerous, extensive, and thick packages of variably
lithified, heterolithic sediments, which in turn form zones of saturation and zones of
vadose water in the American Southwest. Examples include the Rio Grande rift and the
Basin and Range Province. Flow and solute transport through the vadose zones in these
areas is generally expected to be extremely slow given semi-arid or arid conditions and
the limited ability of sandy beds to transmit, via the liquid phase, significant amounts of
water or solutes under such dry conditions [Winograd, 1981; Ross, 1994; Scanlon et al.,
1997]. The relative insignificance of recharge underpins arguments for long-term |
isolation of radioactive waste and other contaminants in Vthese vadose-zone environments
[Winograd, 1981]. Such arguments could be undercut by the preseﬁce of “fast paths™ for
preferential flow and solute transport through these relatively dry vadose zones, such as

macropore networks, gravifcy ﬁngefing, or, perhaps, deformation band faults.

Where numerous syn- and post-depositional faults crosscut sandy sediments, creating
quasi-tabular zones called deformation bands, compaction and cataclasis can greatly |
reduce pore and gréin sizes. Despite the small displacements (on the order Qf
Centiméters), deformatiobn bands possess markedly different hydraulic properties than
their parent materials, whether in well lithified porous sandstones [Aydin, 1978;
Antonellini and Aydin, 1994; Taylor and Pollard, 2'000; Ogilvie et al., 2001] ‘or poorly
lithified sands [Sigda et al; 1999; Hong, 1999; Cashman and Cashman, 2000, Herrin,
2001; Sigda and Wilson, 2003]. Deformation processes drastically reduce mean pore
size, increase clay size fraction, and decrease sorting within individual deformatioﬁ bands
and zones of bands, théreby substantially decreasing porosity and saturated hydraulic

conductivity, K, by several orders of magnitude relative to parent sand or sandstone K.



Faulting can also produce non-cataclasiic STUCTUIES SUCLL 45 VOLLPALVHULL dlict wi
bands [Antonellini et al., 1994; Mollema and Pollard, 1995], which are expected
very different pore networks because of their different formative processes. Thi
focuses solely on shear deformation bands, within which cataclasis has accomm
faulting. We use the term “deformation band faults” [Mollema and Anténellini,
Aydin and Myers, 1997; Sigda and Wilson, 2003] to describe groups or zones 0
deformation bands because they form abrupt discontinuities in hydraulic proper

persist, both vertically and laterally, across decameters to kilometers [Aydin, 1¢

Antonellini and Aydin, 1994; Herrin, 2001].

Starting from the original study, which investigated a single fault site, we a
following research questions.

Do other deformation band faults and their parent sands show similarly large diffen
unsaturated hydraulic properties?

How do the differences vary with characteristics of the fault (e.g., displacement, di;
parent sand protolith (e.g., grain size distribution, mineral composition, etc.)?

Are observed differences in sand and fault properties hydrologically significant? D
differences between protolith and fault characteristics cause significant preferentia.
solute transport through faulted vadose-zone sand beds?

We began by measuring the unsaturated hydraulic properties of four other
faults, assessing their behévior under semi-arid and arid vadose-zone conditio
comparing the results to those for the previously studied fault. The chosen st
within central New Mexico’s Rio Grande rift, allow us to investigate the effe
characteristics, fault displacement, density of deformatioﬁ bands within a fau
mineral cornpositidn of the clay size fraction (CSF), on differences in sand ar

hydraulic properties as well as differences in flow and transport behavior. C]
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fractions from faults and protolith were analyzed by X-ray diffraction to evaluate whether
CSF composition influences hydraulic behavior. The fault and sand site (Canyon Trail
E10) studied by Sigda and Wilson (2003 and Chapter 3] is contrasted with this study’s
four new sites. Two of this study’s four faults are located at the same outcrop as the
previously studied fault, but have different displacements, one larger and one smaller |
than the original fault. The remaining two faults, which are located 3 km further south in
another outcrop of poorly lithified sand, have displacemgnts less than and nearly
equivalent to that for the original fault [Sigda et al.,, 1999]. We collected sahiples from
each fault and nearby protolith, then tested for differences in unsaturated hydraulic
properties by measuring moisture content as a function of matric potential, 6(y), and
unsaturated hydraulic conductivity as a function of moisture content, X(0), for each
sample. Measurements were made with specially equipped centrifuges and the_ resulting
data were fitted to theoretical 0 () and K(6) models as described by Sigda and Wilson
(2003]. These parameter fits were used in simple one-dimensional steady state models,
in the manner of Chapter 3, to investigate the potential for significant impacts on gravity-

driven (infiltration) and evaporation-driven (exfiltration) flow and diagenesis.

4.2 Methods

4.2.1 Geologic characterization

Grain size and bedding orientation were noted for all protolith samples. A set of
samples, independent of the samples for hydraulic properties (Section 4.3.2), were

collected from both fault and protolith at two Canyon Trail sites, E10 and E14, and at the



47

fault A site in the Elmendorf study area. The clay size fraction (< 2 yum in size) of each
sample was separated and analyzed using X-ray diffraction (XRD) by George Austin at
the New Mexico Bureau of Geology and Mineral Resources. The relative proportions of
the co;istituents in the clay size fraction were characterized using a semi-quantitative

scale (parts out of ten) based on the intensity of the XRD reflection peaks.

4.2.2 Measuring hydraulic properties

Hydraulic properties measured inélude porosity, bulk density, saturated hydraulic
conductivity, air entry matric potential, residual moistqre content, the drainage moisture
content — matric potential relation, 6(y) (also known as the moisture retention relation),
and the drainage hyd;‘aulic conductivity ~moisture content K(G) relation. More detailed

descriptions of our methods are given in Sigda and Wilson [2003] and Sigda [2004].

4.2.2.1 Sample collection. Intact samples of fault and protolith were collected from
each site using hand tools or a gas-powered coring device. Sample sizes were dictated by
the dimensions of thelcentrifuge rotors and successful extraction of intact pieces from the
outcrops. All protolith samples were cylindrical in shape, as wére five fault samples ,
because they were collected with the coring device: two samples from fault E13’s 15 cm
‘wide zone of densely distributed deformation bands, one from E14’s diffuse zone of
deformation bands, and one each from Elrhendorf faults A and B. Cylindrical samples
had a mean volume of 68 cm® for large samples and 28 cm”® for small samples. The
remaining fault samples from E14’s spiay D and the Elmendorf fault A were hexahedral

with mean volume of 37 cm” for large samples and 16 cm” for small samples.



4.2.2.2 Sample preparation. Samples were cut and shaped by hand, then measured
for bulk density and oven-dry weight. Selected samples were jacketed with Deveon 2-ton
epoxy and then epoxied into Delrin sleeves. Fault samples NMT19, DS01, and DS02
were epoxied into slecves using the much denser Devcon F2 aluminum epOXy.
Hexahedral fault samples were oriented so that flow through the sample was parallel to
dip - reproducing down-fault flow. Cyﬁndrical fault cores were oriented so that flow was
parallel to fault strike, i.e., emulating horizontal flow through the fault. Flow was
directed parallel to bédding (denoted hereafter as bedding) for nearly all sand samples
because 6f difficulties in extracting intaét samples with longitudinal axes oriented normal
to bedding (denoted as bedding,). We extracted one pair of matching beddiﬁg” and
bedding, sand samples: DS24 and DS25 from site E14’s hanging wall. Sand samples

from the E14 hanging wall (DS03 and NMTO07) are also have bedding,.

4.2.2.3 Centrifuge measurements. X-0 curves were measured using Unsaturated
Flow Apparatus (UFA™) centrifuges and the method described by Conca and others
[Conca and Wright, 1992; Khaleel et al., 1995; Conca et al., 1999]. Centrifuge drainage
curves were measured following Hassler and Brunner’s [1945] centrifuge method,
adapted for the UFA. The set of average moisture content — rpm pairs produced by each
experiment were inverted to 8- values using the method of Forbes [1994], as adapted

for vadose zone hydrology.

4.2.2.4 Fitting models. Theoretical models of unsaturated hydraulic properties were

simultaneously fit to each sample’s K- 8 and 8-y data using a trial and error approach.
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The commonly used Mualem-van Genuchten (MvG) theoretical model [Mualem, 1976;

van Genuchten, 1980] was-fit to the experimental data for each sample:

6(w) =0, +(6,-,)1+ [aw]")'m where m = (n-1)/n (4.1
96 Y o_o "
ol e

Fitted model parameters include both measured and empirical quantitics.‘ Measured
parameters were K; (saturated hydraulic conductivity), a (taken as one over the air entry
-matric potential), 6, (saturated vclumetric moisture content, which equals the porosity for

vacuum saturation), and 6, (residual volumetric moisture content). The empirical
parameters were 7 and 3 : fhe former is an index of the pore size variability for the MvG
model, whereas the latter represents the tortuosity and the partial correlaticn in pore

radius between two adjacent pores at a given saturation [Mualem, 1976].

4.2.3 Assessing preferential flow and transport

We tested whether the faults are likely to induce preferential flow and solute transport
with respect to surrounding sands, by comparing calculated metrics for quuid-phase flow,
solute transport, and diagenesis. The rﬁetrics were determined from the measured
properties and a simple, 1D, steady state conceptual model. Appendix 4.A summarizes
the modeling methods used in this study, but Chapter 3 gives a more detailed description.

We briefly summarize the conceptual model below,
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A simple, steady state, one-dimensional, hydrogeologic conceptual model is used to
represent liquid-phase flow through sand beds with and without a fault. Whéther in
liquid or vapor-phase, water is transported through the vadose zone by a number of
driving forces in semi-arid and arid areas, including body force (gravity), matric potential
(capillarity), and thermal gradients. All three gradients are known or inferred to be active
within the Rio Grande vadose zone [Chapter 3]. Two liquid-phase flow scenarios: water
driven downward by gravity and water driven upward from a shallow water table by
surface evaporation (or plant transpiration) are examined and contrasted with vapor-phase
watér movement driven by thermal gradients. The gravi_tyvdriven scenario applies to the
middle portion (below the root zone and above the capillary fringe) of a thick vadose
zone where there is relatively little vertical change in matric potential so that only gravity
causes advective infiltration. The evaporation-driven scenario applieslto areas with
shallow water tables and dry surface conditions, so that liquid-phase water is drawﬁ up

through the vadose zone by the matric potential gradient.

The conceptual model 1s used to estimate é;nd compare liquid-phase and vapor-phase
fluxes, as well as advec’dve and diffusive solute fluxes, through both faults and sands
(Table 4.1). The metric for the gravity-driven steady flow (infiltration) scenario is the
downward liquid-phase flux density. This metric is contrasted against a vapor-phase
- flux density, gy, drwen upward through the vadose zone by the geothenna1 gradient. The
vapor-phase flux density has been estimated to fall between 0.9 and 3.0 x 107> cm/year in
the Albuquerque Basin vadose zone [Chapter 3]. Our metric for the evaporation-driven
steady flow (exfiltration) scenario is dm upward ﬁquid-phase flux density, which is

associated with its own vapor-phase comparator (Table 4.1). This downward vapor-
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phase flux density is driven by near surface temperature gradients and has been estimated
to reach 1 x 10 cm/year for a site in the Rio Grande valley near El Paso, Texas [Scanlon
and Milly, 1994]. Our médel is also used to explore the importance of the spatial
distribution of faults by caiculating infiltration and exfiltration fluxes through faulted
sand beds as a function of fault spatial density. Advective fesidence time is the solute
transport metric for both scenarios and is contrasted against the aifﬁlsive residence time
(Table 4.1 and Appendix 4.A). The unit time required to pass one pore volume, by either
advection or diffusion, »thro'ugh a given column length is our proxy measure for rate bf

diagenesis and is inversely proportional to residence time [Chapter 3 and Appendix 4.A].

Table 4.1: Metrics to test hydrologic significance of deformation band faults

Process Gravity-driven scenario Bvaporation-driven scenario
1 m column length variable column length
Metric Comparator Metric Comparator
Water flow downward ¢, upward ¢, upward gy downward g,
Solute transport advective ¢, diffusion ¢, advective 1, diffusion ¢,
) _ Unit time per Unit time per
Diagenesis pore volume None pore volume None

q: = liquid-phase flux density; ¢, = vapor-phase flux density; ¢, = solute residence time.

We briefly note the assumptions for the flow and transport models. Only steady flow
is considered. Faults have a uniform thickness and a uniform vertical dip. Fault and
protolith have uniform properties with ne gligible exchange of water br solutes between
them. Hysteretic effects are negligible. Supply of reactants is unlimited, chemi§a1
Kinetics occur instantaneoﬁsly relat.ivel to seepage velocity (typically very small in arid

and semi-arid environments), and diagenesis does not substantially change the hydraulic
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properties of the sand or fault. Vertical length is 10 m because sand bed thickness in the

middle Rio Grande rift is rarely thicker [Davis et al., 1993; Mozley et al., 1995].

4.3 Geologic Setting

Deformation band faults exhibit d wide variability in their internal distribution of
deformed and relatively undeformed material. Deformation bands can occur singly or in
zones, within which the distribution of bands ranges from widely spaced (diffuse) to
closely spaced (dense) [Aydin, 1978; Sigda et al., 1999; Hetrin, 2001]. In this study, we
investigated only zones of defdrmation baﬁds for two reasons. First, individual
deformétion baﬁds are too thin and friab.le to allow centrifuge measurement of hydraulic
properties. Second, zones of deformation bands are more likely t§ persist in both
continuity and orientation across the entire bed thickness because they are longer and
wider than individual deformation bands [Aydin, 1978; Antonéllini and Aydin, 1994,
Sigda et al., 1999; Herrin, 2001]. Note that mappable (i.e., at 1:24,000 and larger scales)
fault zones with moderate to large displacement in poorly lithified sediments can contain
numerous deformation band faults in their mixed and damage zones [Heynekamp et al.,
1999; Rawling et al., 2001]. For the remainder of this paper, the terms “fault” and
“deformation band fault” are used to refer to the.dense and diffuse zones of deformation

bands in poorly lithified sands that we have studied.

Located in the Bosque del Apache Wildlife Refuge roughly 200 km south of
Albuquerque, New Mexico (Figure 4.1a), the two study areas contain outcrops of

predominantly fine grained, well sorted, poorly lithified sand cross cut by multiple
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deformation band faults. The Elmendorf study area is located roughly 6 km south of the
Refuge Visitor Center, near the southern end of the Socorro Basin of the Rio Grande rift.
The other study area, called Canyon Trail, lies 3 km south of the Refuge Visitor Center
and 3 km north of the Elmendorf study area.‘ It is also the location for the E10 fault and
protolith previously studied by Sigda and Wilson [2003]. We refer to the previously

studied fault site as the baseline site to distinguish it from the four new study sites.

Detailed geologic descriptions of the Elmendorf study area can be found in Sigda |
[1997] and Sigda et al. [1999], whereas the Canyon Trail study area is described by Hong
[1999], Herrin [2001], and Sigda and Wilson [2003]. The two study areas are interpreted
to be part of tﬁe Miocene-age Popatosa Formation (correlative with the Albuquerque
Basin's lower Santa Fe Gfoup), which forms vadose and aquifer units in this area and
throughout the Socorro and La Jencia basins [Hawley, 1978]. Poorly lithified, well
sorted sands similar to those found in our study areas are common throughout the Rio
Grande rift region [Hawley and Kernodle, 2000] in the Santa Fe Group basin fill, which
forms the major aquifer and vadose zone units for the Albuquerque, Las Cruces, and El

Paso-Ciudad Judrez metropolitan areas [Connell et al. 1999; Hawley et al., 1995, 2001].

4.3.1 Protolith

The protolith at the Elmendorf study area is a fine-grained, well-sorted, poorly
lithified sand roﬁghly 5 to 8 m thick with both cross and horizontal planar bedding
present [Sigda et al., 1999] (Figure 4.1b). Interpreted to be primarily eolian in origin, the

sand is an arkosic litharenite with a significant proportion of volcanic lithic fragments, a
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relatively small clay size fraction, and moderate porosity (Table 4.2) [Sigda, 1997; Sigda

et al, 1999]. Mean grain size is between 0.125 and 0.354 mm [Sigda, 1997].

Table 4.2: Point count results (%) for Elmendorf and Canyon Trail faults and protolith

Elmendorf Canyon Trail E10
HW protolith ~ Fault A: HW protolith  Dense ZDB

Constituent dense ZDB (SH-1) (SH-2)
Detrital quartz 14 15 18 31
Total feldspars 28 23 10 16
Total rock fragments =~ 27 21 _ 27 19
Other ; 0 0 -4 : 2
Clay size fraction 6 23 4 30
Porosity ‘ :

Macroporosity | 20 7 33 -0

Microporosity 5 10 4 3

% sample volume occupied by each constituent is calculated by dividing the total count
for each zone, protolith or fault, into the count for each constituent in that zone.

Dense ZDB = zone of deformation bands with closely spaced bands. HW = hanging wall.

Elmendorf data, from Sigda et al.[1999], are based on two thin sections, each with three
replicate counts of 300 points. One thin section was collected from protolith nearly 2 m
from the fault. Canyon Trail data from Herrin [2001] are based on two thin sections each
with counts of 300 points for protolith and counts of 150 points for fault. Sample SH-1
contained both deformation bands and protolith but only protolith data are presented.

At the Canyon Trail sfudy area, two 135 m long outcfops, separated by a railroad cut,
expose a poorly lithified, well-sorted, fine to medium-grained eolian and fluvial sand
(Figure 4.2). There is nearly 5 m of poorly lithified sand, with an upper bed of fine to
medium-grained sand and a lower 1.5 m fhick_ bed of fine-grained sand, all beneath a
conglomeratic unit (Figure 4.2). The saﬁd is an arkosic litharenite with a large proportion
of volcanic lithic fragménts (Table 4.2 and Herrin [2001]). Cross bédding is more
common than planar bedding [Herrin, 2001]. Elmendorf and Canyon Trail sands appear

similar in grain size, sorting, and mineral composition (Table 4.2).
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e e diffuse ZDB
Figure 4.2: Canyon Trail study area, continued. e) Site E14 after a rain storm. Shovel is
90 cm long. Boxes (faults) and circles (sands) show sample locations. DB = deformation
bands; ZDB = zone of deformation bands. f) Close up (along strike) of E14D, which is a

dense, narrow ZDB crosscut by other dense ZDB as well as individual bands. g) Close up
of E14 fault zone comprising dense and diffuse ZDBs and individual deformation bands.
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4.3.1 Elmendorf faults

Faults in the northemn part of the Elmendorf study site are numerous, spaced every
150 to 200 cm, less friable, and appear to have been preferentially cemented (Figure
3.1a). Faults in the southern part are not cemented and look very similar to the Canyon
Trail faults (compare Figure 4.1¢ with Figure 4.2b-g). We studied two of these norma‘1
faults in the southern part, labeled A and B in Figure 4.1c. These faults are narrow zénes
of deformation bands which have dips between 65 and 75°, widths between 5 and 15 mm,
and reduced grain size as weil as increased induration relative to the protolith (Figure
4.1¢). Fault A accommodated 54 cm of vertical displacement, whereas Fault B
accommodated 35 — 40 cm of vertical displacement in its narrow, dense zbne of bands
and 20 — 25 cm in an adjacent, wider zone of diffusely distributed bands (Figure 4.1c).

There are no mesoscopic, open fractures in any of the faults studied.

4.3.2 Canybn Trail faults

Roughly 30 faults have been identified in the Canyon Trail sands. Average fault density
is 1 fault per 4 m along a north-south transect (Figure 4.2a) [Herrin, 2001]. Faults vary
from small displacement (<1 m vertical displacement), mostly sﬁb~parallel, dense to
diffuse zones of anastomosing deformation bands inv the south, such as those described by
Sigda et al.[1999], to much larger displacement faults (1 — 15 m vertical displacement) in
the north that include complex arrangements of deformation bands, zones of deformation
bands, and pods of little-deformed sand (see Figﬁre 4.2b-g and Herrin [2001]). Fault dip

varies between 54 and 87°, and displacement is predominantly normal with local minor



4-19

strike slip [Herrin, 2001]. Fault zone width varies considerably along dip and along
strike, as do the number and orientation of splays (Figure 4.2b-g). Only one of the faults

in the sand is cemented. There are no open, mesoscopic fractures within any of the

deformation band faults studied.

Th-e baseline fault E10, studied by Sigda and Wilson [2003], has a well-defined,
vertically continuous, narrow, dense zone of defoxm;zlticn bands (Figure 4.2b). Adjacent
to the fault is a zone of splaying, diffusely distributed deformation bandé (Figure 4.2b).
The dense, narrow zone of bands varies between 0.5 and 1.5 cm in width and dips
roughly 60°. The bands and .zones of bands appear as white traces on the outcrop surface,
are better indurated than the protolith, and collectively havé accomfnodated 5 5 cm of
vertical displacément, although nearly ail the displacement was accommodated within the
narrow, dense zone of bands. Point-count‘analysis of the fault shows that large increases
in clay size fraction and microporosity were balanced by decreases in macroporosity and

in feldspar and volcanic lithic content, compared to the protolith (Table 4.2).‘

The t§v0 Canyon Trail fault zones investigatéd in this study, E13 and E14, have larger
displacements and more complex anaﬁgements of deformation bands than thé baseline
fault. E13 has a relativély wide (6 to 15 cm) zone of densely distributed deformation
‘bands, a zone of diffusely distributed bands, and individual deformation bands, which
cbIléctively have accommodated a minimum vertical displacement of 3 m (Figure 4.1¢c-
d). The dense zone of deformation bands dips 58° to the south and appears to ha{Ie
accommodated most of _the vertical displacement compared to that accommodated by the

adjacent individual bands and zone of diffuse bands. Fault E14 displays a much more
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complex spatial distribution of deformed material than eithér fault E10 or E13 in its
assemblages of individual deformation bands and numerous zones of bands (Figure 4.1e-
g). We studied both the main fault ione and a nearby smaller-displacement fault. The
narrow, dense zone of deformation bands, E14D, dips 70° the north and accommodated
only 20 cm of vertical displacement (Figure 4.2f). The main fault zone, E14, COmprises
both diffuse and dense zones of bands (Figure 4.2g) and dips 60° to the south with an |

estimated minimum vertical displacement of 5 m.

4.4 Protolith and fault properties

In the following sections, “fault” refers to the deformation structure itself, “site”
refers to a fault and its protolith, and adjacent sites constitute an “area”, e.g., the Canyon

Trail study “area”.

4.4.1 Geologic characterization

The XRD results for clay size fractions from fault and protolith samples revealed
unanticipated differences in mineral composition between the Car;yon Trail and
Elmendorf sitevs (Table 4.3). Although it represents only 4-6% of protolith-composition
at both study areas (Table 4.2), the clay size fraction (CSF) from Elmendorf protolith is
wholly composed of smectite clay minerals whereas the CSF from Canyon Trail
protolith contains a wide variety of clays.and other minerals (Table 4.3). Smectite purity
(i.e., other clay minerals are minor or absent) and distribution as grain coatings o‘r rims

[Figure 18 in Sigda, 1997] in the Elmendorf protolith indicate that the smectite is
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Table 4.3: X-ray diffraction analyses of clay size fraction

Sample llite/
Location/Description Kaolinite  Illite Smectite Smectite Other
Canyon Trail
E10
Sand
FW buff f gr 4 6 Cli, Ort, Q
- FW gray m gr 1 3 6 ' CH, Fel, Cal?
- HW graym gr 5 5 ir Cl, Fel, 07
Fault
Narrow, dense ZDB 3 7 tr Q, Cli, Ort, Pla, Cal
Narrow, dense ZDB 2 8. Cli, Q, Pla, Ort, Cal
E14 '
Sand
Gray-buff f-m gr 2 3 4 1 Cli, Ort, Pla
Buff f gr 2 5 3 ClL, Ort, Q, Pla
Fault _
Q, Cli, Pla, Ort,
Wide, diffuse ZDB 2 6 Cal? :
Cli, Q, Ort, Pla,
Narrow, dense ZDB 2 6 Cal?
E14D dense ZDB 1 3 4 1 Cli, Ort, Pla, Q
Elmendorf
HW sand .
Buff f gr 10
Buff m gr 10 tr
Fault .
Fault A dense ZDB 9 1 Fel

Semi-quantitative ranking of clay mineral abundance in parts of 10. m gr = medium
grained; f gr = fine grained; #r = trace; ZDB = zone of deformation bands. Other
constituents include clinoptilolite (Cli), orthoclase (Ort), plagioclase (Pla), other feldspars

(Fel), quartz (Q), and calcite (Cal). Quantity of “Other” is indicated by boldface (major)
and italics (minor).

authigenic [Wilson and Pittman, 1977; Wilson and Stanton, 1994]. Differences in CSF

composition between the two study areas persists in the fault samples studied (Table 4.3).
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We frame our comparison of the four new fault sites and the previously studied,
baseline site (E10) according to three geologic characteristics. Protolith is characterized
as having either pure smectite CSF (Elmendorf) or mixed clay minerals CSF (Canyon
Trail). Faults are characterized according to deformation band density and vertical
displacement. Zones of bands with closely spaced bands are called dense, whereas those
with > 1 cm between bands are called diffuse. Displacements between 20 and 60 cm are
called small and abbreviated as sZDB for small-displacement zone of deformation bands,
whergas greater displacements are called large and are abbreviated as 1ZDB. Where

possible, we compare each fault with its protolith from' both foot and hanging walls.

4.4.1 Hydrologic characterization

Differénces in the CSF mineralogy for protolith samples can yield large differences in
hydrauhc propertles Protolith with mlxed clay mineral CSF, all from the Canyon Train
area, have snmlar porosity, bulk den31ty, and K values (Table 4.4). The small variability
in K values is larger than the expected margin of error for UFA K measurements
[Appendix 8.A]. Protolith samples from the Elmendorf area, all with pure smectite CSF,
have substantially lower saturated hydraulic conductivity (X), yet the bulk density and
porosity values are similar to the Canyon Trail values (Table 4.4). The UFA K, values
for Elmendorf protohth with pure smectite are also three to four orders of magmtude
lower than previous K measurements at nearby locations on the same outcrop made with
an air mini—peﬁneameter [Sigda etal, 1999]. UFA K measurements of Canyon Trail
baseline (E10) protolith agreed with previous air mini-permeameter and flexible-wall

water permeameter measurements [Sigda and Wilson, 2003].
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Fault samples have significantly different porosity, bulk density, and X values
relative to their associated protolith samples (Table 4.4). In all cases, faults have much
higher bulk density and much lower porosity than their respective parent sénds. In all but
one case, fault Ky values are significantly lower than protolith values, by two to threé
orders»of magnitude. The sole exception is Elinendorf fault sample NMT19, which has a
K; value that is only marginally lower than its hanging wall protolith (NMT12) K value,
but is roughly an order of magnitude lower than its footwall protolith K, value. These
new K, measurements corroborate previous reports that faults are much less conductive
under saturated g:onditions than their poorly lithified parent sands [Sigda et al., 1999;
Hong, 1999; Sigda and Wilson, 2003]. The significant differences in bulk density,
porosity, and K, between faults and protolith persist régardless of protolith CSF

mineralogy, fault displacement, or deformation band density (Table 4.4).

Twelve of the nearly two dozen samples collected from the foﬁr sites were
successfully analyzed for both X-0 and 8- experiments and fits made to the Mualerﬁ-
van Genﬁchten (MvG) model. Only one of the two centrifuge experiments was
successfully completed for two other samples (Table 4.4). A partial 8- data set was
collected for the sole E14 foot wall protolith sample (DS05), but the datd were sufficient
to ﬁt both relations. Complete centrifuge. results were obtained for matching pairs of
fault and protolith for all sites with the exception of E14, from which only protolith
samples were analyzed. Complete da1;a sets were obtained for fauit E14D (DS02), which

cross cuts the E14 footwall (represented by sample DS05), but is separated from the E14
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hanging wall protolith samples DS03,0S24, DS25, and NMT07 by the relatively large-

displacement fault E14 (see Figure 4.2¢-g).

The UFA K-8 and 60— experiments (Appendix 4.B) and the fitted MvG parameter
values (Table 4.5) reveal that protolith and faults have strikingly different unsaturated
properties and that protolith unsaturated properties vary significantly with CSF

mineralogy. Protolith sarnples with mixed clay CSF show steep declines in volumetric

- moisture content (8) with decreasing matric potential (drainage 8(1p) relation), whereas

protolith samples with pure smectite CSF show declines that are less steep, and fault
samples show declines that are even more gradual (Appendix 4.B). This is corroborated
by the fitted values for the o parameter (inverse of the air entry matric p(;tential) and the
n parameter: values are smallest for faults, intermediate for pure smectite protolith, and
greatest for mixed clay protolith (Table 4.5). The smaller the « value, the larger (i.e.,
closer to 1y = 0) the matric potential ét which the material begins to aewater. Similarly,
the larger the n value, the steeper the decline in the drainage 0() relation. The
difference between protolith and fault » values is much larger for sites with mixed clay
CSF than sites With pure smectite CSF (Table 4.5). Residual moisture content, 6,, was
lower for protolith than faults for only two sites (Appendix 4.B). The K(8)experimental
daté show that K decreases in a relatively gradual, log-linear fashion with decreasing
moisture content for faults, but decreases much more steeply for protolith, and most
steeply for protolith with mixed clay mineral CSF (Appendix 4.B). Fitted [3 values vary
widely with no consistent trend within or between fault and protolith samples. However,

many of the protolith samples with mixed clay mineral CSF have f values close to the
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Table 4.5: Fitted parameter values for Mualem-van Genuchten model

Sample 0; 0, o n B K;
ID (e’ cm®) (em’em™) (em’) ) ) (cnvs)
‘Canyon Trail (mixed clay mineral CSF)
E10 Baseline
Mean for FW & HW  0.318 0.062 0.038 3.3 04 1.7 x10”
std  0.014 0.005 0.01 0.30 03 0.15
Mean for dense sZDB  0.202 0.089 0.003 1.7 1.6 7.4x10°
: std  0.014 0.015 0.001 0.11 0.7 0.32
E13 ‘ ‘ -
FW (NMT01) 0.300 0.053 0.04 3.1 2.1 3.0 x10°
Dense 1ZDB (DL08) 0.255 0.100 0.009 1.4 -1.3 1.5x107°
El4
HW (DS03) bedding,  0.300 0.070 0.04 . 26 0.6  3.1x10°
HW (DS24) 0.320 0.095 0.03 2.7 0.8 1.6x107
HW (DS25) bedding, - 0.295 0.085 0.025 2.8 0.5 2.0x103
FW (DS05) 0.307 0.053 0.045 35 0.4 2.6x107
E14D dense sZDB ,
(DS02) 0.220 0.076 0.0075 1.9 -1.2 2.0x10°
Elmendorf (pure smectite CSF)

FW (NMT03) 0.301 0.100 0.018 2.1 1.0 2.6 X107
HW (NMT12) 0.295 0.122 0.0095 1.7 1.4 3.2x10°
Fault A dense sZDB

(DSO1) 0.185 0.105 0.0025 1.5 0.2 3.8 x107
Fault A dense sZDB

(NMT19) 0.157 0.110 0.003 14 2.9 2.9 x10°®
Fault B diffuse sZDB . o . :
(DL04) 0.285 0.095 0.009 1.5 1.0 5.0x10°

FW = footwall protolith; HW = hanging wall protolith; CSF = clay size fraction; sZDB = small-
displacement zone of deformation bands; 1ZDB = large-displacement ZDB. Sand samples are
beddingy unless otherwise indicated. K; MvG values differ slightly from measured values to
improve fits for a few samples (see Table 4.4), E10 data taken from Sigda and Wilson [2003].

0.5 estimated by Mualem [1976] for 45 different soils (Table 4.5). There is little
difference between the matched bedding, and bedding samples from the E14 site
hanging wall, although K; is marginally greater for the bedding, sample (Appendix 4.B).

The fault sample with diffusely distributed deformation bands (Elmendorf fault B) is
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more conductive than samples from the fault with densely distributed bands (fault A)
under wetter conditions (v near 0), but is much less conductive at drier cohditions, WP <
—200 cm (Figure 4.3¢). K(0) curves for the two dense ZDB samples ffom fault Aare -
based on fewer data than those for dense ZDB samples with mixed clays because the
angular velocity range for the centrifuge could induce only relatively small departures in

6 from saturation for the samples with pure smectite CSF (Appendix 4.B).

K(y) curves bplotted from the fitted MvG parameters reveal that fault X exceeds
protolith X by orders of magnitude for a large lJ,J range (Figure 4.3). As depicted, each
K(3) curve has two limbé. In the first limb, which isrnearly horizontal, X decreases very
gradualvly as 1 decreases from zero (saturation) to 1 slightly greater than the air entry
matric potential. In the second limb, K decreases much mdré steeply as decreases
. below the air entry matric potential. The first limb épans a relatively narrow  range for
mixed clay protolith, a wider range for pilre smectite protolith, and the widest range of all
for faults, régardless of fault CSF mineralogy. The second limb decreases most steeply
for mixed clay protolith', less steeply for pure smectite protolith, and most gradually for
faults, again, regardless of fault CSF mineralogy (Figure 4.3). Each pair of K(1p) curves
for fault and protolith from the same site reveals a crossover point [Sigda and Wiison,-
2003; Chapter 31, Yx, where the fault and protolith K values are equivalent. Protolith X is
greater than fault K for vy values greater than the crossover point, whereas fault X exceeds
protolith X for 1 values less than the crossover point (Figure 4.3). Crossover points
occur at larger 1p values for mixed clay mineral CSF sites relative to the crossover points-

for pure smectite CSF sites. For Canyon Trail sample pairs, Yx = -44 cm at fault E13 in
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Figure 4.3: Fitted K() relationships. Shading depicts range of K() relations for all samples around the
mean sand and fault curves for the E10 (baseling) site. Hatching shows the maximum geothermal vapor-
phase flux density, ¢,. FW = footwall, HW = hanging wall; mixed = mixed clay mineral CSF; pure = pur¢
smectite CSF; sZDB = small-displacement zone of deformation bands; 1ZDB = large-displacement ZDB.
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its footwall, -40 cm at fault E14D in its footwall,-51 cm for the baseline mean fault in the
mean sand. For Elmendorf sample pairs, the crossover point is -119 cm at fault A in its
footwall and -125 cm in its hanging wall, and -95 cm for fault B in its hanging wall.
Differences between K(y) curves for related fault and protolith samples are greatest for

sites with mixed clay CSF and smallest for sites with pure smectite CSF.

4.4.2 Discussion of property measurements

The centrifuge experiments and fits to the Mualem-van Genuchten model
demonstrate that saturated and unsaturated hydraulic properties for protolith and faults
differ significantly at the four new sites. The stark contrasts in hydraulic properties
observed for tﬁe pairerd protolith and fault samples confirm previous findings [Sigda and
Wilson, 2003] that cataclasis and corhpaction create fault structures which hav¢ greater
moisture retention and hydraulic conductivity than their poorly lithified parent sands
under moderately dry vadose-zone conditions. These measurements also provide a
partial answer to the question, “How do the differences vary with characteristics of the
fault (e.g., displacement, dip, etc.) and protolith (e.g., grain size distribution, mineral

composition, etc.)?”.

‘Compared to protolith samples, the variation in fault unsaturated hydraulic properties
is small and depends more on deformation band density and CSF mineralo gy than on
fault displacement. The K(1) curves (Figure 4.3) for the three Canyon Trail faults, all of
which have dense distributions of deformation bands and mixed clay mineral CSF, are

very similar despite vertical displacements of 20 cm for E14D, 55 c¢m for E10, and a
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minimum of 3 m for E13. Note that the variability in K(p) curves for the E10 baseline
fault, based on five samples, encompasses the K({) curves for Canyon Trail faults E13
and E14D for nearly all of the matric potential range greater than —1000 cm (Figure 4.3).
In contrast, comparing the K(1p) curves for the two dense ZDB with nearly equiifalent
displacements but different CSF compositions, Canyon Trail E10 (55 cm) and Elmendorf
A (54 cm), demonstrates that CSF mineralogy has a greafer_ impact on fault properties
than displacement. This is confirmed by comparing the K(x) curves for the two faults
with the smallest displacements, Canyon Trail E14D’s dense ZDB (20 cm of
displacement) and Elmendorf fault B’s diffuse ZDB (20-25 cm displacement). The
largest differences in fault properties appear to be associated with CSF mineralogy rather
than density of deformation bands. The K(%) curves for the two Elmendorf faults A and
B, which have pure smectite CSF, differ substantially from one another, perhaps because
of deformation band density (fault A is a dense ZDB whereas fault B is a diffuse ZDB),
or because of differences in displacement (54 cm for fault A versus 20-25 crh for fault B).
The similarity in hydraulic properties for all dense zones of deformation bands suggests
that cataclasis and ‘compacti'on produce fairly consistent changes in pore networké,

regardless of displacément magnitude or CSF composition, for the ranges studied here.

Protolith hydraulic properties show greater variability than fault properties, but this is
only partially explained by differences in the mineralogy of the clay size fraction.
Compared to Canyon Trail protolith and its mixed clay CSF, the Elmendorf protolith,
with its pure smectite CSF, has much lower K, values and crossover poinfs which occur

at much lower (drier) matric potential values (Figure 4.3). The pure smectite CSF makes
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Elmendorf sands more conductive than the nearly all of the Canyon Trail sands under dry
(low matric potentials) conditions (Figure 4.3). With the exception of a single sample
(DS05 from E14 foot wall), the E13 and E14 protolith K(y) curves fall almost wholly
outside the range observed for E10 protolith (Figure 4.3), despite their similarities in
grain size, composition, and mixed clay CSF, which suggests moisture content and
hydraulic conductiv'ity willlvary substantially across the sand beds given a single
governing matric potential. K(3)) cuﬁes for protolith with pure smectite CSF are even

farther separated from those observed for E10 protolith samples with mixed clay CSF.

The contrast in hydraulic properties between related samples of fault and protolith
appears to depend more on the protolith’s CSF mineralogy and the fault’s density of
deformation bands than on fault displacefnent. The contrast between protolith and fault
hydraulic properties is consistently much larger for sites with mixed clay CSF than sites
with pure smectite CSF. The protolith — fault disparity is limited to a narrower P range

for faults with widely spaced deformation bands than faults with more clbsely spaced

deformation bands.

We attribute the large and unexpected difference between air and water K, values for
Elmendorf sands and faults to the pure, and likely authigenic, smectite CSF. SEM
micrographs show some sand grains from the Elmendorf site are rimmed with plates of
smectite, oriented normal to grain surféces as either low-relief ridges or in;erwoven
pillars that bridge intergranular pores [Sigda, 1997]. These bridge and ridge textures
obsérved in the Elmendorf protolith are associated with authigenic smectite, which has

been shown to severely reduce K; in petroleum reservoir sandstones [Wilson and Pittman,



4.32

1977; Wilson and Stanton, 1994]. This raises a question about the role of the sizeable
amounts of smectite detected in the Canyon Trail samples that did not show any
significant difference between water-based and gas-based K méasurements, whereas the
pure smectite CSF in the Elmendorf samples reduced water-based K measurements by at
least three orders of magnitude relative to gas-based K, measurements. These results

suggest that air permeability analyses be supplemented by analyses of CSF mineralogy in

areas where pure smectite CSF might be present.

4.5 Flow and trahsport modeling

The four new faﬁlt sites demonstrate large differences in unsaturated hydraulic
properties. Are these differences geologically or hydrologically significant? The
following analyses and discuséion focus on the flow and transport behévior predicted for
two scenarios, gravity-driven and evaporation-driven flow, in the context of éompeting
processes. Each site is represented by at least one protolith — fault pair (Table 4.6) to
investigate crossover behavior and the impacts of fault spatial density. Fault spatial
densities of one 1 cm wide fault per every 100, 10, and 2 m of sand aiong an arbitrary

horizontal axis are denoted as dimensionless ratios 1:10% 1:10°%, and 1:200, respectively.
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Table 4.6: Fault-protolith pairs for modeling
Site/sample pairs Pair name Crossover 1 (cm)
Canyon Trail (mixed clay mineral CSF)

E10 baseline

Mean dense sZDB in mean sand Ei0 -51

E13

Dense 1ZDB (DL08) in FW sand (NMT01) E13 -44

E14D '

Dense sZDB (DS02) in FW sand (DS05) E14D-1 - 40

Dense sZDB (DS02) in HW sand (DS25)* El4D-2 -86
Elmendorf (pure smectite CSF)

Fault A dense sZDB (DS01) in FW sand (NMT03) EA-1 -119

Fault A dense sZDB (DS01) in HW sand (NMT12) EA-2 -125

Fault B diffuse sZDB (DL04) in HW sand (NMT03) EB -95

FW = foot wall; HW = hanging wall; sZDB = small-displacement zone of deformation bands;
1ZDB = large-displacement ZDB; CSF = clay size fraction:

* No HW samples for site E14D were completely analyzed, so we use a HW sand sample for site
E14 instead, even though fault E14D does not crosscut this particular sand. Sample DS25 is very
similar in properties to the two other HW samples, DS24 and DS03 (Figure 4.3).

4.5.1 Modeling results

4.5.1.1‘ Gravity-driven flow and transport. Fault-enhanced {nﬁltration is only
significant if it is appreciably larger than the liquid-phase flow of water through an
unfaulted bed, and if it exceeds the fluxes of competing processes, ¢.g., vapor-phase
water flux. We deﬂrie net water flux, ¢,., as the difference between downward liquid-

phase, g;, and upward geothermal-driven vapor-phase, g,, flux densities (Appendix 4.A):

G = G- 4, | (43).
In this analysis, g; also represents the composite flux density, g., for a sand bed with or |
without faults (Figure 4.3). The maximum vapor-phase flux density from the geothermal
gradients observed in the vadose zone of the Rio Grande rift’s Albuquerqee Basin is

estimated to range Between 9x10*t03x 103 cm/year [Chapter 3], and is depicted as a
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hatched area on the plots in Figure 4.3. To calculate net water flux (4.3), we arbitrarily

selected the upper end of this range, g, =3 x 107 cm/year [Chapter 3].

For protolith, infiltration varies wideiy in magnitude and net water flux varies in
magnitude and direction, depending on matric potential and protolith CSF compositimj
(solid curves in Figure 4.4). Under relatively wet condiﬁoﬁs (g > ), infiltration is
substantial and net flux is downward, but as the system becomes drier (y — 1), net
water flux switches from downward to upward (Figure 4.4). This occurs at larger
(wetter)  values for protolith with mixed clay mineral CSF than protolith with pure
smectite CSF (Figure 4.4). The variability in dominance thresholds, which are transition
points from dominance by one process to dominance by a‘ competing process [Chapter 3],
for protolith samples with mixed clay mineral CSF (Figure 4.4) suggest that at a given
matric potential, some unfaulted beds will be dominated by liquid-phase infiltration

whereas others will be dominated by upward vapor-phase water movement.

Inﬁltration through faulted sand beds can be greatly enhanced, relativé to unfaulted
beds, but enhancement depends on matric potential, fault density, and the composition of
the clay size fraction (Figure 4.4). Fault spatial densities of 1:104, 1:.103 ,and 1:200
(Figure 4.A.1 in Appendix 4.A) can extend _downward net water flux into much drier .
conditions than is possible with sand-only columns, but the minimum fault spatial density
and associated matric potential vary frém site to site (Figure 4.4). Under wet conditions,
the matric potential is high enough (close to zero) that none of thevfault spatial densities
considered has any significant effect on increasing infiltration bécause all of the flow is

focused within the protolith. Yet at sites with mixed clay mineral CSF under drier
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conditions () < -100 cm), fault densities of at least 1:10> (one 1 cm wide fault every 10 m
of sand) enhance infiltration by as much as one to two orders of magnitude, thereby
extending downward net water flux into drier conditions (Figure 4.4a-f). Fault densities
of 1:10* show slight or no infiltration enhancement. The amount of infiltration
enhancement and the matric potential range over which enhancement occurs vary
sigpiﬁcantly between sites with mixed clay mineral CSF. At a fault density of 1:10°, for
example, iﬁﬁltration enhancement occurs roughly within the range -90 > > -300 cm for
site E13, -130 > ¢ > -500 cm for the baseline (E10) site, and for the E14D site the range
is -100 > ¢ > -550 cm for the E14D-1 pair of samples and -300 =1 > -600 cm fof the
E14D-2 pair of samples (Figure 4-6a-f). In contrast, for sites with pure smectite CSF,
Fault A’s dense zone of deformation bands enhances infiltration and extends downward
net flux into drier conditions at fault densities of 1:200 and greater, but Fault B’s diffuse

zone of bands has no impact at the densities studied (Figure 4.4g-)).

Under the gravity-driven flow scenario, solute transport through faults is far faster
than transport through protolith given dry vadose-zone conditions. Whereas solute
residence times, ¢, (A.7), for protolith are shorter than those for faults under relatively wet
(xp near O) vadose-zone conditions, under drier conditi.ons protolith #, is as much as four
orders of magnitude ionger than fault 4, whether transport is dominatcd by advection or
diffusion (Figure 4.5a-b). Indicated by the sharp 'change m slope for each #,(y) curve, the
transition from dominance by advection to dominance by diffusion (dominaﬁce threshold
for diffusion [Chapter 3]) occurs in relatively wet conditions for protolith and in much

drier conditions for faults (Figure 4.5a-b). The differences in protolith and fault residence
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times are largest for sites with mixed clay mineral CSF (Figure 4.5a), whereas the

differences are smaller, though significant, for sites with pure smectite CSF (Figure 4.5b).

The much shorter solute residence times predicted for faults, relative to protolith,
imply faults are much more likely to undergo a more rapid rate of diagenesisthzvm
protolith under drier vadose-zone conditions. Our estimates of relative pore volume, P,
(A.8), predict that, given drier (y < -100 cm) conditions, 1,000 to ~40,000 pore volumes
will pass through a 1 m column of fault in the time it takes to pass a single pore volume
through a 1 m column of protolith at sites with mixed clay mineral CSF (Figure 4.5c).
For sites with pure smectite CSF, relative pore volumes range from less.than 1 to less

than 100 given the same conditions (Figure 4.5d).

4.5.1.2 Evaporation-driven flow and transport. Exfiltration, which is liquid-phase
flow up and out of the vadose zone, through a faulted sand bed only becomes
hydrologically significant if it is appreciably larger than exfiltration through an unfaulted
bed, and if it éxceeds competing flow processes. The controlling variable fof liquid-
phase exfiltration is depth .to the shallow water table, H (Appendix 4.A). Thermally
driven vapor-phase flux, which is a potential competing flow process, is controlled by
time-yarying surface boundary conditions such as those investigated by Scanlon and
Milly [1994] in theﬁ rﬁodel of the Hueco Bolson of the Rio Grande valley near El Paso,
TX. They estimated a maximum downwérd vapor-phase flux density of ~10” cm/yr and
a maximum upward value of 5 x 10” cm/yr for the summer and winter, respectively.
Flux maxima were predicted to occur at roughly 2 m depth (Figure 12 in Scanlon and

Milly [1994]). Although these seasonal fluxes are not directly comparable to our steady



4-40

state fluxes, we use the largest downward value, 10~ cm/yr as a threshold for the
competing process. If the liquid-phase flux from exfiltration falls below this value,

vapor-phase flow is possibly more important than exfiltration in this scenario.

Exfiltration fluxes through protolith Véry significantly with depth to the water table
and CSF mineralogy (Figure -4.6 sdlid curves). Exfiltration flux rates decrease with
increasing depth to the water table, bﬁt fluxes through éll protolith samples with mixed
clay mineral CSF except those from the E14 HW decrease most steeply, whereas those
from the E14 HW and those with pure smectite CSF decrease less steeply (Figure 4.6).
This allows the E14 HW and Elmendorf sands to transmit exfiltration fluxes which are
ofders of mégnitude larger than those transmitted by the protolith from E13, E14.FW, and
E10 sites, which reach the threshold for competing thermal vapor-phase flow at fairly wet

conditions (> -300 cm). The E14 HW and Elmendorf protolith samples do not reach the

threshold until conditions are far drier (Figure 4.6).

Exﬁltraﬁon is significantly enhanced in faulted sands and is controlled by fault spatial
density, density of de-for-mati‘on bands, and CSF mineralogy (dashed curves in F igure
4.6). Exfiltration enhancement can reach two orders of magnitude for faulted sands with
mixed clay mineral CSF, even at the 10* spatial density (Figure 4.6a-c), whereas
enhéncement is negligible for all faulted sands with pure smectite CSF , except pair EA-1,
fault A in its footwall protolith (F igure 4.6d-f). Enhancement is possible at fault spatial .
densities of 1:10° and greater for water table depths between roughly 100 and 1000 cm
for the sites with ﬁixed clay mineral CSF (Figure 4.6a-c), but is limited to a range of

only 400 to 1000 cm at a density of 1:200 or greater for sample pair EA-1 (Figure 4.6d-1).
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Evaporation-driven solute transport is also greatly enhanced for faults versus
protolith. Controlled by water table depth, ‘CSF‘ mineralogy, hydraulic properties, and
deformation band density, solute residence time, ¢, for the evaporation-driven scenario
(A.7, A.11, A.12) can be as much as four orders of magnitude longer for protolith than
faults at sites with mixed. clay mineral CSF (Figure 4.7a and ¢). For sites with pure
smectite CSF, the difference vin fault and sand residence times is less than three orders of
magnitucie (Figure 4.7b and d). Only protolith samples show a switch from transport
dominance lby advecAtion'to diffusion; in contrast, solute transport through faults js |

dominated by advection over the entire range of depths to the water table studied.

Estimates of relative pore Volume, P, (A.8), indicate that faults shc;uld be

- preferentially altered given dry conditions for the evaporation-driven scenario. Sites with
mixed clay mineral CSF can transmit more than 10,000 pore volumes in the time needed
for a single sand pore volume for water table depths greater than 100 cm (Figure 4.7¢).
Maximum relative pore volume for sites with pure smectite CSF is much less, between

only 1 and 200, for wéter table depths > 100 cm (Figure 4.7d).

4.5.2 Discussion of modeling

| Our modeling results predict that deformation band faults can significantly affect
flow and transport through vadose zone sand beds by increasing infiltration, exfiltration,
and diagenesis as well as greatly reducing solute residence times. Our results, which
corroborate predictions made for the baseline fault [Chapter 3], provide an affirmative '

answer to the question, “Are differences in fault and sand hydraulic properties
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hydrologically signiﬁcent?”. The modeling results also offer an initial answer to the
question, “Do protolith and fault characteristics cause significant variability in
preferential flow and solute transport through faulted vadose-zone sand beds?” Predicted
hydrologic impacts depend on the mineralogy of the clay size fraction and on the spacing

between deformation bands, but are not significantly affected by the range of fault

displacements studied here.

Infiltration and exfiltration through faulted sand beds can be as mﬁch ds two orders of
magnitude greater than ﬂﬁies in unfaulted beds only or fluxes from competing processes,.
given fault spatial densities previousiy observed in the Rio Grande rift. Fiow
enhancement is far greater at sites with mixed clay mineral CSF than sites with pure
smectite CSF. Flow enhancement is also greater at faults with dense distﬁbutions of
deformation bands than faults with diffusely distributed bands. Predicted flow
enhancement is negligible for the one fault with a diffuse distribution of deformation
~ bands, Elmendorf fault B, which crosscuts protolith with pure emectite CSF (pair EB in
Table 4.6). Infiltration enhancement by faults extends deminance by liquid-phase flow
over geothermal—drixéen vapor-phase flow into much drier conditions, thereby allowing
downward net water flux to ocour at matric potential values as low as approximately -900
cm for a fault spatial density of 1:200 or greatef at sites with mixed clay mineral CSF
(Canyon Trail area). Similarly, these same faults can extend transport of water from a

shallow water table to the atmosphere into systems with much greatef depths to the water

table given fault densities of 1:10* and greater.
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There is appreciable variability in ﬂow behavior between the four new sites, with
some sites éausing greater impacts and others causing smaller impacts than those
predicted for the baseline site [Sigda and Wilson, 2003 and Chapter 3]. The observed
variability in behavior for faults and for protolith indicates that the vadose-zone flow
processes studied here should vary widely in space. Enhanced infiltration begins and
ends at different matfic potentials for each site, and, similarly, enhanced exfiltration
begins and ends at different water table depths for each site. To achieve enhanced flow,
higher fault densities are needed for infiltration than exfiltration. Likewise, higher fault
densities are required for enhanced flow at sites with pure smectite CSF than sites with
mixed clay mineral CSF. This suggests that for any given steady flow system in
relatively dry vadose-zone conditions, preferential liquid.—phase fluxes could vary widely
within the same faulted sand beds. Observed fault widths vary from the model’s assumed
width of 1 cm, 50 2 fault 6 - 15 cm wide, such as E13, can enhance infiltration through a
much wider sand bed than a 1 cm wide fault with the same properties. The 1D analysis

ignores any effects from variations in dip and cross-cutting relationships.

All the faults stu(iied here can significantly accelerate solute‘trans'port through sand
beds under the range of conditions encountered in arid and semi-arid vadose zones. ,
Solute residence times are foughly one to nearlf five orders of magnitude longer in
protolith than faults, whether flow is driven by gravity or evaporation. The differences in
solute residence times, and therefore relative pore volumes, between fault and protolith is
much greater at sites with mixed clay mineral CSF than sites with pure smectite CSF.
The location of the dominance threshold for diffusion, the point at which the advective

flux rate decreases to the magnitude of diffusive flux rate, also appears to vary with
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protolith CSF as the threshold occurs under wetter conditions (larger y or smaller H) for
mixed clay mineral CSF than pure smectite CSF. Thus, advective solute flux exceeds
diffusive flux in protolith with mixed clay mineral CSF for a narrower range of matric
potential () or water table depth (H) than in protolith with pure smectite CSF, making
 diffusion the dominant solute tfransport process in protolith across most of the \ and H
ranges studied heré. Differences in ¢ for protolith and fault are larger for faults with
dense distributions of deformation bands than faults with diffusely distributed bands.
Whereas advection yields to diffusion in protolith as conditions become drier (decreasing
1 in the gravity scenario or increasing H in the evaporation scenario), advection

dominates transport through faults across much of the Y and H ranges.

Preferential diagenesis, such as cementation, in faults rather than protolith can thus be
explained by the large differences in calculated relative pore volumes. As many as four
orders of magnitude more pore volumes pass through faults in the time needed to pass
through a single pore volurﬁe through the same amount of protolith, Relative pore
volumes are larger under evaporation-driven flow than gravity-driven ﬂow, which
suggests the preferentially cemented fault fins observed at the northern Elmendorf area

[Chapter 3, Figure 4.1a] were more likely caused by exfiltration than infiltration.

The presence authigenic smectite within the clay size fraction appears to have a very
significant impact on the hydraulic pfoperties of protolith and; to a lesser extent, on
faults. Although it is possible that another, as yet undetermined, cause is responsible for
the differences between Canyon Trail and Elmendorf areas in protolith properties and

hydraulic behavior, the similarities in the point count data (Table 4.2) and physical
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proximity (3 km) of the two study areas suggest otherwise. Sites ct)nfaining smectite and
a mixture of other clay minerals in the clay size fraction demonstrate much larger
differences in the hydraulic behavior of faults and protolith than sites with pure smectite
CSF. Smectites constitute approximately 2.4% by volume of the Canyon TrailE10
footwall protolith, compared to 6% of the Elmendorf hanging wall protolith for fault A
(Tables 4.1 and 4.3), but is the cause this difference m the amount of smectite or some
other characteristic, such as the orientation of the smectite plates discussed previously?
As smectite is a common alteration product of volcanjé detritus (glass, lithic fragments),
it is likely distributed across a significant portion of the Rio Grande rift and similar areas,

and should be tested for in hydrologic characterization studies.

4.6.  Conclusions

Our measurements and modeling reveal that there are very significant differences in
hydréulic properties and hydrologic behavior between deformation band fault and poorly
lithified parent sand for the four new fault sites studied here. These differences indicate
that faults can act as preferential pathways for ﬂow and transport through vadose-zone
sand beds under arid or semi-arid conditions. Fault s‘aturated' hydfaulic conductivity (K)
is one to three orders of magnitude less than protoiith saturated K, and depends on the
composition of the clay size fraction (CSF). Fault porosity aﬁd air entry matric potentials
are appreciably smaller and larger, respectively, than those for the protolith. One study
- area has a CSF with pure and presumably authigenic smectite, whereas the other study

area has a CSF with a mixture of smectite, other clay minerals, and other minerals.
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Protolith hydraulic properties differ greatly between the two areas, as saturated X is more
than two orders of magnitude lower for protolith with pure smectite CSF than for
protolith with mixed clay mineral CSF, even though point count analyses show no
significant differences between the protolith samples. CSF mineralogy appears to have a

smaller impact on fault hydraulic properties than it does on protolith properties.

Given an adequate fault spatial density, the large differences in hydraulic properties
can induce greater infiltration or exfiltration from a shallow water table, effectively
extending liquid-phase fluxes into drier conditions where éompeting vapor-phase flow
processes would otherwise dominate water movement. Gravity-driven infiltration as well
as evaporation-driven exfiltration flux rates in faulted sands, given a sufficient fault
density, can be increased up to two orders of magnitude above the flux rates predicted for
either unfaulted sand or the competing vapor-phase flow process. The fault densities
necessary to enhance flow are hi gher. for infiltration than for éxﬁltration and higher for
sites with pure smectite CSF than sites with mixed clay mineral CSF. We have observed
fault densities that are more than sufficient to increase infiltration and exfiltration under

the relatively dry vadose-zone conditions of the Rio Grande rift and similar areas.

Solute residence times are roughly one to nearly five orders of magnitude longer in
protolith than faults, whether flow is driven by gravity or evaﬁoration. Advection yields
to diffusion as the dominant transport process in protolith for drier conditiohs, ie.,
decreasing matric potential W for the gravity scenario or increasing depth to water table H
.for the evaporation scenarfo. In contfast, advection dominates transport thfough faults

across much of the ranges for both 1 and H. As many as four orders of magnitude more
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pore volumes pass through faults in the time needed to pass through a single pore volume
through the same amount of protolith. Consequently, faults are far more likely to

undergo preferential cementation or other diagenetic changes.

Clay size fraction mineralogy and density of the distribution of deformation bands
within the fault help control enhancément of flow and transport processes. However,
differenées between fault and protolith in properties and behavior remain consistent
regardless of CSF composition for the materials studied here. Enhancement is greéter for
sites having a clay size fraction (CSF) that contains mixed clay minerals than for sites
that have a pure (authigenic) smectite CSF. Enhancement is élso greater for faults with
closely spaced (dense) deformation bands than faults with more ‘widely spaced (diffuse)
deformation bands. For the range of displacement studied here, fault displacement
- appears to have no significant impact on hydrauliq property differences or enhancement
of flow and solute transport processes. The location of the dominance threshold for
diffusion, the point at which the advective flux rate decreases to the magnitude of
diffusive flux rate, also appears to vary with protolith CSF because the threshold occurs
‘under wetter conditions (larger 4 or smaller H) for mixed clay mineral CSF than pure
smectite CSF. Thus, advective solute fiux exceeds diffusive flux in protolith with mixed
clay mineral CSF for a na:rréwer range of matric poteﬁtial () or water table depth (H)
than in protolith with pure smectite CSF, making diffusion the dominant solute transport 7
process in protolith across most of the 1 and & ranges studied here. Differences in solute
residence times between protolith and fault are larger for faults with dense distributions

of deformation bands than faults with diffusely distributed bands.
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Appendix 4.A: Flow and transport models

Gravity-driven advection and diagenesis. Under the assumptions of one-
dimensional, steady flow, uniform ambient matric potential, and uniform hydraulic

properties, the liquid-phase flux density, which is given by Darcy’s law,

L Rt o R

which depends only on the constant ambient matric potential, where q; is liquid-phase_
flux density (LT™), v is matric potential (L), K(xp) is the hydraulic conductivity (LT™)
function, z is the vertical axis (L) oriented positive upwards,. This flow regime can be |
used to describe the steady movement of water through the middle portion of a thick

vadose zone, well below the root zone and well above the capillary fringe.
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We gauged the effect of the number of deformation band faults per unit area on
moisture movement by calculating the relative increase in exfiltration or infiltration
through an idealized vadose zone column, composed of a fault and surrounding sand, as a
function of fault spatial density (Figure 4.A.1). The composite flux density for any
column is determined by weighting the flow through fault and through sand according.to
their contributions to the composite column"s total width (W7). Sand and fault properties
are each considered uniform. Faults are assumed to héve a constant width of 1 cm (e.g.,
fault E10), 90° dip, and Spatial densities ranging bétween one fault per 2 m and one fault
per 100 m. As fault width is always much less than the column width occupied by sand
(thus Wt = W), the expression for the flux density of the composite column can be °

simplified:

- qus+quf ~ QsWs-i_Qfo =gq +%

“T W, W, W W

g s

g =q,+dq, (A2)

where g. is liquid-phase flux density for the composite column (L/T); W, W, g5, and gy
are the widths (L) and flux densities (L/T) for the sand and fault portions, respectively;
and dris the fault spatial density (-). The composite flux density was calculated as a
function of fault spatial density and either ambient matric poteﬁtial (gravity-driven

scenario) or depth to water table (evaporation-driven scenario — see below).
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B Wr .
W, = Wy I
Sand H
a l
- e Vp =

Not to scale; Wr » W o
Figure 4.A.1: Idealized columns for determining
impact of fault spatial density. Fault width (We=1 cm) is
much smaller than total column width (Wy=100, 10, or 2
- m). Composite flux density for column is g, Sand and
fault flux densities, g, and g, are shown for the gravity-
driven scenario in which the matric potential is uniform
throughout column (y; = ). For the evaporation-driven
scenario, H is the water table depth, the bottom boundary
is at the water table (y, = 0 cm) and the top boundary at
ground level (W, =-10,000 ¢cm). Taken from [Chapter 3].
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The time, ¢, to advectively pass one pore volume of a conservative solute moving

with no dispersion 'through a uniform, vertical column of length 7 is then

tlw)=Liv,(y) =.L0(w))q,(w) (A3)

where v; is the seepage velocity (LT") and 6 is the volumetric moisture content (L’L).

It too only depends on the domain’s ambient matric potential.

The time to diffusi\}ely pass one pore volume of the same solute through the same
column can be calculated by solving Fick’s second law for an appropriate set of initial
and boundary conditioﬁs. We assumed a semi-infinite domain with a constant
concentration (Cp) Boundary at L = 0 and a zero initial ‘concentration throughout the -
domain. A constant soﬁrce concentration is appropriate for the relatively short travel
distance considered (10 m column length out of a 100 — 300 m thick vadose zone) and a
semi-infinite domain‘is reasonﬁble g.iAven the length and time scales considered. There are
other reasonable choices of initial, boundafy, and breakthrough conditions, but they do
nét change fhé relative differences observed in fault and sand behavior. The éolution of

Fick’s law for this set of initial and boundary conditions is [Crank, 197 5, pp. 20-217:

C(L,1)/Cy=1- erf(L/Z’\/ITt ) (A.4)

where L (L) is the distance from the constant source, erfis the error function, and D is the
diffusion coefficient (L*/T). The time needed for the solute concentration at a distance L
(cm) from the boundary to reach the arbitrary value 0.5C) can be calculated by recalling

the error function value essentially equals its argument value if it is near 0.5
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t(p) = 71 D(6(y)) (A.5).
Here #4is the time to diffusively pass one porev volume (T) and D(8) is the effective
diffusidn coefficient (Lz/T) for a porous medium with volumetfic moisture content 6.
Substituting D(®) for D in (A.5) is valid for a gravity-driven flow regime becaﬁse matric

potential and moisture content are constant throughout the domain length. The D(®)
| coefficient is estimated using the Millington and Quirk [1961] model, which equates D(B)
to the product of the free water diffusion coefficient, Dy, and a tortuosity factor, T,

dependent on 6 and the saturated moisture content (porosity), 6; .

10
mm=D(m Dp?o.> : (A.6)
The effective diffusion coefficient (A.6) and diffusion residence time (A.5) can all be

restated as functions of the amblent matric potential us1ng the fitted K-y curves.

We define solute residence time, #,, as the greater of advective or diffusive residence

times (Equations A.4 and A.6) for a given matric potential:

t,.(T,U) . {ta (1/}) l:f‘ta a_td (A7)

B td(I/’) if1,<t,
This approach ignores any additive interaction between advection and diffusion when
they are of similar magnitude, yielding unrealistically sharp changes in the slope of tr(w) .
Solute residence time is defined in the same Way for evaporation-driven flow and

transport, but water table depth & replaces 1 as the governing variable (see below).
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Our proxy measure for diagenesis is the relative number of pore volumes, P,, defined
as the number of fault pore volumes which are displaced in the time needed to displace a

single sand pore volume. This is simply the ratio of sand to fault residence times:

p (%U) 5 sand t;(lp)

U faudr 1, (y) (&.8)

Evaporation-driveh advection and diagenesis. Gravity, pulling downwards, and
the matric potential gradient, pulling upwards, determine the advective flux density for
steady upward liquid-phase flow from a shallow water table to the ground surface, where
evaporation removes water from the domain. Matric potential, moisture content, and thus
K vary within the domain. Flux density is a nonlinear function of the domain length,
material properties, and the boundary 1 values. Under conditions of one dimensional,

steady flow, Darcy’s law can be written in integral form as [Irmay, 1968]

Yr
ety = Hf%ﬁo

-1
%%;T 1} iy (A9)
where z is the vertical axis.(positive upwards), zr and zp are the elevations [L.] of the top

and bottom boundaries, 17 and Y are the matric potential values at those boundaries, ¢;
is the liquid-phase flux density through the column (positive for upward flow), and K ()
1s the hydraulic conductivity. The bottom boundary condition is ¢ = 0 cm for a water

table boundary. We take zr= 0 and zz = -H, where H (L) is the depth to the water table.

By assuming K() is an exponential function of the form
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K(y) = K, exp —bc]lp]), (A.10)
Gardner [1958] solved (A.9) analytically and then determined the maximum flux density,
g1, by setting Yr=-o0. As (A.10) poorly matched the UFA results, we constructed a
series of piecewise continuous Gardner exponentlal functions (A.8) to mimic the sand
and fault MvG K1) functions. Equation (A.9) can then be rewritten as a system of
nonlinear equations dependent on the constant flux density and the water table depth, H.
A new system of equations was generated for each & value, which varied between 10 and
1000 cm, and solved for g; using Mathematica. The upper boundary potential, 7, was
arbitrarily set to —10,000 cm, because the flux density. qz(H) varies neghglbly with Yy

once it drops below - 1000 cm [Gardner, 1958; Selker et al., 1999, p. 127].

Calculation of the time to advectively pass one pore volume through a given column

length under the evaporation-driven flow scenario can be calculaied using

ta(H) =gy (H) [ 6(z) ez | (A1)

=
Solving the system of nonlinear equations for a given water table depth also yields
information about the distribution of matric potential along column length, which can be’
used to calculate 6(z) and so solve (A.10). The right~hand side integral in (A.l Dis
evaluated numerically, Diffusion-driven residence time for a pore volume (A.12) is

calculated numerically for each value of H in a manner similar to that for (A.11):

=L [ D(6(z))" dz (A.12).

where D(0(z)) is estimated from the Millington-Quirk model (A.6).
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Appendix 4.B: Sample MvG model fits

This appendix presents experimental observations, and data and Mualem-van

‘Genuchten model fits (Figure 4.B.1) for all samples from the four new sites.

8- experiments for two E14 samples, DS24 and DS25, may not have achieved
equilibriuxﬁ conditions because of a lapse in experimental procedure. All but the first two
8- data points for site E14’s Asample DSO03 are que'stionéble because they force the 0,
estimate to be far lower than can be supported by its K-0 data. The K-8 experiments
yielded only a few K-8 data points for the two Elmendorf samples (DSO1 and NMT19)

- from narrow zones of deformation bands. As npted by Sigda and Wilson [2003], the
MvG model curves could not be made to closely match the X-0 data points just below
saturation and still maintain a reasonably good fit at mid and lower saturation for the sand

samples. Residual moisture content (6,) appeared to be typically higher in the K-8 curves

than the 8- curves.

K 1s unexpectedly larger for bedcllingl DS25 than bedding DS24 at site E14. Also
unexpected is the greatéf hydraulic conductivity of the beddih_g:,rL samples relative to their
paired bedding) samples for any givén moisture content (Figures B-). Perhaps this is
indicative of experimental error. Yet we note the cllose agreement in K-8 data for the

three bedding, samples from site E14: DS03, NMT07, and DS25.
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E13 and Elmendorf sand samples
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E13 and E14 fault samples b
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CHAPTER 5: FROM CATCHMENTS TO CONDUITS:
VADOSE-ZONE FAULTS AND CLIMATE

5.0 Abstract

Recent property measurements and one-dimensional modeling suggest that, in
climates drier than a specific point called a crossover point, vertical deformation band
faults can significantly enhance infiltration, exfiltration, solute transport, and diagenesis
within sandy vadose zones. For a given fault and its sand protolith, this crossover innt is
the system state, such as climate, for which fluxes through the fault and protblith are
equivalent. In a climate-driven system with a climate-controlled crossover point, water
and solute fluxes through the protolith will dominate fault fluxes for climates wetter than
the crossover point, whereas fault fluxes will dominate sand fluxes for climates drier than
the crossover point. We extended the modeling of different climates to investigate fault
dip and Wafer exchange between fault and protolith, two-dimensional aspects not
captured in the previous 1D models. - Using previously reported hydraulic properties for
fault and sand brotolith, We numerically simulated steady, gravity-driven, liquid-phase, _
variably saturated flow (infiltration) with climatically controlied boundary conditions
through two-dimensional faulted and unfaulted sand beds in which normal faults have
either 90° or 65° dips. Wet to dry ciimates were rep_resented by specified matric
potentials at the boundaries. Simulated 2D matric potential, flux density (specific

discharge), and seepage velocity distributions reveal that faults with dips less than

5-1
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possessing markedly different hydraulic properties than the parent material [Aydin, 1978;
Antonellini and Aydin, 1994; Sigda et al; 1999; Hong, 1999; Sigda and Wilson, 2003].
Non-cataclastic deformation bands and deformation band faults in well-lithified porous

- sandstones are not considered here. Distinct from macropore flow, gravity fingering, and
funnel flow, this recently identified type of preferential flow and solute transport, a type
of “capillary wicking”, is caused by the féult’s network of much sfnaller pores, relative to
protolith pore sizes [Sigda and Wilson, 2003; Chapter 3]. Under relatively dry conditions
capillary forces maintain a much higher moisture content in the fault than the parent sand
(protolith). Driven by gravity and/or matric potential gradients, liquid-phase movement
of water and solutes through the fault can be orders of magnitude larger than movement
through the sand bedé (Figure 5.1) [Sigda and Wilson, 2003; Chapter 3]. The onset of
capillary wicking is defined by the conditions or system state for which sand and fault
fluxes are eqﬁivalent. We call this equivalence point a climate crossover point because
water and solute fluxes through the sand dominate the system for climatic conditions
wetter than the crossover point, whereas fault fluxes dqminate for climatic conditions
drier than the crossover point. A simple example of a crossover point is provided by a
one-dimensional model of steady, gravity-driven infiltration in which matric potential,

uniform throughout the system, is the governing variable (Figure 5.1) [Cl}épter 3L

‘ .
The propensity for capillary wicking in vadose-zone faults has been identified

through property measurements and simple one-dimensional modeling, as well as
observations of zones of preferential diagenesis [Sigda and Wilson, 2003; Chapters 3 and
4]. The necessary conditions for significant capillary wicking include low matric

potentials, associated with semi-arid and arid climates, as well as sufficiently high fault



vertical induce preferential flow and transport for both wet and dry climates (boundary
matric potentials above and below the climate crossover point, respectively), but by
different mechanisms. Under dry climatic conditions, faults, whether vertical or not, act
as conduits (capillary wicks) by localizing preferential flow and transport, consistent with
the previously reported 1D models of faults when corrected for fanlt dip. Under wet
condiﬁons, non-vertical faults act as catchments by intercepting and channeling liquid-
phase water, creating a zone of enhanced water corite_nt located just above the fault-
hanging wall contact, the ‘catchment’ in the title. Previous 1D analyses completely
missed this phenomenon. The enhanced moisture content, matric potential, and amount
of preferential flow depend on the climate-controlled boqndary matric potential, fault
length, fault dip, and sand hydraulic properties. Under wet climatic conditions, fault
catchment behayior could increase i;lﬁltration and reduce solute residence time within
vadose-zone sand beds. Catchment behavibf should also oécur for large—displacément
faults containing clay cores, éxtensive cementation, or numerous zones of deformation

bands, and for other geometrically similar geologic features like clastic dikes.

5.1 Introduction

In dry climates, like those found in arid or semi-arid vadose zones, beds of poorly
lithified sand that are crosscut by deformation band faults can convey substantially
greater liquid-phase water and solute ﬂﬁxes than unfaulted sands [Sigda and Wilson,
2003; Chapters 3 and 4]. In this study, deformation band faults refer to deformation
bands and zones of bands created by faulting-induced shearing (cataclasis) of poorly

lithified sands that forms narrow, tabular zones of reduced pore and grain sizes
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spatial densities such as found in the Rio Grande rift of central New Mexico. The 1D
models have been used to predict infiltration (downwérd flow) enhancement for a steady
gravity-driven flow scenario, exfiltration (upward ﬂbw) enhancement for a scenario with
steady evaporati.on-driven flow from a shallow water table, and, under both scenarios,
reduced solute residence times as well as accelerated diagenesis for faults compared to
protolith [Sigda and Wilson, 2003; Chapters 3 and 4]. Significant flow enhancement
occurred for conditioﬁs drier than the infiltration and exfiltration crossover points and for
fault spatial densities gfeatef than one 1 cm wide fault for every 100 m of sand, while

travel time and diagenesis were enhanced regardless of the spatial density [Chapters 3

and 4].

Several assumptions employed in the previous one-dimensional models conflict with
our field observations of fault architecture. The 1D conceptual models assumed that
faults have uniform width, vertical (90°) dip, and that there is no exchange of water or
solutes between fault and protolith [Chapter 3]. Deformation band faults in the basins of
~ the central Rio Grande rift,veven those with displacements less than a meter, display a
remarkable variability in width, dip, strike, and architecture, Fault widths can vary from
roughly 1 cm to more than 50 cm and change considerably along strike‘ and dip. Dips
range from roughly vertical to very low (near hoﬁzontal) angles, but most fall between
50° and 90°. Strike and dip can vary within individual faults and between nearby faults.
Architectural complexity, which can increase the amount of contact between fault and
protolith aﬁd thereby the amount of water and solute exchange, is also demonstrated by
the number and orientation of deformation bands and zones of deformation band within

each fault zone [Sigda et al, 1999; Hong, 1999; Herrin 2001; Chapters 2 and 4].
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In this paper we investigate the influence of fault dip and protolith-fault water
exchange on fault-induced preferential flow and transport by modeling two-dimensional
variably saturated flow in a faulted sandy vadose zone. We assume a steady, gravity-
driven flow scenario. Climatic conditions vary from well above the crossover matric
potential (wet) to well below the croséover point (dry). Specifically, we address two
research questions. How do different but uniform fault dips influence capillary wicking
and other vadose-zone processes for Steady gravity-driven flow? Under what conditions

do the assumptions of the 1D conceptual model no longer adequately describe flow?

To answer these questions, we numerically simulated steady gravity-driven, liquid-
phase flow and advective solute transprort through two-dimensional vadose-zone sand
beds, with either a vertical or a non-vertical fault, across a range of wet to dry climatic
conditions. Our proxy for climate is the governing matric potential, which we varied from
values near zero, representing wet climates, to very negative values that represent dry
climates. The matric potential range was roughly centered on the crossover matric
potential value (1) for the sand and fault hydraulic properties. Two faulted beds were
considered: one with a vertical (90°) dip, Which was expected to give results closely
resembling those for the 1D model [Chapters 3 and 4], and one with a non-vertical (65°)
dip, which was expecfed to have cross-ﬂiow between fault and protolith. Protolith and
fault unsaturated hydraulic properties were tﬁken from those measured for a sand and
fault pair from the previously studied Canyon Trail E10 site in central New Mexico
[Chapter 2]. We tested for hydrologically significant preferential flow and solute

transport by comparing spatial distributions of matric potential (1), volumetric moisture
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content (8), flux density (q), and seepage velocity (v) for faulted and unfaulted sand beds.
Unlike the 1D model, local gradients in 1 created by interactions between fault and sand
become possible in 2D, potentially forming zones of enhanced water and solute flux. We
examined changes in the spatial distributions of 1, 8, g, and v as the sirnuiated climates

varied from wet to dry to identify and characterize preferential flow and transport.

5.2 Methods

The conceptual model adopted for this study shares many characteristicé and several
important differences with the simple 1D conceptual model for semi-arid and arid vadose
zones used in Chapters 3 and 4. The two-dimensional fault dip, either 90° (vertical) or
65° (non-vertical), is uniform along fault lehgth. The fault has a uniform width of 1 cm.
Modeled protoli;ch and fault, based on the Canyon Trail fault E10 site [Chépter 2}, have
uniform hydraulic properties represented by the commonly used Mualem-van Genﬁchten
model [Mualem, 1976; van Genuchten, 1980]. Steady, gravity-driven liquid-phase flow
is assumed, such as is expected to oc;:ur in the middle portions of relatively thick vadose
zones located between the root and capillary zones. We focus on a relatively narrow
range éf matric potential values for the boundary conditions, -20 t0 ~120 cm, which
bracket the climate crbssover value, yx, for the selected sand and fault pair. This ¥
range, specifically chosen to study interactions between the sand and fault as the
boundary v varies above and below a i, lies above the matric potential (3 ~ -200 cm)
below which the competing process of geothermal-driven upward vapor-phase flow

begins to dominate liquid-phase flow in the protolith [Chapter 3].
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The simulations of variably saturated flow were conducted with the commercially
available finite element code HYDRUS-2D [Simunek et al, 1999]. The 10m x 10m
domain is bounded on the top and bottom with time independent Dirichlet boundaries and
on the sides by no flow boundaries (Figure 5.2). Separate triangular element meshes for
the 90° and 65° dip domains have very finely spaced discretization in and adjacent to the
1 em-wide fault, so that six elements composed of fault-only nodes are fully contained
within the deformation band fault. .Unlike most FEM codes, HYDRUS-2D assigns
hydraulic properties to nodes rather than elements [Simunek et al, 1999]. The transition
element separating fault—orﬂy and sand-only nodes had a maximum width of 2 mm to
minimize the effects of property interpolation (a version of the code with element
properties failed to converge). Three simulations were performed for eachvfault ‘dip: first,
an unfaulted domain was simulated, then a fault fully penetrating the sand bed was
simulated, and last we simﬁlated a partially faulted domain with the fault tipping out ~50
c¢m from the top and bottom boundaries. lA separate mesh was generated for each fault

dip and used to simulate fully faulted, partially faulted, and unfaulted domains.

We used sand and fault hydraulic properties (Table 5.1) determined for the sample
pair of DL06 hanging wall sand and DL20 fault from the Canyon Trail site E10 [Chapter
2]. This pair has the smallest difference in hydréulic properties for all E10 samples (site
E10 mean values are given in Table 5.1 for comparison). The climate crossover value,
Yx, for this sample pair is -76.08 cm. We disabled HYDRUS-2D’s default nodal estimate
of hydraulic conductivity (X), énd instead directed the code to calculate K explicitly from

the Mualem-van Genuchten model using the most recent matric potential estimate.
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Table 5.1: Parameter values for Mualem-van Genuchten model

s G, a n B K
Sample ID (em’em™) ((cm®cm?)  (1/cm) ) (=) (em/s)
Footwall sand
DL06 0.315 0.058 0.030 3.40 0.20 1.20 x107?
. Mean sand 0.318 0.062 0.038 334 042 1.72 x107
Fault DL20 0.198 0.105 0.004 1.80 1.20 3.50 x10°¢
Mean fault 0.202 0.089 0.003 1.74 1.56 7.36 x10°°

Notes: DL06 and DL20 were used in the simulations, the mean values are for comparison. Mean
K values are the geometric means of the saturated hydraulic conductivity values, All other means
are arithmetic means of estimated parameter values. Data from Sigda and Wilson [2003].

- Steady-state flow regimes were determined for seven governing matric potential
values representing different climates: g, € {-20, -30, -40, -60, -80, -100, -120 cm}.
After beginning with an arbitrary wet initial condition of -10 cm everywhere for the
wettest case, Yss = -20, initial guess for each subsequently drier case was the final steady
state matric potential distribution from the previous wetter case, é. g., the .soluti(v)n for Yss
= -20 cm became the initial guess for s, = -30 cm. To hasten convergence to steady
state, each model began with the tdp boundary =1 and a “free drainage” (unit gradient
[Simunek et al, 19997]) bottom boundary condition. This pérmitted the column to drain
much more rapidly than if the bottom boundary had been initialiy set equal to ;. The
bottom boundary was later switched to a Dirichlet boundary condition, eqﬁal to g, as
the system began to approach steady state. We ran each model under these conditions
until there was no significant change in.matn'c potential contours (-1 cm contours for

above Yy, -0.1 cm contours below).



Model outputs of matric potential, ¥, volumetric moisture content, 8, flux density, q,
and seepage velocity, v = q/6, were then plotted and analyzed. We used plots of faulted
and unfaulted steady-state values for 1 and 6 and differences in q and v at each node to

quantify the changes induced by the presence of the fault for each node 7:

faulted unfaulted

Aqi=q; qi (5.1a)

faulted _ _ unfaulted

Av;=v; v - (5.1b)

Nodal flux density and seepage velocity are two-dimensional vector quantities.
Differences in nodal flux density, Aq;, and seepage velocity, Avi, were examined as
- vector field (arrow) plots to show differences in flow and advective solute transport

directions and magnitudes. We also calculated a relative flux density -

faul;edl / I g; unfaultedi

m; = ]q i (523)
and a relative seepage velocity
n = Ivilfaulted! / Ivi unfaultedl (52b)

at each node to better identify areas of changes in flux magnitude using contour plots.

We calculated a composite flux density across the bottom boundary of the 2D domain
using HYDRUS-2D outputs to ensure total flux between the 1D and 2D models did not

differ significantly. The composite flux density, g., for a vertical fault in the 1D model

can be estimated by [Chapter 3]

QC =(1—df)q.s+def Eqs+dfq‘fl (53)

where g, is the composite liquid-phase flux density for the entire domain (L/T); g, and i
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are the flux densities (L/T) for the sand and fault components, respectively; and d¢ is the
fault spatial density (-). The latter parameter was set equal to 10° (one 1 cm wide fault
in a 1000 cm wide sand column) to match the simulated domain. Equation (5.3) can be

amended to predict composite flux density for a non-vertically fault with dip angle ¢::

q. =q,+sin(a)d, g, (5.4).

5.3 Results

Simulations of the unfaulted sand beds, for both grids, predict unifomi matric
potential and moisture content distributions throughout the domains for all v values, as
they should for these conditions. Nodal flux density and matric potential \}alues are in
excellent agreement with those predicted by the 1D mociel, as is the total ﬂux over the
width of the domain; both deviate by <<1% from the predicted 1D values (Tables 5.2 and
5.3). We _focus’ our description of results for the faulted domains on two comparisons:
how do the variables of interest differ from the numerical simulations of unfaulted 2D
domaihs, and how do they différ from those for the previously published 1D analytical

solutions of faulted domains?

Simulation time required to reach steady state from the initial guess varied greatly
with the domain and climate (). Unfaulted domains generally required only one-third
to three quarters of the time it took faulted domains to converge. Convergence was often

very sensitive to the prescribed maximum time step size, and was monitored for each run.
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5.3.1 Fully penetrating vertical fault

Matric potential is uniform throughout the domain with a fully penetrating vertical
fault for all climates (prescribed Vahies). There is little or no evidence for signiﬁdant
~ local gradients, and no reason there should be other than the effects of numerical
approximations. Differences in predicted v in faulted and unfaulted domains at each
node are negligibly small (Table 5.2), showing no significant exchange of liquid water
between protolith and the vertical fault. Moisture content is uniform within the protolith,
and diffefent but uniform within the fault, consistent with Figure 5.1 and the uniform
matric potential. Our metric for total.ﬂUX, composite flux density, shows the 2D
numerical simulations differ by no more than 0.1% from those predicted Ey the analytical
1D model, and that the differences in total flux between simulated faulted and unfaulted
domains are correctly preserved (Table 5.3). The 2D simulations corroborate the 1D
results and, in turn, are corroborated by them, indicating the 1D approach suffices for

modeling a vertical fault in a sand bed across wet to dry climate conditions.

5.3.2 Fully penetrating non-vertical fault
For wetter climates and the domain with a fully penetrating 65° dip fault, flow differs

sharply from that observed in the verticaﬁy faulted domain under the same conditionsT
When s > 1, (wetter climate), the inclined fauit creates significant local gradients in
matric potential, volumetric water content, and flux density, which aré not present in the
vertical fault model (Table 5.2 and Figures 5.3, 5.4, and 5.5). These gradients diminish
as the climate becomes drier, i.e., as 1 decreases. The 65° dip fault also creates a zone

of enhanced v, 0, and q values in the hanging wall just above the fault and a shadow with
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Figure 5.3. Matric potential distributions for domains with a fault dipping 65°. Contour
interval = 2 cm unless otherwise specified. Note the colorbar scales vary for d - g, Water
accumulates above fault in hanging wall and the footwall is much drier for wet chmates

with yigs> Yy (a - d). A perched water table forms for Yss > -20 cm. For drier climates

with Yss <y (e - ), local matric potential gradients are negligible as the fault becomes
an increasingi(y significant conduit for flow.
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Figure 5.3: Matric potential distributions for domains with a fault dipping 65°. Contour
interval = 2 cm unless otherwise specified. Note the colorbar scales vary for d - g. Water
accumulates above fault in hanging wall and the footwall is much drier for wetter climates
with Pgs > Py (a - d). A perched water table forms for ygg > -20 em. For drier climates

with Pgs <y (e - g), local matric potential gradients are negligible as the fault becomes
an increasing’l‘y significant conduit for flow.



5-18

0 460 200 2co 400 500 600 700 8OO 300 1000 o} 100 200 300 400 500 BOO 700 800 900 1000

1000

900

800
700
600
500"

400

0 100 200 300 400 500 600 700 8OO 800 1000 0 100 206 300 400 500 600 70D 8OO 900 100D

Figure 5.4: Volumetric moisture content (6) distributions for domains with a fault dipping
65°. Contour interval = 0.02. Water accumulates above fault in hanging wall and the
footwall is much drier for Wgg >> Py (a - €). Forpsg near Py (d), fault moisture content
remains high whereas sand 0 quickf§/ drops to residual moisture content (only YPgs = -60
cm shown).
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decreased v, 0, and q values in the footwall below the fault (Figures 5.3, 5.4, 5.5, and
5.6). Downward flowing water is intercepted by the fault’s lower hydraulic conductivity
and channeled along the fault-hanging wall contact. The zone of enhancement widens
down-dip. Perched conditions exist in the zone for the wettest climate, Y, = -20 cm,
with a large portion of the hanging wall saturated with as much as 30 cm of positive
pressure head (Figures 5.3a and 5.49.). The hanging wall zone of enhancement and the
footwall moisture shadow persist aé ;s approaches the crossover matric potential , but

their width and cross-fault gradients decrease rapidly (Figures 5.3, 5.4, 5.5. and 5.6).

Seepage velocity values, which indicate the rate of non-dispersive advective solute
transport, follow the same pattern as flux density. The maximum magnitudes of relative
seepage velocities, #; (5.2b), at any node indicate that preferential solute transport by
advection can occur for both wet and dry climates in a non-vertically dipping faiilt
(Figure 5.7). In dry climates, the preférential flow is through the fault, whereas in wet

climates it occurs in the hanging wall zone of enhancement.

Values of composite flux density, g, across the bottom boundary of the simulated 2D
domain closely agree with the flux density values predicted for the 1D analytical
solutions for dry climates (Table 53) In wet climates the 2D numerical simulations for
faulted domains underestimate g, by a small amount (< 1%‘0f the 1D analytical value for
this case of one 1cm fault every 10m), whereas the dry climate simulations and analytical
results are essentiélly the same (Table 5.3). The 1D g. values for the 65° dip fault domain
under dry conditions are slightly smaller than those for the vertical faqlt because fault-

only flux is decreased slightly by the sine of the dip (4), hence flux enhancement is
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slightly smaller (Table 5.3). The dip-induced difference is very small for the climate
conditions considered here. Aty =-120 cm, vertical fault flux enhancement is 1.5%
(5.3) whereas enhancement is only 1.3% when accounting for the sine of the dip (5.4).

The disparity increases with drier climates (decreasing Yss).

5.3.3 Partially faulted domain

Decreasing fault length so that the fault tips out 50 cm below the top and above the
bottom boundaries has only a modest effect on preferential flow and advective transport,
relative to the fully penetrating case. Matric potential distributions are relatively
unchan.ged from those for the fully penetrating fault domain under wet climate
conditions. The partially penetrating fault intercepts and channels infiltrating water along
the fault-hanging wall for wet climates just like the fully penetrating fault. The fault’s
lower tip becomes a discharge point with elevated matric potential and moisture contents
whereas the upper tip is a locus for lower matric potentials (Figure 5.8). The significantly
lower 1p values near the upper fault tip extend far into the footwall, creating a “plume”
(Figure 5.81-n) of lower matric potential and flux that is not as apparent in the domain

with a fully faulted sand bed for s, <, (Figures 5.3-8).

For dry climate conditi;ms the local matric potential gradients are larger in the
partially faulted domain than in the fully faulted domain. This suggests fault tips might
more quickly capture transient infiltration pulses by their larger local v gradients than
would be expected from a fully faulted domain. Composite flux density, q., across the
bottom boundary of the éimulated domain is essentially the same as for the unfaulted

domain (Ag, = 0) because the fault does not reach the bottom boundary (Table 5.3).
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Figure 5.8: Matric potential distributions for partially faulted domains with a 65° dip
fault. Contour interval = 2 cm unless otherwise specified. Note the colorbar scales vary
for d - g. Water accumulates above fault in hanging wall and the footwall is much drier -
for ygs > Yy (a - d). A perched water table forms for ygg > -20 cm. For ygg <1y (e -

), local matric potential gradients can be significant even as the fault becomes an
increasingly significant conduit for flow.
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Figure 5.8: Matric potential distributions for partially faulted domains with a 65° dip
fault. Contour interval =2 cm unless otherwise specified. Note the colorbar scales vary
for d - g. Water accumulates above fault in hanging wall and the footwall is much drier
for Pgs > Yy (a - d). A perched water table forms for ygg > -20 cm. For ygg <y (e -

), local matric potential gradients can be significant even as the fault becomes an
increasingly significant conduit for flow.
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5.4 Discussion

If dip is non-vertical, deformation band faults can induce preferential flow and
transport through poorly lithified vadose-zone sand beds in wet as well as dry climates.
Corroborating the 1D analysis for dry climate conditions [Chapter 4], capillary forces
preferentially wick Water mto the fauit, which then becomes a preferred flow path or
conduit with the flux rate slightly attenuated by the non-vertical dip’s lower gravitational
gradient. For wet climates, a new mode of preferential flow and transport is predicted for
non—verticélly dipping faults, here illustrated bya 65;’ dip fault. This new mode does ﬁot
occur in vertical faults, By interceﬁting and channeling infiltrating Watef, the non-
vertical fault acts as a éatchment and creates a wetter, more conductive zone within the
hanging wall sand adjacent to the fault. In intermediate climates (governing matric
potential vss near the crossover potential 1;), faults do not significantly inﬂuence liquid-
phase water flow and advective solute transport. In answer to our research questions,
preferential flow and transport is affected by fault dip, and wet climates require a 2D

model whereas a simple 1D conduit model, corrected for dip, can suffice for dry climates.

Fault conduit behavior caused by capillary wicking can be effectively captured by the
1D analytical model for the dry-climate flow scenario studied here. The iD fault flux can
be easily corrected fovr the dip angle (5.4), and such corrections may be significant for
other scenarios, such as for infiltration in areas with very high fault spatial densities or
where other metrics, like solute residence time, are used. A 2D dry-climate analysis is
likely to be necessary for single faults wﬁth wide Variafions in width and dip or for

densely faulted areas with numerous fault intersections. A 2D dry-climate analysis could



5-32

also be warranted for a partially-faulted sand bed because the fault’s upper tip can induce

significant local matric potential gradients (Figure 5.8e-g).

The new mode of fault-induced preferential flow and transport, which we call
catchment behavior, is predicted to occur under relatively wet climate conditions
~ (governing matric potential g5 > crpssbver potential ;) for faults with non-vertical dip.
The fault’s inclined angle and hydraulic conductivity contrast with the protolith enable it
to catch and collect infiltrating water, creating a zone of increased matric potential and
moisture content. Located along the hanging wall contact with the fault, this zone
encompasses an area with sufﬁoienﬂy greater hydraulic conductivity, flux density, and
seepage velocity to enhance flow and transport relative to the remainder of the domain.
The zone of enhancement decreaées in width and in enhancement of matric potential,
moisture content, flux density, and seepage velocity with increasiﬁgly drier climates until
it disappears altogether for climates near the crossover matric potential. Differences in
sand and fault hydraulic properties, eépecially air entry matric potential can also affect
the climate-dependant dimensions of the enhanced zone. The largest relative flux density‘
encountered in the éimulétions (5.2a), with a value near 4, is observed not for the wettest
climate (1/5; = -20 cm) but at s = -30 cm, which is just above the air entry value for the
sand (-33 cm). Maximum relative flux density then decreased to 2 for the. next driest
climate represented by g, = -40 cm (Figure 5.5¢). We observed the same drop-off in
maximum relative flux density for climates drier than the air ‘entry matric potential in a

separate set of model runs which used a different value for sand air entry value.
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Flow and transport enhancement by fault catchment is modest compared to conduit
enhancement in drier climates. Conduits can enhance flux density by orders of
magnitude (Figure 5.1). The maximum catchment enhancement is less than one order of
niagnitude (Figure 5.5). If we consider only the range of simulated y values and climates
studied here, fluxes are roughly comparable whether measured by the maximum relative
flux density (5.2a), m;, or relative seepage velocity (2b), n;. Maximum my; reaches 13
within the fault catchment (at Y5, = -30 cm) and 17 in the fault conduit (at Y, = -120
cm). Maximum relative scepage velocity is slightly less. This measure does not include
any information about the proportion of the domain undergoing enhanced flow and
transport, but conduit flow is confined to the 1 cm wide fault whereas catchment width
can reach 200 cm. Better measures for predicting transport enhéncement, including

estimating travel time by particle tracking or numerically simulating advection-dispersion

transport, were not attempted.

The horizontal area intercepted by a fault catchment is a function of fault dip and the
thickness of the faulted sand bed. We define the dimensionless catchment ratio, R., as
the ratio of horizontal distance over which the fault collects infiltrating water, W (L), to
the faulted sand bed thickness, H (L). Thatis, R, = W/H = tan(90° — a), where o (°) is
the uniform dip of the fault. The catchment ratio is effectively 0 for a vertical fault,
which means it does not intercept a significant amount of infiltrating water,, whereas the
ratio equals 0.47 for a fault with a 65° dip, indicating the fault intercepts infiltrating water ,
over a horizontal distance roughly half of the total faulted bed thickness. Normal faults,

which are common throughout the Rio Grande rift, typically dip between 50° and 90°,
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yielding R. values between 0.84 and 0. Major fault strands at the Canyon Trail site in the
Bosque del Apache National Wildlife Refuge display dips between 545 and 87° with a

mean of 68° [Chapter 2; Herriﬁ, 2001}, yielding R, values that range from 0.73 to 0.05. A
splay from one of these faults dips even less, between 40° - 60°, and thus has a catchment
ratio between 1.19 and 0.58. The splay is the only fault structure with such a low dip and

it is also the only structure, out of the roughly 31 faults found at the site, to have any

significant cementation.

Catchment behavior also depends on the number and 6rientatioﬂ of nearby faults.
Fault densities at the Canyon Trail site are roughly one fault every 4 m, and those at the
Elmendorf site [Sigda et al., 1999], 3 km further south, are even higher at roughly one
fault every 2 m [Chapters 3 and 4]. These observed fault spatial densitieg are sufficiently
high to create interactions between adjacent faults analogous'to destructive or
constructive interferenée 1n optics. A north-dipping fault will be “shaded” by a north-
dipping northern neighbor, thereby decreasing its effective catchment width, whereas a
south-dipping northern neighbor could reinforce the catchment behavior of both faults

down to the point where the “fault funnel” is closed by fault crosscutting.

Propertics of the infiltrating liquid may also significantly affect catchment behavior.
We ha;»fe seen that climates with sufficient recharge to bring Vg near to ) are unlikely to
demonstrate aqueous preferential flow or transport because there is little difference in
fault and sand hydraulic conductivity values. Another liquid, such as a non-aqueous
phase liquid (NAPL), with completely different wetting and capillarity, céuld produce

significantly more enhanced flow or transport than the infiltrating water because it would
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respond differently to the disparity in pore sizes. For non-wetting liquids, fault catchment

behavior would extend into much drier ¢climate conditions.

Climate, represented by the governing matric potential in this study of gravity-driven
flow, can also be represented by a steady-state infiltration rate. Rates of infiltration or
recharge for other areas can be used to estimate whether faults in those locales will act,
on average, as conduits or ‘_catchments or have no significant effect. Annual infiltration is
estimated at 66 cm for the area near Otis Air Force Base, now the Massachusetts Military
Reservation on western Ca_pe Cod, MA [Masterson etal, 2002]. Matching a governing
matric potential of -71 cm for the sand studied here (Figure 5.1), this infiltration rate
suggests any glacio-tectonically faulted sands in western Cape Cod will experience 1itfle
or no fault-induced infiltration enhancement by either catchment or conduit behavior. A
wetter climate should lead to more evident catéhment behavior. Maximum inﬁltyation
rate can reach 102 cm/yr for the northern part of Hawaii island [Oki, 2002], which
matches a governing matric potential of -67 cm for this study’s sand properties (Figure
5.1) and again suggests minimal fault-induced flow enhancement. This simple steady-
state approach suggesté fault catchment behavior is on average not vlikely for these
climate conditions and sand properties. However, temporal variability in the infiltration
flux and reported spatial variability in sand propefties [Chapter 4] could very well permit
infiltration enhancement. For example, infiltration flux rate can vary enough about its
mean that the fault switches from catchment behavior during wetter seasons to conduit
behavior during drier seasons. Catchment behavior can be expected to occur beneath
surface water bodies or other areas with high infiltration rates, e.g., topographically-

driven collection of runoff within drainages, regardless of climate conditions.
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Our modeling results suggest that faulted sand beds with only slight zones of
enhancement would induce significant preferential flow and solute transport from
intermittent solute or water pulses. The advancing wetting front will increase K, g, and v
in the enhanced zone far more rapidly than in the surroundihg sand column, further
accelerating transport through the faulted sand bed. This behavior suggests that
deformation band faults that crosscut semi-arid arroyo drainages can significantly
increase local infiltration and perhaps even enhance recharge to the underlying aquifer.
We speculate that any abrupt changes in cementation of faults along strike, with cements
concentrated in the hanging wall, may be an indicator that paleo -drainages had prev1ous1y
flowed above and preferentially infiltrated along the fault at that location. A key question
for future work is how quickly does the enhanced zone’s increased moisture content

dissipate relative to the frequency of episodic infiltration events.

Large displacement faults in poorly lithified sedirhents could also act as catehments
because they can coniprise numerous deformation band faults, a continuous clay core, or
extensive cementation [Goodwin and Mozley, 1995; Heynekamp et al, 1999; Rawling et
al, 2001]. Only the defo.rmation band fault compenents and perhaps the clay core would

function as conduits for dry climate conditions.

‘Based on our results and discussion, we propose an expanded conceptual model to
describe fault networks within‘sedimentar'y basins where climate rariges from very wet to
very dry (0 > 15, > —2000 cm = ~2 bar). Deformation band faults in sandy beds will act
as catchments, With preferential flow and transport occurring within a zone of enhanced

matric potential and water content along the hanging wall, if dip angles are less than
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roughly 80° (catchment width > 15% depth) and if the climate is relatively wet (Wss > Px).
Catchment behavior could also occur episodically if the fault underlies an ephemeral
surface water body or a site of focused infiltration. The width and water content of the
hanging wall enhanced zone will vary with fault dip and iength, geometry of nearby.
faults, and sand hydraulic properties. Furthermore, it is likely that large-displacement
faults can act as catchments because of large disparities in hydraulic conductivity
between the sand bed and the dipping structure. If, on the other hand, the climate is semi-
arid or arid (Y, > Y, > 2 bar), the fault will act as a conduit because preferential liquid-

phase flow and transport will move through the fault via capillary wicking [Chapter 3].

5.5 Conclusions

Deformation band faults can act as loci for preferential ﬂéw and transport through
| Vadosé-zone sand beds under both wet and dry climates. In wet climate conditions (s >
1), a non-vertically dipping fault can act as a catchment by intercepting and channeling
water along its contact with the hanging wall. Increased water COIl‘tfmt in this zone of
enhancement leads to higher flux densities and seepage velocities, which can accelerate
water and solute movement through the faulted domain, relative to the surrounding
protolith. In a dry cliﬁate (Pss <), due to capillarity, the fault instead acts like a

conduit by conveying water and solutes far more rapidly than the surrounding protolith.

Wet climate models of faults require, at a minimum, a 2D model domain, whereas a

simple 1D model can suffice for dry climates given a uniform and simple fault geometry.
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Flow enhancement for a non-vertical fault can be accurately calculated using the 1D

model for dry climates and a correction to the flux for the dip angle can be easily applied.

Governing matric potentials near the sand’s air entry matric potential create the
largest zone of enhancement in the hanging wall of a normal fault for wet climates.
Increases in flux density and seepage velocity can be several times greater than those
expected in an unfauited domain under the same boundary conditions. Flux enhancement

by conduit behavior in dry climates can exceed that from catchment behavior in wet

climates by many orders of magnitude.

Episodic catchment behavior may occur under transient conditions, such as those
from ephemeral surface waterways or sites of focused infiltration. More work is required

to determine the amount of time required to dissipate the zone of enhanced moisture.

Large displacement faults in poorly lithified sedimeﬁts may also exhibit catchment
behavior i)ecause some component structures, e.g., clay core and deformation band faults,r
have much lower saturated hydraulic concductivity values than the protolith. There are
other geological features, such as clastic dikes, that may have .similar.behavior, acting as

either a capillary wicking conduit in dry climates or a catchment in wet climates.
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CHAPTER 6:
CONCLUSIONS
AND
RECOMMENDATIONS FOR FUTURE WORK

6.0 Conclusions

Deformation band faults possess strikingly different saturated and unsaturated
hydraulic properties than their poorly lithified parent sands. Based on studies of five
faults and associated protolith, the differences in hydraulic properties persist between
fault and protolith despite variations in fault displacement, mineral composition of the
clay size fraction (CSF), and spatial distribution of the deformation bands within vthe
fault. Faﬁlt saturated hydraulic conductivity (K) is one to three orders of magnitude less
than protolith saturated K and the difference depends on the CSF composition of both
fault and protolith. Fault porosity and air entry matric potentials are appreciably smaller
and larger, respectively, than those for the protolith. Under unsaturated conditions, fault
K equals sand K at S'ome‘matric potential value that we call the crossover point. Each
pair of fault and sand samples has its own crossover point, all of which fall between -35
to -120 cm for the samples studied. As matric potenﬁal Y decreases, correlating to drier
climates, fault X declines much less steeply than protolith X. Fbr P <-100 cm, typical

for semi-arid and arid zones, fault K exceeds protolith X by one to six orders of

magnitude.
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5/7/04 ‘ 6-2

One study area, the Elmendorf area, has a clay size fraction (CSF) with pure and
presumably authigenicr smectite, Whéreas the other study area, at Canyon Trail, has a clay
size fraction with a mixture of smectite, other clay minerals, and other minerals.
Differences in CSF composiﬁon are associated with significant differences in protolith
hydraulic properties. Despite point count analyses that show no significant difference
between the protolith samples, saturated K is more than two orders of magnitude lower |
for protolith with pure smectite CSF than saturated X for protolith with mixed clay

mineral CSE. CSF mineralogy appears to have a smaller impact on fault hydraulic

properties.

Simple, one dimensional flow and transport models which incorporate} the measured
hydraulic properties for five faults and associated protolith predipt that faults can act as
preferential pathways, or conduits, for flow and transport through vadose-zone sand beds
under arid or semi-arid conditions. Areas within the Rio Grande rift possess the
conditions necessary for allowing preferential flow and transport. Conduit behavior is
predicted for both a steady, gravity-driven infiltration scenario, in which the matric
potential is constant throughout the domain, and for a steady, evaporation—driven
exfiltration scenario, in which a matric potential gradieht drives water upward from a

shallow water table to the atmosphere.

Given an adequate fault spatial density, faulted sand beds can induce greater
infiltration or exfiltration than unfaulted sand beds, effectively extending liquid-phase
fluxes into drier conditions where competing vapor-phase flow processes would

otherwise dominate water movement. Depending on fault spatial density, infiltration and
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exfiltration flux rates through faulted sands can be enhanced by up to two orders of
magnitude above the flux rates predicted for either unfaulted sand or the competing
vapor-phase flow process. Fault densities necessary to enhance flow are much higher for
sites with pure smectite CSF than sites with mixed clay mineral CSF, at least in cases like
those documented here, where the CSF coxﬁposition is similar in both protolith and fault.
We have observed fault densities that are more than sufficient to increase infiltration and

exfiltration under the relatively dry vadose-zone conditions expected for the Rio Grande

rift and similar arid and semi-arid areas.

Solute residence times are roughly one to nearly five.orders of magnitude longer in
protolith than faults, whether flow is driven by gravity or evaporation. Advection yields
to diffusion as the dominant transport process in protolith for drier conditions, i.e.,
decreasing  for the gravity scenario or increasing depth to water table H for the
evaporation scenario. In contrast, advection dominates solute transport through faults
across much of the ranges for both p and H. Many more pore volumes, as many as four
orders of magnitude more, can pass through a fault in the time needed to pass a single
pore volume through the same amount of protolith. The large difference in pore volumes
indicates faults are far more likely to undergo preferential cementation or other diagenetic

changes. Relative pore volumes are larger under evaporation-driven flow than gravity-

driven flow.

Of the three geological characteristics investigated here, only the mineralogy of the
clay size fraction and the spacing between deformation bands within the fault were

associated with significant effects on hydraulic properties or flow and solute transport
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behavior. Fault displacement appears to have a negligible impact on either hydraulic
bproperty differences or enhancement of flow and solute transport for the displacement

range studied here.

Clay size fraction mineralogy strongly influences the amount of preferential flow and
éolute transport. However, differences between fault and protolith in properties and
behavior remain consistent regardless of CSF composition for the materials studied here.
Enhancement of flow and solute transport is greater for sites with mixed clay mineral
CSF than for sites with a pure, and likely authigenic, smectite CSF. The location of the
dominance threshold for diffusion, the point at which the advective flux rate decreases to
the magnitude of diffusive flux rate, also appears to vary with protolith CSF because the
threshold occurs under wetter conditions (larger v or smaller ) for mixed clay mineral
CSF than pure smectite CSF. Thus, advective solute flux exceeds diffusive flux in
protolith with mixed clay minéral CSF for a narrower range of y or A than in protolith
with pure smectite CSF, making diffusion the dominant solute transport process in

protolith across most of the ¢ and H ranges studied here.

The spacing between deformation bands within the fault also influences the amount
of preferential flow and solute transport. Flow and transport enhancement is greater for
faults‘with closely spaced (dense) deformation bands than faults with more widély spaced
(diffuse) deformation bands. Differences in solute residence times between protolith and
fault are larger for faults with dense distributions of deformation bands than faults with

diffusely distributed deformation bands.
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. t
I propose the term “capillary wicking” to describe the preferential flow and transpot
behavior predicted for crosscutting deformation band faults in poorly Lithified sands |
. . v . . ) g t,
given dry climate conditions. Capillary wicking, and thus conduit flow within the faul

: .. ) : d.
occur under governing conditions drier than the crossover point for the fault and san

Deformation band faults can also act as loci for preferential flow and transport
through vadose-zone sand beds under wet climates if fault dip is less than vertical Ina
wet climate (s > 1), a fault with dip less than 90° can act as a catchment by
intercepting and channeling water along its contact with the hanging wall. The
intercepted water incréases water cohtent along the contact between the fault and the
hanging wall. The enhanced moisture content leads to a greater hydraulic conductivity,
hence higher flux densities and seepage velocities. This zone of enhanced moisture
content accelerates the movement of liquid-phase water and solutes relative to the
footwall, fault, or other parts of the hénging wall. However, enhancement of flow and
transport by conduit behavior in semi-arid or arid climate conditions is far greater than

catchment enhancement in wetter climates.

i L . : ipping fault
Evaluation of catchment behavior in a wet climate for a non-vertically dipping

f dip,
requires a 2D model, whereas a simple 1D model suffices for all faults, regardless 01 ¢1p

i i ive : : or a
10 dry climates, given a uniform and simple fault geometry. Flow enhancement f

. . . Iculated
non-vertical fault as measured by the composite flux density can be accurately ca

using the 1D model for dry climates after adjusting fault flux for the dip angle.
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6.1 Recommendations for future work

My recommendations for future work fall into two general categories. The first
focuses on additional hypothesis tests and the second focuses on application of our

approach to other locations, lithologies, vadose-zone processes, etc.

Additional tests of the hypotheses considered in this study should include field-based
observation of preferential flow through faults. However, observing fault conduit
behavior during infiltration experiments is likely to be very difficult bécause the
crossover points for most fault and protolith pairs oceur in conditions sufficiently dry to
only allow very small fluxes through either fault and protolith. Long-term tracer tests
using non-reactive tracers and/or tracer dyes could be used in both infiltration and
exfiltration experiments. Geophysical detection of differences in the wetting fronts is not
likely to sucéeed, given the relatively small thicknesses common to most faults and the
finest resolution possible with the geophysical instruments, although a high frequency

ground penetrating radar (GPR) instrument might have some limited success.

~ Another possible hypothesis test is to comparé stable isotope tracers collected from
deformation band faults and adjacent protolith. Assuming samples can be recovered

from depth, preferential infiltration from steady gravity-driven flow might be
successfully measured, especially if tracers specific for liquid-phase water are used.
Mapping calcite cementation textures, compositions, and distributions within aﬁd

adjacent to faults could also potentially reflect the expected disparities in flux rates.
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Further work is needed to investigate the mineralogy of the fault’s clay size fraction
and other intergranular material. How does this material vary within and between faults
and between different protolith beds? Do these variations affect the differences between

sand and fault hydraulic properties and behavior? How does smectite differ between the

Canyon Trail and Elmendorf clay size fractions?

Fault solute transport per.erties, especially dispersion and adsorption, should be
investigated ﬁmher to conﬁrm» whether fault conduit behavior accelerates solute
transport. Some classes of solutes may highly retarded by the fault’s pseudomatrix
'Whereés others may not be affected. Retardation of solutes may also be strongly affected

by the clay mineralogy of the bseudomatrix.

There are numerous possible applications of our approach to identify preferential
flow and solute transport by capillary wicks or catchments. These include application to

other geologic materials, other time and space scales, and inclusion of other vadose zone

processes.

Comparison of hydraulic properties for coarser grained protolith and associated
deformation band faults should be made. We speculate that the Idifferences .in hydraulic
properties will be even greater between faults and coarser-grain sandy protolith, than for
the faults and finer-grained Sandy sediments we studied here. This assumes that the
defonnation—induced.changes in pore networks are independent of grain size. Such an
assumption may be warranted in litharenites and similarly heterolithic sands rich in
volcaniclastics and other relatively weak lithics. Deformation band faults may prove to

be fast paths through unwelded ignimbrites [Wilson et al., 2003], because faulting may
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greatly increase the number of interconnections between pores, relative to those found in

the parent rock.

Larger scales should also be investigated, especially with regard to heterélifchic basin
fill. A single fault can crosscut many lithologies in the Santa Fe Group of the Rio Grande
rift, not just sands, but can we expect either conduit or catchment behavior along the
segments of that fault without any deformation bands or zones of deformation bands?
Could the action of the other lithologies and other fault architectures enhance recharge or
solute transport? If the conduit énd catchment behavior described here are only found in
sandy sediments, how do the other lithologies and ségments with different fault

architectures affect the infiltrating water and solutes?

The effect of time-varying surface boundary conditions (matric potential and fluxes)
should be investigated for catchment and conduit behaviors. Can enhancement of
infiltration by catchment behavior be expected if the top matric potential of flux rate

change with time? An example is ephemeral waterways like arroyos or streams in semi-

arid and arid areas.

The effects of other fluid phases, such as water vapor or non-aqueous phase liquids
(NAPLs) should be investigated. Could faults accelerate the transport of light or dense
NAPLs through the vadose zone? What are the differences in vapor-phase movement

through fault and protolith in extremely dry vadose zones?

The relative differences in multi-phase water flow and heat transport between fault

and protolith should be evaluated. Could deformation band faults act as heat pipes?
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Characterizing the cementation in faults and nearby protolith and mapping the spatial
distribuﬁon of the cements over larger scales could indicate the relative proportions of
conduit and catchment behavior. For example, comparing the incidence of fault
cementation to hanging wall cementation between faults or along strike for a single fault

could provide some measure of whether conduit or catchment behavior is areally more

significant.

Faults of various displacements could be reliable indicators of paleo-recharge via
catchment behavior, but this needs to be confirmed. Stratigraphic columns of sediments
overlying well-cemented zones of enhanced moisture content could show signs of ponded
water or long-term saturation. .Perhaps the isotopic signatures of the cements cquld

determine whether the cements originated from gravity-driven infiltration of atmospheric

water.
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APPENDIX 8.A: CENTRIFUGE METHODS

8.A.1 FORCES IN A CENTRIFUGAL FIELD

Rigorous description of a centrifugal field requires an appropriate frame of reference.
. e ; t
A fixed point P, located by radial vector r(t) (L) within a non—deformmg body rotated a
constant angular velocity @ (T™) in a centrifuge, experiences a tangential velocity Vi

(LT ") when observed from an inertial reference frame (Figure 8.A.1a). Inertial reference

frames are distinguished by coordinate axes x;, y; which remain constant i1 space an

. _p e . o int P
time (subscript  indicates a quantity observed from an inertial reference frame). Por
is accelerating even though its speed remains constant because the direction of velocity vr

. : . . : ical
continually changes. This radial center-directed acceleration, created by the mechanic

force of the rotor arm, is the centripetal (center-seeking) acceleration and is given by "n;

=20 L (0 (1) - (a) " %Efl) R (‘il_‘;’_xr(z)) |

=(wxv1)¥0=wx(a) xx(t)) (8.A.1)

. .. . . ‘ tation
simplified for constant m. Note that aj is directed radially inwards to the ax1s of rota

according to the right hand rule for vector cross-products. ' ' : :
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If point P is observed by someone moving with the sample, i.e., from the rotating
reference frame given by axes xg, yr that share the same origin as the inertial axes but
rotate with constant angular velocity @, P will appear to be stationary (Figure 8.A.1b).
The observer will not notice the changing direction of the tangential (inertial) velocity vi.
Though not perceived by the rotating observer, the centripetal force still operates within
the rotating reference frame by exerting a pull on P towards the axis of rotation through
the action of the rotor arm. To the rotating observer, the centripetal force must therefore
Be balanced by another force, otherwise P would accelerate towards the center. This
pseudo-balancing force is defined as the centrifugal (center-fleeing) force, Fes, and has

 the same magnitude but opposite direction of the centripefal force, Fp, yielding a zero
force balance on P. Moreover, the centrifugal force is only apparent in the rotating

reference frame, not in the inertial frame.

The force balance changes if P is no longer fixed (Figure 8.A.1c) and instead
represents a packef of fluid molecules with mass m moving with constant fluid velocity
vr (as measured b-y the observer in the rotating reference frame) through a non-deforming
porous medium. Determining the force balance on P requires a vector transform operator
[d0 /df]l = {[d()/df]r + @ x ()} which describes the time rate of change in Eoth frames of
reference [Goldstein, 1959]. The inertial and rotating reference frame velocities are
determined by applying the transform operator to the vector r(t) describing P’s time-

varying position:

v, (-g—t)lr(t) {(%} ; wx)r(t) v s axrll) (8.A2)
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Appiying the same transform again to (8.A.2),
a = ((-5;) +w x)(vR + @ X r(t)) =a, + Z(a) X VR) + x(a) X r(r)), (8.A32)
R

relates ay to ag, the net acceleration for the inertial and rotational frames, respectively.

Solving for acceleration in the rotational frame, ag ,
ap, =a, —»Z(a)va)—cox(a)xr(r)), (8.A.3b)

and multiplying by the fluid packet mass, m (M), leads to the net force in the rotating

frame, Fg, written in terms of the net force in the inertial frame, Fy, or

F,=F - 2m(co ,x. VR) - m[co X (co X r(t))] S (8.A.3¢)

The second term on the right-hand side, -2m(w x r(t)), is another pseudo-force that
affects the moving fluid packet, the Coriqlis force, and the last term islthe centrifugal
force, -m[w .x (o x r(t))], also acting on the fluid parcel. The quiolis force points away
from the direction of rotation (Figure 8.A.1c), scales linearly with the rotation speed, o],
and with the fluid packet’é velocity vg (as measured in the rotating reference frame),
whereas the centrifugal force points outward from the axis of rotation along r(t), and is
proportional to r(t) as well as to the square of the rotation speed, |w[*. For example, on
the earth’s surface, the Coriolis force caused by the earth’s rotation impar’;s a rightwards
deflection to traveliné fluid packets in the earth’s Northern Hemisphere, but a leftwards

deflection to those in the Southern Hemisphere [p. 103, Kundu and Cohen,2002]. Note

that the centrifugal force acting on the fluid packet depends on the packet’s position
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within the rotating frame of reference r(t), whereas the Coriolis force depends on the

packet’s fluid velocity v;.

For a fluid packet, the force Fy represents the inertial frame forces governing fluid
movement. In the case of variably saturated flow through the porous medium these
forces include gravity, capillary, and viscous forces. In the rotating reference frame,
these forces are joined by the centrifugal and Coriolis (psuedo) forces. Each of these

forces must be considered in determining the fluid’s dynamic behavior,

Understandiﬁg the interplay of gravity, inertial, and pseudo forces operating on
flowing fluids is critical to appropriate application of centrifuge methods for measuring
unsaturated hydraulic properties of porous materials. Centrifuge me;chods have long been
popular in vairi_ous fields because the centrifugal body force gradient is easily manipulated
and can greatly reduce the time needed to complete measurements near the dry end of the
saturation range. The following sections review centrifuge methods, noting the
underlying physics, for measuring two important unsaturated relationships: hydraulic
conductivity as a function of moisture content, K-0, and moisture content as a function of

matric potential, 6.
8.A.2 MEASURING 6-¢ RELATIONSHIPS IN A CENTRIFUGE

Hassler and Brunner [1945] developed the centrifuge method still used today for
measuring 0-v drainage relationships (pressure-saturation or moisture retention curves)
in centrifuges. A mainstay of petroleum core analysis laboratories since its introduction,

this method subjects a sample, initially saturated with one fluid but in contact with a
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second fluid, to a gtepwise—increasing series of angular velocities followed by accurate
monitoring of changes in fluid saturation. If the initial fluid is wetting and the introduced
phase non-wetting, the experiment provides a drainage curve; the converse arrangement
provides an imbibition curve. For vadose-zone drainage experiments, the sample is
initially saturated with liquid water. Air, the non-wetting fluid, is allowed to freely enter
and leave from both ends of the sample during the teét. Water drains form the outer end
of thé rotating sample and is retained in an effluent collection chamber. At each step,
centrifuge angulaf velocity is held constant until the capillary and centrifugal forces
equilibrate, and the water flux goes to zero. Then a final average water saturation (% of
pore volume occupied by water) or volumetric water content (% of total sample volume
occupied by water) is determined. The procedure is repeated after increasing the angular
velocity to the next level (see Table 2.1). Centrifugation is céntinuous during a typical
Hassler-Brunner petroleum engineering experiment because highly accurate volumetric
effluent chambers are used to collect and measure the expelled liquid. Centrifugation is,
however, r_epeatediy interrupted during an Unsaturated Flow Apparatus (UFA) [Conca et
al, 1999; Flint et al, 1999] ‘6-11) drainage experiment in order to allow the sample
weighing neéessary to determine average moisture content. At equilibrium for each
experimental step, the matric potential and the moisture content distributions within the
sample are functions of radial distance r, the angular velocity w, the sample’s (presumed
homogeneous) hydraulic properties, and the boundary conditions. The average moisture
content — rpm data produced by each experiment must then be inverted to local 68—
values using one of the many methods developed by Hassler aﬁd Brunner [1945] or

numerous subsequent researchers (see below).
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Hassler and Brunner [1945] derived a pressure — saturation relation for a centrifugally
driven flow experiment in which only one-dimensional flow is considered. They treated
capillary pressure, p, as the independent variable solely determining the wetting phase
saturation, S, within a core sample. Given a uniform sample at constant acceleration but
in equilibrium, negligible influence by gravity, and an outflow face ‘saturated with the

wetting phase, they defined capillary pressure (M L’ T2 for centrifuge drainage

experiments as

(8.A.4)

where Ap équals the difference in the wetting and non-wetting phase fluid densities (M
L™, r is the radial distance (L) to any point within the sample, 1, and r; are the radial
distances (L) to the outflow and inner faces, respectively, and p; is the capillary pressure
~ at the inlet face (M L' T'?). Wetting phase saturation at the outflow face causes the
boundary pressure there, p,, to equal zero. At equilibrium in one dimension, the two
opposing forces acting on the wetting phase fluid, the capillary pressure and centrifugal
body force gradients, aré in balance. Note that capillary pressure and saturation should
vary along the sample’s length, even at equilibrium, and that p(r) is proportional to the

pressure at the inner face,

The Navier-Stokes equations for incompressible fluid momentum conservation in a

rotating field, properly augmented to include the centrifugal and Coriolis body forces is:
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%=m——v£+ vViu+g+w’r -2(wxu). (8.A.5)
Dt P

where u is the fluid velocity, D( ) /Dt the material derivative, p the fluid pressure, p the
fluid density, v the kinematic Viscosify, g the gravitational acceleration, r the location
vector, and w the angular velocity [Kundu and Cohen, 2002]. It can be sifnpliﬁed to
provide an analog to the equilibrium capillary pressure equation for porous media
(8.A.4). Assuming one-dimensional steady flow with negligible influence from gravity
and let the fluid velocity u go to zero, along with the viscous force and Coriolis pseudo-
force terms, so that (8.A.5) simplifies to

dp _

— pw'r = f: dp = f: pw’rdr. (8.A.6)

Note that p; and p, are the boundary pressures at the inﬂow‘(ri) and outflow (#,) faces

respectively. Flipping the limits and then integrating yields

pw
2

pi=p,+E—(r7 -1 (BAT)

Assuming a zero pressure condition at r, (v, > r) forces (8.A.7) to give negative pressure
values — just as expected. This equation is readily transformed into an analog of (8.A.4)
by replacing the water density, p, with the density difference between water and air, AP,

and the pressure p with capillary pressure p, accounting for the sign change.

The local saturation for the sample at a given angular acceleration, S(r,w), can be

integrated over the sample’s length to arrive at the experimentally determined average

saturation for the core:
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f S(r,w)d (3.A.8)

r—r‘

where S is the average wetting phase saturation (dimensionless), w is the angular velocity
(radians T, and p, 1, 13, and 1, are defined as above. By solving (8.A.4) for r and
substituting the result into (8.A.8), Hassler and Brunner arrived at an integral relation

between the average saturation and the local saturation as a function of capillary pressure

and angular velocity:

7‘ +7, J-P, p) ——f p ‘ (8.A.9)
2
\/ rp - (r -7 ) p _B _E_
‘ D;

Here S(p) is the local saturation-capillary pressure relation which we want to know, p is
the capillary pressure and is a function of r, and A and B are geometric factors, relating
centrifuge rotor length to sample length and given by A= (r;+r,)/2r,and B=1—(r;/
r.)>. Solving the centrifuge pressure-saturation equation (8.A.9) has produced a
petroleum engineering literature rich in inversion techniques over the last five decades.
The geometric factors can be used to find approximate solutions to (8.A.9). For example,

Hassler and Brunner’s first approximation to (8.A.9) for saturation and pressure at the

inflow face (r =r;) assumed (7, ~ #;) A =1 and B = 0 [Ruth and Wong, 1991}, yielding:

S(p) =6—1%- | (8.A.10)

Pairs of S and w data could then be numerically manipulated to estimate the derivative in

(8.A.10) and yield S(ry), p(r;) pairs for plotting and fitting parameters to the pressure-
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saturation relationship. The geometric factor, B, can vary from ~0.35 to as high as 0.73

in UFA systems, and so the first Hassler and Brunner approximation is not appropriate.

I restate the problem with variables more commonly used in vadose zone hydrology.
At equilibrium in one dimension and assuming that gravity has a negligible effect, the
matric potential and centrifugal body'force gradients are equal in magnitude but opposite
in sign so that the maﬁ‘ic potential at any point r within the sample can be derived by

transforming the capillary pressure equation (8.A.4):

2 2 2

w(-r,co)=wo(w)+-2“_’§(r2-r )=y, () + ;::"z[wi(w)—wo(cé)], (8.A.11)

because the capillary pressure difference across the sample length, written in terms of v,

is given by

-y, )-v, )] ——-Q- ] therefore wo_(w)____ai

r-rt 2g

Solving for the independent variable r in terms of 1\ gives

r-r+—<w<m>w<w»] [ ‘f’(”‘“}j(ﬁ‘j)(r Mm

whereas the differentials for 1 and r are related by

2 2
wlo)- @) 4 dret—T T gy (3.A13)

W=2ma 20 @)@

For every constant w, there is average volumetric moisture content, 8, which is




fotr.w)ar. | (8.A.14)

After a change of variable from r to 1, this becomes

1 wr-n) 8o ) vo 1, + 1, (1, 0) )
Q(w)—ra-rifwf o T fw.- p—— (8.A.15)

Here 1; and 1, are understood to be functions of w, which is kept constant for each

measurement of O(w). Now replace r with (8.A.12) above and switch the limits:

o) T [? O.0) v (A9
"o, [+ (7)) -

Noting that is a linear function of the matric potentials at the inlet and outlet faces

(8.A.11), replace Y with [x(iWe)*o], where x is a dummy variable, to get

ATy 0(x(w, -w,)+ v, )W, ~v,)

‘( " 2w,

rdx. (8.A.17)
ARy AR

If, as is typical, the outlet face matric potential is assumed to be zero, then the

transform reduces to xy;. The unreduced transform yields

(8.A.18)

o1 v Rulnmv) ),
B o

Recall the definition for the geometric factor B and substitute it into (8.A.18) to get

the centrifuge 8-t equation:
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1+ 1B 100>y -y.)+v.)
Blw)= e L dx 8.A.19
8(«) 2 J; v1-Bx ( )
To solve this integral equation for 6(x;), the local volumetric moisture content at the
inlet face, I adopted the approximate inversion approach described by Forbes [1994],

replacing the volumetric moisture content by the function 8,.

1, ‘ 1-+1-B
6(w) = (1 + 1) [ x70, (xyp;)dx, where a = — T (8.A.20)

Forbes [1994] showed that the error added by the approximation is very small for
values of 0 < B < 0.7, which works for many sample sizes possible with the UFA system.
This approximation integral is inverted by replacing x with x/; and multiplying both
sides by y; ™.

1+a pv g 1+a M '
8(w)= Ffo x°6(x)dx becomes y, " Hw)=(1+ a)fo x*0(x)dx (8.A.21)

Now differentiating with respect to ; and applying Leibniz’s rule yields:

=(1+ ajwi“e(wi) or 0(y,) = 8(w) + Y, (w) db(w)

— 8.A.22
ay, 1+a dy,(w) ( )

The set of discrete data pairs (coj, 8;) resulting from j = 1 to n stepwise desaturations
are transformed to corrected [(x;), 8(r;)] pairs with differencing schemes such as those

proposed by Ruth and Wong [1990] or Forbes [1994]. The latter’s algorithm is given by
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1+a
_Qi "[wj-l) Qj—l
6., id

i-1/2 = lra
1- KJ:},
Y,

where j-1/2 represents the midway poirit between two successive pairs of data j and j-1

(8.A.23)

and « is given in (8.A.20).

Eor sample and centrifuge geometries which have 0.7 < B < 1.0, another solution 1s
needed because the 6, inversion can give a poo.r approximation [Forbes, 1994]. As an
glternaﬁve, Forbes [1994] derived another estimate more appropriate for this range of B
values, which he called 8,(p) with f = 2/c., which is defined using Hassler and
Brunner’s [1945] solution (8xs):

Bﬁ(‘/’) = (1"‘ ﬁ)jxﬂBQB(WJ)dx | (8.A.24)

0

The algorithm for applying the 0, inversion to (8.A.24) to discrete pairs of experimental l

data is given by [Forbes, 1994]

1+8
L 1_(%.‘?1“) 0
0, =(%—‘) 0, +—2 {9 | _(%—1}2 ]._1} (8.A.25)

1- Vi
Y;

A general solution can be defined for the entire range of B values (0 <B <1.0) by

J

combining the 6, and 8, solutions [Forbes, 1994]:
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0(y,) =0, =-§9ﬁ +(l~-§)9a (8.A.26).

Corrections for effects from the centrifugal field’s two-dimensional heterogeneity and
from gravity can also be incorporated into this scheme [Forbes, 1997] to yield more
accurate estimates of the 6-1 relation. A similar pair of equations can be derived for an

imbibition experiment [Forbes, 1994, 1997].

One potential source for error in determining the 8- relation with the UFA is
stopping the cenfrifuge several times during each experimental step. To a{roid confusion,
a “leg’ refers to the amount of time a sample is spun at a given rate betwegn stoppages,
whereas a “step’ refers to the next step (higher spin rate) in the centrifuge 8-
experiment. Stopping the UFA to weigh the sample in order to determine the average
volumetric moisutre content allows water to redistribute within the sample as well asl
imbibe water held in the bottom assembly. These changes in local water content will
cause local deviations from the primary drainage curve. It is unlikely that these
~ deviations will affect the (wi, 8 ;) data if the subsequent leg or step lasts for a sufficient
amount of time to return the sample to the primary drainage curve. Near saturation, X
values neér the outflow face are relatively high, so re-equilibration occurs relatively
rapidly during the next leg or step. Conversely, K values are very low across much of the
sample tovfards the end of the experiment, so only minimal redistribution of water will
occur during a brief stoppage. (I typically required 5-10 minutes to remove, Weigh, and
spin up the re-attached samples.) This issue should be investigated with numerical

models and, if possible, with experiments.
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Evaporative loss of water is another potential source of error in the UFA method for
0-y relations. At high spin rates (> 3000 rpm), a significant amount of air can be forced
through the sample, and if the air is relatively dry, it can remove water from the sample
during long experimental run times. The air was relatively dry at the UFFA Ventures lab
when the samples were analyzed, and the data show a downward trend in residual
moisture content for numerous sand and fault sample.s [Chapters 2 and 4]. Humidfying

the air during UFA 8-y runs should help reduce evaporative loss , but should be

mvestigated.

The inversion method can also introduce errors the estimate of the 6-1 relation. Poor
estimates from equations (8.A.23 and 8.A.25) can result from having too few data pairs,
as well as wide or irregual intervals between data pairs. Such errors can be prevented or

minimized by collecting many data pairs, spaced regularly with regard to the angular

speed.

8.A.3 MEASURING K-6 RELATIONSHIPS IN A CENTRIFUGE

Hagoort [1980] proposed the first use of a centrifuge to measure relative
permeability. Widely used in the petroleum industry, Hagoort’s [1980] method
determines relative permeability from measurements of the time fate of change in
saturation from a sample subjected to a constant centrifugal acceleration, assuming
centrifugal force dominates capillary forces (no capillary end effects), the relétive
permeability functional form is known, the ratio of relative permeability to viscosity
(mobility) of the non-wetting invading phase is infinite, and that the centrifugal force 1s

uniform throughout the sample. These experiments require a centrifuge specially
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equipped with highly accurate volumetric effluent chambers to collect and measure the
expelled liquid, typically using automated image acquisition and processing [€.8-
O’Meara and Crump, 1985], as the sample drains from fully saturated to some
equilibrium saturation, Subsequent papers detailing improvements or variations on the

method are too numerous to permit adequate discussion here.

Nimmo et al.[1987] proposed the first steady-state centrifuge method for measuring
relative permeability curves, or as used in soil science, unsaturated hydraulic
conductivity, K-8, curves. Their measurements were made with a novel centrifuge design
that established specified matric potential boundary conditions at the sample’s inlet and
outlet faces via porous plates. They argued that it is relatively easy to establish steady
unsaturated flow through a sample with only the centrifugal gradient as the primary
driving force (grad ¢ = 0), based on experimental @easmements and modeling resulté
[Nimmp et al, 198;/]. Another novel centrifuge system —the Unsaturated Flow
Apparétus (UFA) [Conca and Wright,1992; Khaleel et al, 1994; Conca et al, 1999;
ASTM, 2001], permits flow to be transmitted through the spinning rotor onto the
samples. The UFA method subjects an initially saturated sample to a s'ccpvvisé:-iIle@aSing
series of angular velocities while applying a constant flux to the inlet face of the satople-
The liquid flux rate and angular velocity are held constant until the sample reaches Steady
state, and then the final average fluid content is gravimetrically determined.” The
procedure is repeated after increasing the angular velocity, , to the next higher Jevel and

either maintaining or reducing the liquid flux rate ( see Table 2.1). Unlike Nimmo’s

‘‘‘‘‘
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method, the UFA K-6 method does not control the matric potential boundary value at the

outflow face.

I applied Darcy’s law for a rotating frame [Bear et al, 1984] to determine unsaturated
hydraulic conductivity from a steady flow experiment on a homogeneous, isotropic
porous medium in a centrifugal field. Bear et al.[1984] state, but do not derive, their
form of Darcy’s law (their equation 24) for a liquid-gas experiment, which we will take

as water and air;

kokrel (Sw)
u

q:..

21 2
Vp- V&‘%lﬂ) (8.A27)

where ‘q is the water-phase flux density vector (LT™); k; is the intrinsic or saturated
permeability (L?); k(S is the water-phase relative permeability (-) given as a function
of water-phase saturation, Sy, (-); g is the dynamic viscosity of water (ML'T); p is the
matric pressure (ML'T); p,, is water density (ML™); o is the angular velocity (T™)
vector, and r is the radial distance (L) vector from the centrifuge’s axis of rotation.

Gravity is assumed to be negligible relative to the pressure and centrifugal force

gradients.

Nimmo et al. [1987] present another form of Darcy’s law for 1D flow in a centrifugal

field with negligible gravity (their Equation 2):

q= —K(w)(%w -~ pwa)zr) ) (8.A.28)

where the terms are defined as above. Although the units do not appear to balance in

' (8.A.28), it has been used in numerous other papers, including Conca and Wright [1992],
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Nimmo et al.[1994], Conca and Wright [1994], Conca et al.[1999], and Flint et al.[1999].
Compared to (8.A.27), the Darcy’s law form employed by Nimmo and coworkers and
Conca and coworkers (8.A.28) underestimates the matric potential gradient and
overestimates the ceritrifugal head gradient along the sample length by a factor equal to
gravitational acceleration. As discussed later in this sectien, using (SI.A.ZS) insteadrof

. (8.A.27), which does have balanced units; can have very significant impacts on K-0

measurements.

Simplifying (8.A.27) to 1D and restating in terms of matric potential yields:

g= -"—f—(g; p- pwzr) = —K(-g;w - 9’-3) . (8.A.29)
Measuring the K-6 relationship by centrifuge requires several important assumptions
in addition to those made for Darcy flow. The matric potentiel gradient must be very
small and much smaller than the centrifugal body force gradient. The resulting
essentially uniforrn matric potential produces an essentielly uniform volumetric moisture
content distribution within the sample, thus flow is driven only by the difference in
centrifugal body force between the sample’s inlet and outlet faces. The sample is
assumed to be homogeneous and non-deforming. The constant flux boundary condition

must be distributed equally across the inlet face.

Hydraulic conductivity is calculated by rearranging the 1D form of Darcy’s law for a

one-dimensional rotating frame of reference (8.A.27) to solve for K-
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d w’r w*
%=-—;t/}+?=>-l%dr=wdw+——j—dr. (8.A.30)

Treating K as a function of r and integrating from the inlet to the outlet face gives

2
noq W, nw'r
__d [P d *-—d
fri K(r) 4 fw,- w"'f,,_ z 4 (8.A31a)
2 22
= O (122 = (g, —1p,) + 2 rtr
fr‘ K(F) dr=(wi_.wo)+—2—§(ro _ri )_(IPI' T‘Po)+ g (ra—r,‘)( 5 ) (8A31b)
g o dr Y-y, w® ro+r,.)
"o—’}f" K(r) 1,-r, + p (_, 5 | (8.A.31¢)

Dividing through by the flux density ¢ leave.s the inverse of the harmonic average of K(r)
on the left hand side of (8.A.31¢). I denote this quantity as I_{H(Q_), because each harmonic
average is associated with the average Volumetric moisture content (determined

| gravimetrically) for that combination of angular velocity and applied flux rate. If, fér the
applied combination of angular velocity and Water flux rate, the matric potential gradient
is indeed negligible across the entire sample length, then the local X values and harmonic
average of K are essentially the same:

K(6)=Kn(0)=—2L— | (8.A.32)

, w*(r,, +1)

This contrasts with the equation presented By Nimmo et al.[1987] and Conca and Wright

[1992]:




q
K(O)=—7" 8.A.33
( ) pwar ( )

This equation states that K varies with r, despite the foregoing ar gument that K should not

vary significantly if the experimental conditions are appropriate, and it forces K to have L

units of (L3M“T). Accordingly, I used (8.A.30) in this study rather than (8.A.31).

This method assumes steady flow and so is vulnerable to deviations in the applied

flow rates. The AVIpurnps used in the UFA system are rated by the manufacturer to +

29 of the nominal flow rate . However, my validation measurements show that flow

rates can far exceed the 2% rating for some pumps for some flow rates (Table 8.A.1)

Table 8.A.1: Measured flow rates for selected AVI pumps

SEA—
Nominal % deviation for selected pumps (10) % deviation for rejected pumps (4) I
Q (ml/hr) mean gtdev. 1 min  max | mean . stdev B min max ‘T'

S0 17 3 22 53 0o 2 07 20

;13 23 14 2.0 so| 38 88 12 9.0 17.0 |

s 45 19 2 3259 a4 314 LS 7.7 o

5 o2 26 4 30 28 O s 2 -2 .10 ]

50 -1.6 1.3 7 30 1o 17 0.6 3 20 -1.0 ?i
999 -5 12 14 3.1 09| -5 0T 6 21 -0.6

PP e

On average the two sets of pumps show very similar behavior, but the rejected pumps had

much more extreme values, and standard deviations, than the selected pumps. If

possible, only tested pumps were used, but time or other constraints may have caused

pumps with more variable flow rates to be used. Assuming the worst case and using the

highest observed deviations (Table 8.A.1), K estimates could deviate from their true

values by as much as 12%, because measured K is directly Proportional to the flow rate,

Q (8.A.30). Variability in flow rate with time could also provide another souree of error,

but T had too little time with the UFA instrumenté to examine this. For example, if Q for
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a pump varied sinusoidally with time, the sample may never reach steady state
conditions, thereby violating one of the method’s major assumptions. This should be
investigated both numerically and experimentally. However, these etrors may not be
significant because the measured K represents a harmonic average of the possible local

variations of K within the sample due to variations in moisture content.

Errors in saturated X measurements could also be caused by desaturation during the
constant head experiment with the UFA. My measurements of moisture content
immediately following the saturated K experiments showed only small declines, roughly
2-4%, in the bulk Volumet;ic moisture content for protolith samples and smaller declines
for fault samples. It may be possible to avoid these uncertainties 'in' the saturated K
values by using a lab permeameter, constant or falling head as appropriate, to provide an

independent estimate of saturated X.

Anbther source of error is the choice of Darcy’s law, such as (8.A.28), (8.A.29), or
another form. As mentioned previously, vusing the unbalanced form (8.A.28)
overestimates the inﬁuence of the centrifugal body force gradient relative to the matric
potential gradient. Out of the set of combinations of flow and spin rates possible for a K-
8 experiment, some of them will not be‘ feasible. One possible set of infeasible
conditiéns is the set that employs high flows and low spin rates, which could create
roughly commensurate gradients in both 1 and the centrifugal body force. (Low flow
and low spin rates are not usually typically considered because the sample would quickly
desaturate, causing the experiment to miss much of the X-0 relation near the wet end.) I

suggest that the original set of experimental conditions set up by Conca and Wright
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[1992] (see Table 2.1) have such high initial flow rates (50 ml/hr) and‘such low spin rates
(300 rpm) that the matric potential and centrifugal body force gradients are both
significant for fine sands. This overestimates the measured K values near sahlration,
because two gradients are driving flow — nof just one. I suggest this is the reason for the
great‘difﬁculty in fitting Mualem-van Genuchten functions through the estimated K
values near saturation for all sands with mixed clay mineral CSF [Chapters 2 and 4].

Modeling and experimentation should be used to investigate this further.
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APPENDIX 8.B:
BROOKS AND COREY MODEL FITS TO UFA DATA

Data from the UFA hydraulic conductivity — Volumetrlc moisture content (K-0) and

Volumetrlc moisture content — matric potentlal (6-y) experlments for fault and sand

samples from Canyon Trail site E10 were fit to the Brooks and Corey [1964] (BC) forms

for these relations (8.B.1 and 8.B.2) to estimate parameters for a hydraulic conductivity —

matric potential (K-1p) model.

o{w) =6, + (6, - 0, o[ if jay| > 1, otherwise 0(y) = 6, (8.B.1)
ﬁ+2+; .
x(0)= K( gs—:?r,) if §< 0, otherwise K(6) = K, (8.B.2)

where K is the saturated hydraulic conductivity (LT, ais the inverse of the air entry
matric potential (L"), és is saturated volumetric moisture content (L’L) and equals the
connected porosity for vacuurﬁ saturation, 6, is the residual volumetric moisture content
(L3L'3), and » and f3 are dimensionless fitting parameters. The latter two parameters, n

and 3, differ for the Mualem-van Genuchten (MvG) and BC models. The fitting process

s described in section 2.3.

Plots used for fitting and the resulting BC parameter values (Table 8.B.1) follow.
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UFA Results with Brooks and Corey Fits
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Figure 8.B.1: Brooks and Corey fits to UFA experimental results.
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UFA Results with Brooks and Corey Fits ‘
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APPENDIX 8.C:
USING PIECEWISE CONTINUOUS GARDNER K(y) MODELS TO
SOLVE STEADY EVAPORATIVE FLOW PROBLEMS

8.C.1 INTRODUCTION

The analyticaliy unwieldy functional forms of unsaturated hydraulic relationships
which appear to better fit experimental observations generally require numerical
modeling even of relatively simple one dimensional, variably saturated, steady flow
problems. The large matric potential gradients and domain lengths that are ;:ustomary to
many arid and semi-arid vadose zones often necessitate long model run times before the
numerical technique converges to a solution. Various analYtical solutions of steady state
and transient flow problems have been developed fdr ahalytically tractable functional
forms of the hydraulic conductivity — matric potential (K-/) relationship , such as -

Gardner’s model [Rockhold et al., 1997],

K(1p) = Ks exp(onp) | | (8.C.1)
where K is the saturated hydraulic conductivity (LT'I), af L'l) is a parameter describing
the influence of capillarity relative to gravity in driving ihﬁltration, and 1 is the matric

potential (L) (-w0 < 9 = 0). The Gardner model’s log-linear K-y relationship enables

analytical solutions to be obtained for many variably-saturated flow problems. Few such

solutions exist for those functional forms, ¢.g., the Mualem-van Genuchten model, which
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typically provide a better match to experimental measurements of K-v or K-

relationships than the Gardner and other similarly tractable models.

Rockhold et al. [1997] described an analytical method which represents arbitrary K-y
relationships as a set of piecewise continuous Gardner exponential models to solve
steady-state Richards equation problems with a known flux (Neumann) boundary
through segment-by-segment ipte gration. Their approach easily handles infiltration into
homogeneous single and multi-layered media by segmenting each given K-1p curve into
tens to hundreds of piecewisé continuous Gardner models. It is not applicable to flow

problems with Dirichlet boundary conditions (flux is unknown) such as capillarity-driven

upward flux from a shallow water table.

We describe a more general approach that combines piecewiée-continuous
representation of the K- relationship with an exact piecewise analytical solution and is
based on an approach first mooted by Robert Holt in the mid-1990’s. The set of
simultaneous .equlations, built from the piecewise-continuous K- relationship can be
quickly solved using readily available software tools such as Mathematica. Our semi-
analytical approach is simple to implement, accommodates steady flow 1b problems with

either only Dirichlet or mixed Dirichlet and Neumann boundary conditions.
8.C.2 APPROACH

A vertical column of variably saturated media has an applied matric potential at one
boundary and either an applied matric potential or an applied flux at the other boundary-

Under conditions of one dimensional, steady flow, the twice-integrated Richards equation
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the hydraulic conductivity, and distribution of matric potential values within the colu

[Irmay, 1968]:

[ (8.C.2)

q
Yg 7{(—’4’7-*-1

Zr—zg=Az=-

Here z is the vertical axis (positive upwards), zr and zp are the elevations (L) of 1

" top and bottom boundaries, trand ¥ are the mattic potential values (L) at those

boundaries, g is the flux density (LT h through the column, and K(y) is the hydraulic

conductivity (LT™). This geometry causes ¢ to be positive for upward flow and nega
for infiltration.
Using only the Gardner exponential model to describes the K-y relationship, the

analytical solution to (8.C.2) 18

1 (g+ Ksexp(awr)). : ‘ (8.C.3)
ir—Z%p= E‘ln g+ Ks exp((ﬂ/’za)

Gardner [1958] used (8.C.3) to estimate the maximum evaporative flux density flow.
from a Water table at some depth zr — s to the surface where evaporation forces the

boundary matric potential to have a value of -e. This infinite boundary value simpli

(8.C.3) so that liquid-phase flux density ¢ can be determined from an algebraic funct

of domain length, material properties, and the boundary matric potentials (7 =0 cm

water table bottom boundary). We take zr= 0 and zg = -H, where H (L) is the depth

the water table.
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The Gardner model (8.C.1) often provides such a poor match to the Mualem-van
Genuchten (MvG) K(z/}) functions used in this research [Chapter 3], that (8.C.3) is seldom

adopted to model evaporative flow from a shallow water table. Instead, we approximate

each Kjng(y) function with a series of piecewise continuous Gardner exponential

functions Kpw(y):
Kyolw) =K, (1) = Ks,exp(a,4), (8.C.4a)
where 1.1 < Y <y, | (8.C.4b)
Ks, exp(a, 0, ) = Ks,exp(ay,,), and (8.C.4¢)
(8.C.4d)

Ks,, exp(a,,, tp,) = Ks,exp(o, ).

Here each MvG K-y function becomes a set of piecewise continuous linear segments

which span matric potential values from saturation (Y5 = 0) to the smallest (most

negative) 1 value required by the problem. Each of the n 1 segments bounded by [t:.1,

] yields a pair of Ks; and o values for alli=1, ..., 7 The n+1 1 values span the entire
Y range (WosyY=syy) and form the breakpoints for the i segments. By definition, y¥y=0

‘and Kso = K(v) . Each pair of parameters is calculated from

o = tof Ko o) - nf Ko (8.C.52)
l lu]i‘l "wz'l ‘

Ks, = exp[(q)o —p)a, + ln(K(l,Ui_1 ))] (8.C.5b)

such that 0 < and 0 < Ks forall i (8.C.5¢)
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As noted by Rockhold et al. [1997], the number and placement of 1 breakpoints

controls the deviation between the piecewise linear K function and the X function to be

matched, e.g., Mualem-van Genuchten.

The next step is to replace the integral in (8.C.2) with a sum of integrals partitio-ned

according to the v breakpoints:

,-:222" ~za=-3 "’—qi’ﬁﬁ (8.C.6)

Topa ) T 1
where 1’ refers to the value of 1 within the interval [yi.1, Yi]. This produces a set of »
equations which can be sohfed for the remaining unknowns after stipulating the boundary
conditions. If the domain has two Dirichlet boundaries then (8.C.6) can be solved for the
flux density g and the n-1 unknown z; values (as zr and zp are given) corresponding to the
; values. If, on the other hand, mixed Dirichlet and Neumann boundaries are given,

(8.C.6) can then be solved to get the 1 value at the flux boundary and the »n-1 unknown z;

values.’

We applied Equations ("8.C.5) and (8.C.6) to solve ‘;he e?aporatiomdriﬁzen flow from
the shallow water table problem described in Chapters 3 and 4. We péxﬁtioned the MvG
K(vy) functions for each material into roughly 40 piecewise continuous segments across a
matric potential range of 0 (water table at bottom boundary) to —10,000 cm (top
boundary), a value we judged representative of long-term surface matric potentiél for
many semi-arid and arid vadose zones. The Gardner piecewise hydraulic conductivity

function Kp,(1) deviated from the true Mualem-van Genuchten hydraulic conductivity
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function Kj6(1) at any point by less than 5 % for sands and by less than 3% for faults

(Figure 8.C.1).

We then assembled a system of nonlinear equations specific to a single depth to the
water tz;bl‘e, H (L) and solved the system for the upward liquid-phase flux density, ‘q,.
Each equation has a range of matric potential values over which it is valid. For this
problem, rﬁatric potential corresponds in one-to-one fashion to elevation, so the minimum
and maximum bounding matric potentials uniquely correspond to maximum and
minimum elevations. Thus, each equation describes water flow thrbugh a particular
physical segment of the soil column as well as water flow through a particular range of
matric potential values. The system of equations is then solved with a suitably sensitive
nonlinear search algorithm. We initially tried the solver. contained in MathCad (by
MathSoft), but numefical limitations precluded consistent success because flux density
and hydraulic conductivity vaiues can become very small. Mathematica’s arbitrary
precision and its robust solver the system of equations, FindRoot, consistently returned
values for grand the matric potential — elevation relationship for each value of /.
Comparison of Mathemati.ca’s estimates for g; and vy (z) relations with those from a
numerical Richards equation finite element code, HYDRUS-1D [Simunek et al., 1998]

showed no significant differences (< 1%). Annotated Mathematica code is presented in

Section 8.3.4.
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DL06 sand and mean sand
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evapQpow, dissApp8C.nb

Tof 6

MATHEMALICA CODE

file/{UsersZjohnsigdalrsrel0303 pa persidissievaph

W (Cdiss, 00

Calenlating 1D evaporative flux using piecewise-continuous Gardner K-¥

models

*Parameter declarations

Mualem-van Genuchten (MvG) parameter values for sand sample DL06, fault sample

DL20, and the mean sand smean and mean fault fmean:
Undeformed sands:
Lofd6)i=

DLUG « {0.058, 0.31%,.0.03, 3.4, 0.2, 3600+2.2 «10*(~3.0)}:
(+HvG paramsters: er, eg, %, n, f. and Esat in cwi/hr +)

Inj47h=

amean = {0.062. 0.318. 0.038. 3.3¢. .42, 3500.1_72'10"(-3.0);;
bDeformation band faults:
tafdB

DL20 =-{0.105. 0.196, 0.004, 1.8_1.2. 3600+3.5+10°(-6.0)} ;
(«¥G parxameters: or, es, a, h, #£. and Esat in cm/hr )

I} 49 e
faean = {0.089, 0.202, 0.003, 1.74, 1.56, 3600+7.3610"{-6. 0}}:
In|50§:= ‘
hronyr = 24 + 365
Inj3f]=
<{ Graphies®
Inj32p=

¢{ Graphics HultiplelListPlot"

K- model delinitions

Mualem-van Genuchten hydraulic conduet ¥ity:
rl 55
EHVG{$_ .o . n_, f  Es ] :=
Module[{n, ®].
m={n-1.0)/m; .
E= 1.0+ ({ud)"n));
s {(E~(-m})~8) {(L.0- ((1.0- ((E~{-m}}~ (L. 0/ %)))~n}) ~2))
Laf34]:=
TLO6awg [#:_ ] = KNvGLp. DLOG[[3]], DLOG[[41], DLOG[[5]]. DLOG[(6]]]:

Taf35}e

XL20mvg[f_ ] = KIvG . DL2GL[3]1. BL2G{[41]. DL20[[5]]. DL2D[[6I1]:

62903 10
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evapQpew_dissAppBC.nb ftiedffUsersljohnsigda/rsreh/03403 papersidissievapPWCdiss_moz.html

Inf56 =
‘Esmavg[p_1 - EHVGL§, smean[[3]]. smean[[1]], smcanf[5]1, swean[[611];
Inf57):= .
Efnwvg [ ] x[‘ﬂTG[fl_ frean[[3]]. tmean[[4]]. fmean][5]}. fmerni[6]1];

Mualem-van Genuchien molstaze retention:

In{58]:=
thHVG[¥_. a_, N_. tha_. thr_] =
Hodule[{m, %}.
me(n-1.0)n;
%= (1.0 ({aRbs[{]) *m)):
thr + {(ths - thr) ((£) = (-m}))]
Tnf59):= '

thLo6mvg [§ ] = ThvG k. PLO6[[33]. DLOGL[4]]. PLOS[[2]]. DPLO6Y[1]1]1:
TnfG0]:=

thL20mvg[4_] = thitec (4, DLZOEL3]]. DL20[[41], DL20J[2]1. DL20[[4]11.
fn}pl o=

thsmavg[y_J = thHvG[#. smean[[31]. saeen[[4]]. snean[[2]]. smean[[1]11];
Inj@2]):e

thimavg (¥ | = thiieG[$, frean[[3]], faean][4]]. fnean[[2]]. fmean[[1]]];
Gardner hycl.r:-m{ic. condectivity:
ta]63]:=

EGLb.. 5 L. Ea_ ) i=Itl& <D, LsExplad]l. Eal
*Replace MivG K-1) with set of piecewise continuous Gardner models

Set bottom and top 1, then the step value Alegd used to segment the logth range (Log[Yop)-Logipbot]y. This yields

the number of segments {partitions) of the K3 carve and thas the nember of equations, neg .

[n]65i=
$bot = B; ptop = -10000:

Inl65 )= ‘ l
Alogy « 0,09; Bl = Bound [Log [10. Abs[¢top - 4bot]]/Alogél; 7 = Table[-10~ (iwalogy), {1, 0, n1}]: : I
ﬁ%ﬂ]s;ﬂ'[m + 1]11 < us[wtop] ¥+ Append (¥. ¥topl, y([nl +11] - #topl; “ |
nequ » Lengthly] -

Ouf67 =
45

1nj68):=
W[yl ‘

i
2of b 620703 1:42 PM
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evapQpew, dissApp8C.nb file:

Reduce the susber of 4 points < «1{ ¢m

ff6d]=

¥2 = Flatten[List{¥[[2)1. TI[51]. TII611. TI[11}]. ¥l[Range[1z. neqn+1]1111: ¥ = ¥2:
negn - LengthIyl - 1

Qutfédy=
38
In{70}=
Length(y]
Out{70}=
39
In[71}=
neqm
Ouif71 =
38
Calevlate slope and intercepts for set of l)iece\’vi;;e contingous Gardner models:

Sand sample DLOG

Inf72f=
(ELOG = Table[DPLOG[[6]]. {i. 1. neqm}];
aL06 = Takls [(LOogIDLO6L{61]1] ~ Log[(ELOGRYg [-¥[[2]]1]1) 7 (-Y[[2]11). {i. 1. neqn}]:
pol ’ .
(aLOGLL{]]] = (Log[XG{¥[[5]). aLOG[{] -1]], ELOG[[] - 1]]1] - Log[ELOGmvg [-¥[[] + 11111} /
Aba[{y[[31) - ¥[[]+111)]:
ELO6{[J1] = ExpLaL06 [[3]1] (0= ¥{[J1]) + Log[XG{¥[[]1]. aLOS[[j-1]]. ELOGI[F - 11111):).
{i. 2. nemn}]: al0og)
Qutf T2 =

{0. 00142082, 0.00572662, 0. 0139203. 0. 0236763, 0, 0320814, 0.0434625, 0.06585131. 0. 07727548,
-0979313, 0.115796, 0 125001, 0.122913, 0.112037, 0, 0970447, 0.0915667, 0. 0874424,

. 0562924, 0. 0451363, 0.0367662, 0, 0299162, 0.0243295, 0. 0197809, 0.016080%, 0. 0130716,

- 0106263, 0. 0086367, 0.0070Z0Z3, 0.00570628, 0.00463825, 0.00377011, 0. 00306446,

. 00249089, 0. 00202467, C. 00164574, 0. 00133769, 0. 00L08%54, 0.000863501, 0.00076204%

ooooo

Mean sand:
[af 73 )=

Xam = Table(smean[[61]. {i. 1. neqn}]:
-ask - Table[{Log{emeani[6]1]1] - Log[Ksamvg [-Y[{2]11]) / (-¥[[211). {i, 1, neqn}];
Do[
(asmI[§1] = (Log[RG[¥[[]], asn[{j - 111, E=n[[] - 1]111] - Log [Rammvg [-7[{j + 11111} /
Aba((y{[31]-¥[[J+11D]: .
Eom{[311=Exploam{{j]] (0-7{[i1]) + LogIRG[¥[[§]]. aom[[] - 11]. Esw[[i -~ 111111:).
{i. 2. neqgnll:) .

Fault sanple DL20:

Iofb

Fsersfjohnsigda/rsreh/0303 papersidissiovapPWCOdiss_moaz.litm}

629703 10:42 PM
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fal74hi=

(EL20 » Table[PL20{[6]]. 1i. 1. neml}]:

AL20 - Table [(Log{DL2U[[6]1]] - Log [EL20nvg [-¥[{21111) / (~¥[[21]). {i. 1. neqn}l:
Dol

(aL20f[31] = (Log[RGI¥[[i]]1. aL20([j -41]. EL2O[[] - 1]]]] Log[rLG-vg[»ﬂ[j*iJm”
Aba[{yL{31]-¥IL7+1ID]:

ELZ0([31] =Exp[aL20[L[i1] (0 -¥[[31]1) +Log{EGI¥I{3]). aLZO{{i-11]. KLZU[[J-—H]]]] 3.
{3. Z, neqn]]l)

Mean fault:
CAnfi3)e
{Ffm = Table[fmean[[6]]. {i. 1. negn}]:

atm = Table[(Log{frean[[6]1]] - Log[Rfamvg[-¥{ {21111} / (-7[[21]}. {i. 1. neqn}l:
Do[

tarm{{31] = (LOTIEG{Y[[3]]. efnl[j - 111, Kfn[[ - 1]71] - Log (K fmuvg [-¥[[] + 11131}/
Abs[(yI[311-¥I13 +11D1:

XEx[[1]1] = Explatm[[§1] {0 - ¥[[j)1) + Log[EGL¥[[§]1]. ataf[i- 411, Ttal[] - 111111:)-
(3. 2. neqn}]:)
Declare precewise continuous Gardner functions for each nxaterial:
To{ 76}

POVELOG6[¥_. 0 ] :=II[é 2 0. KG[0, aLO6[[1]]. KLOGL[1]1]]. . na—i]]i
Do[TL[# = ¥[[11]. Return[EG[$, aLBs[[i - 1]], ELOA[Ti - 11111, Continue[1]. {i- 2.

tn77)=

pevRam . n_ ] = If[¥=2 0, XGIO. asa[[1]), Xem[[1]]]. 1113
DofT{{$ > F[[i]]. Return[KG[b. asm[[i-1]], Zem[[i - 1111}, Continue[]]. {i. 2. *

Inf78]s=

DOVELE0[¥_, 1] := IL{¥ & 0. LG[O0, ak20[[1]1], LLZUI[1]]11. . astill
Do[IZ[¢ > ¥[[1]], Return{EGLHy, aL2O[[i- 1]1}. XL2O[[1 - 1]]1]]. Continue[]]. {i- 2

b T

pevEitmly ., n | - Tf[$: 0, EG{O, afm[[1]]. Itl'[l]]]. 1371
Do[Til# = ¥[[1]1], Return[XG[#, atm[[i-1]], XEa[[i -1]11], Continue[}]. [i. 2. B

in
+Build and solve sets of piccewise continuous Gardner models for given ¢ range? and varyms
depth to water table

Drefine function to build set of nega-1 equations for each z breakpoint:
Inf8{:=
zNeqninn ., & , K3_. &1 =

[Kh =EGL¥[I[1]1]. «[[1]1. E=([1]1]:

Table[

_f [1-09[‘1+IG[&[E:1 +113. ef[311. Es{[J11]] - Log[q+ED] -
«[[3I1
] . ingfi1]-
(Evaluate[ =" « ToStridg(illy («[[i + 111 —u[[i]])]] == Symhol["z" ¢ ToStrind

Eel

\

' 6/29/03 10:42 PM
dof 6
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Define function o build tast equation:
Inf8i =

zlastfon_, o

K8 &_ . %3] =

[lb =EGL¥I[1]1]. «[{11]. Ka[[111]:

-1
[m [LOH[C[+IG[%'![[mH 111. =[{an]]. Ksl(on]1]] - Loy [q + Xb] -

)=

Define function 40 betild and solve sei of equations for the Thux. g, and the pairs of (2.9) at the breakpoints:

n-1

Z XSyabol[*z" «> ToString[il]) (a[(i+ 1]] -=[[i]1])

i=l

1af82)=

gRegqu(on ., & . E2_, ¥_, ZZ_] - [

b = EGILI{1]]- «[[11]. Ka[[1]11:
allbi =
Table|

-1
m-[Lﬂu[q'KG[#[[j +1]1. «[[31). ¥3{[311]1] - Lop [q - Xb] -

=1
rz (Symbol["z" <> ToString[i11) (a[[i+ 1]] - «[[i]I)

kia1
(1. 1. - 1)]:
lastx =

]] == Symbol["z" < ToString[j]]

el

';-[-f-"n}i‘tﬁ [Log[q+lfv[&[[nn* 1]1. al[om]]. Es[[on]1i] - Loglq+Kb] -
2, Syabol{"z" <> ToString[i]1) tal{i+ 111 - allil])
izl

” == B34:
alleqn = Append {allbl. lastz]:
qinit - ¥hich[2Z = 50, 10~ (-1}, 2Z 5100, 10°¢-2). %Z < 200, 10~ {-6), ZZ s 400,

107 (-8). ZZ £ 500, 10~(-10). %% s 80D, 10~ (-12), &% s 1000, 10~ (-15). ZZ £ 10000,
10~ {-18)1;

x = Tahle[{Syabol["z" <> ToString[i]]. (22« (i /mn)¥}, {i. i, om-1}];

allinit = Append{z. {Syahol["g"]. ginit}]:

ToExpreasion[

(tar = °"; Do[tax = tar <> ToString[alliniti[j]]. StandardPorm] <> ".". {j. 1. no}}:

"PindRoot[elleqn.® <> tar < * ’ HMaxlterationa—i0@} ')]]

Set minimum and maxisam values over which to vary depth to water table, ZZ:
83 h=

imin =1; imar = 1000; istep =50
idel = (Log[10, imax]} - Log[10, imin]) / (istep - 1};

Define functions for cach materal to determine g (ZZ)
Y B £

QLOG[ZZ_] = gieqnineqn. aLbé, XLOG, v, 2Z]

Sof 6

afrsrehd03/3 paperstlissievapPWCdiss_moz.rtml
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Depth to water table is 10 em:
[R]85 =
110 = QLO6[10]; B
In|86)=
qi0L06 = hrsnyr qQ/. X
OutR6j=

57233. 2

This is the Mlux density in Chyyr,
Depth to water table is 100 em: ]
La|87 je=

1100 = QLBG[100]:
Enf88}m

ql00L06 - hesnyr qg/. X
Outfax)=

7.69002

This is the flux density in enfyr.
-Depth 10 water table is 1000 cm:
la{89):=

21000 = OLOG[1000];
lln[l)l‘)i:w_»
gi000L06 « hranyrq /. X

Out] U=

£.28604 5107

Converted by Mathamativg {June 29, 2003)




APPENDIX 8.D: UFA EXPERIMENTAL DATA

Data from the UFA hydraulic conductivity — volumetric moisture content (K-6) and volumetric

moisture content — matric potential (6 -y) experiments for fault and sand samples from all Canyon Trail
and Elmendorf sites follow below The first list describes all the samples collected from each location and
the UFA analyses performed on them. The next list shows the raw data from each 6 - -1 experiment for

each sample. The last table provides the raw data for each K-8 experiment.
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SAMPLE LIST

Location
E10 fault & fault zone
E10 FL
E10 FLOOZ2 5-6-99 lower wet
E10 FZ a lower
E10FLOO1 5-2-99
E10 upper fault
E10 FZ @ contact
E10 footwall
E10 FW 02a
E10 FW 02b grey
E10 FW uppercgrA
E10 FW02 B grey c gr 5-2-99
E10 upper FWcgr A
E10 FW c gr B || bedding
E10 FW ¢ gr B perp bedding
E10 FW03afgr
E10 FW 02a repacked
E10FWfgrD :
E10 hanging wall

E10 HW 01 mixed
E10 HW upper f gr
E10 upper HW
E10 upper HW C
E10 upper HW D
E1OHWHfgr
E10 HWO3 buff & grey
E10 HWO04 a grey c gr
E10HWcgrA
E1OHW fgrA
E10HWIicagr

E13 fauit zone
E13FZA
E13FZB
E13 FZ A 6/9/99
E13 footwall
E13FWfgrB
E13FWB
E13 hanging wall
E13HWcgrA
E13HW fgrA
E13 HW A buff + grey

8-43

Tare ID

T7
T20
T27

VIi- 15
T26
Q2

V-12
Uo7
vV -12

- U03
Q1
H-N

uo9

U11

T24
T32
16
V-13
Vi-14
u10
U6
15

T20
T34
Q5

T23
T6
T
T2

Sleeve ID

nmi11
di20

nmt18
dio2

nmt04

DLOG
DS08
DS30
ds04
DS33
DS22
DS23

DS26

DLO7
D331
DL21
nmt13-XXX

dlo9
nmt15
ds06
ds07

dlog
nmt05

D532
nmit01

LIS

mwrorw

nomnunununonr

RN e

<< <<=

< =<

<< <<=

< <
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Location Tare ID Sleeve ID L/s K-o Y-9
E14 fault zone
E14A FZ T33 nmt20 S ,
E14DFL001 6-2-98 Vilt -16 ds02 S Y y
E14D FLOO1 T28 not epoxied
E14 footwall ‘
E14FW || bedding 13 ds05 S
E14FW perp to bedding T20 nmt14-XXx S
E14 hanging wall ‘
E14HW || to bedding T21 ds03 S Y Y
E14HW perp to bedding T22 nmt07 S Y Y
E14 HW A perp bedding Q4 Ds25 S Y Y
E14 HW A || bedding Q3 DS24 S Y Y
E14 HW A repacked . Ds2s S
Elmendort fauit Zone
ElA016/98 ‘ DSo1 Y
EI'A FZ lower T30 dios Y
El C FZ lower T31 dio3
EIFZ A NMT19 Y Y
El ZDB T29 dio4 Y Y
EIA016/16/08 T6 '
Elmendorf footwal
‘EL A-B 12 nmt03 Y Y
EIA-Bcgr DLO1
EIA-Bcgr _ T25
"ElA-Bcgr ’ Q6
Elmendorf hanging wall
EIAHWccgr ‘ T24 dios
ELAHWfgr - T25 nmt10 - XXX
ELAHW fgr ' NMT12 Y Y

L =large sample; S = small sample; Y = yes; N =no; gr = grained; perp = perpendicular; FW = foot

wall; HW = hanging wall.

XXX indicates sample was destroyed.
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il
Data from -8 UFA experiments " ; ;

11 I
Rotation Sample wet Water Vol. Moisture ;‘}fli
speed weight weight content Matric I
Sample ID (rpm) (9) (@) (em’em’)  potential (cm) 1
DL02 0 82.33 7.75 0.208 0 M
300 81.16 7.42 0.196 30 il
800 80.49 6.88 0.180 223
1200 79.60 6.07 0.147 563
1500 79.18 5.72 0.138 942
2100 78.62 5.28 0.130 1765
3000 78.02 4.79 0.117 3578
4000 7753 4.40 0.105 6522
5000 77.13 4.07 0.095 10461
7000 76.74 3.79 0.094 19617
10000 76.39 3.47 0.085 39752
DLO2 repeat 0 8233 . 8.6 0.208 0
300 80.57 6.83 0.180 30
600 80.11 6.46 0.168 131
800 79.74 6.13 10.153 261
1200 79.06 5.53 0.136 563
1500 78.61 5.15 0.122 942
2100 78.03 4.69 0.113 1765
3000 77.23 4.00 0.092 3578
4000 76.78 3.65 0.087 6522
DLO6 . 0 146.82 2273 0.312 0
300 199.67 18,79 0.253 26
600 187.83 7.04 0.055 113
800 186.71 5.96 0.065 226
1200 185.70 5.03 0.060 487
1500 185.16 4.56 0.053 816
2100 184.74 4.26 0.054 1527
2500 184.52 4.09 0.051 2317
3000 184.35 3.98 0.051 3324
4000 18413 - 3.86 0.051 5646
5500 183.75 3.58 0.045 10547
7000 183.35 3.26 0.038 17626
10000 183.15 3.00 0.040 34378
|
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Rotation Sample wet Water Vol. Moisture

speed weight weight content Matric
Sample ID (rpm) (9) (g) (em®cm®)  potential (cm)
DLO7 ' 0 122.61 20.79 0.336 0
300 168.76 17.61 0.282 21
600 158.86 7.80 0.083 90
800 157.08 6.06 0.067 182
1200 155.85 4.91 0.067 390
1500 155.37 4.50 0.063 660
2100 154.88 413 - 0.061 . 1229
2500 154.67 3.97 0.059 1879
3000 154.51 3.87 0.059 2695
4000 154.33 3.79 0.060 4552
5500 154.09 3.65 0.057 8491
7000 153.91  3.55 0.055 14244
10000 153.63 3.30 0.050 27630
DL20 0 76.15 6.95 . 0.198 0
300 75.46 6.52 0.179 28
600 75.21 6.38 0.175 123
800 75.08 6.29 0.171 245
1200 74.63 5.87 0.155 528
1500 7431 5.56 0.141 883
2100 73.80 5.06 0.128 1654
3000 73.11 4.38 0.106 3352
4000 72.66 3.94 0.096 . 6114
DS02 0 4378 4.75 0.229 0
300 43.00 4.58 0.215 27
600 42.40 4.04 0.183 118
800 42.04 3.70 0.157 241
1200 41.38 3.06 0.123 516
1500 41.07 2.75 0.107 874
2100 40.60 2.29 0.088 1624
3000 40.32 2.02 0.084 - 3287
4000 40.13 1.83 " 0.076 6022
5000 39.97 1.67 0.067 9707
7000 39.73 1.44 0.058 18050

- 10000 39.58 1.30 0.055 36526



Rotation - Sample wet Water = vol. Moisture

speed weight weight " content Matric

Sample ID (rpm) (9) @  (em¥%em%)  potential (cn
DS04 0 88.76 6.56 0.258

300 87.75 4.61 0.160 2

600 85.92 2.83 0.083 10

800 85.29 2.22 0.055 21

1200 84.90 1.88 0.058 46

1500 84.73 1.75 0.055 78

2100 84.53 1.61 0.053 1451

3000 84.42 1.57 0.055 - 294.

4000 84.36 1.56 0.055 540

5000 84.29 1.53 : 0.053 871¢

6000 84.24 1.52 0.053 12831

10000 84.07 1.39 0.047 30856

DS07 0 55.825 8.23 0.322 0

300 53.57 6.19 0.207 25

600 50.99 3.66 0.101 109

800 50.07 2.76 0.060 223

1200 49.36 210 0.056 476

1500 49.08 - 1.86 0.051 809

2100 48.86 1.70 0.053 1501

- 3000 48.72 1.63 0.054 3037

4000 48.54 1.50 0.047 5568

5000 48.46 1.46 0.048 8984

6000 48.34 1.38 0.041 13223

10000 48.20 1.28 0.042 31844

508 0 69.10 10,18 0.294 0

© 300 66.63 7.93 0.225 26

600 62.36 3.71 0.073 116

800 61.64 3.01 0.064 - 236

1200 61.15 2.57 0.065 506

1500 60.97 243 0.063 857

2100 60.74 2.26 0.060 1593

3000 60.58 217 0.060 3223

4000 60.33 1.97 0.050 5905

5000 60.24 1.92 0.053 9519

6000 160,12 1.84 0.048 14003

10000 59.97 1.73 0.048 33842



Rotation

Speed

Sample ID (rpm)
DS22 0
300
600
800
1200
1500
2100
3000
4000
5000
7000
10000

DS23 : 0
300

6800

800

1200

1500

2100

3000

NMT04 ' 0

300

600
800
1200
1500
2100
3000
4000
5000
7000
10000

Sample wet
weight
(9)
48.86
46.96
46.72
46.12
45.87
45.65
44,12
44.02
43,90
43.82
43.74
43.65

50.44
46.69
44.92
44.64
44.41
44.33
44.27
44.19

33.05
32.40
32.25
32.15
31.77
31.51
31.14
30.85
30.65
30.53
- 30.32
30.16

8-48

Water
weight
(g)

6.72

4.97
4.76
4.18
3.95
3.74
2.23
2.15
2.03
1.95
1.87
1.78

7.45
3.88
- 214
1.88
1.67
1.60
1.56
1.50

3.64
3.18
3.09
3.01
2,65
2.39
2.03
1.75
1.55
143
1.23
1.08

Vol. Moisture

content

(em¥em?)
0.310
0.197
0.191
0.143
0.154
0.138
0.035
0.084
0.077
0.074
0.073
0.069

. 0.288
0.147
0.066
0.062
0.060

0.058

0.059
0.057

0.242
0.211
0.205
0.196
0.161
0.134
0.114
0.101
0.089
0.084
0.070
0.063

Matric
potential (cm)

0

28
126
256
548
928
1725
3492
6395
10306
19172
38799

32
140
281
606

1018
1902
3852

30
132
267
573
966

1802
3648
6672
10737
20019
40530
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|
|
Rotation Sample wet Water Vol. Moisture :
speed weight weight content Matric i
Sample ID (rpm) {9) (9) (cmslcms) potential {cm)
NMT11 0 27.52 2.68 0.198 0 {
' 300 27.16 2.47 0.190 27
600 27.08 2.45 0.189 118
800 27.00 2.39 0.180 241
1200 26.76 217 0.156 . 516
1500 26.60 2.01 0.137 874
2100 26.33 1.75 0.117 1624
3000 26.09 1.52 0.102 3287
4000 25.92 . 1.35 0.090 6022
5000 25.81 1.24 0.083 9707
7000 25.64 1.08 0.072 18050
10000 25.50 0.95 0.064 36526
NMT15 0 48.49 7.32 0.309 0
300 45.35 4.40 0.180 21
600 43.97 3.07 0.114 ' 93
800 43.28 2.40 0.069 192
1200 42.82 1.99 0.072 - 409
1500 42.63 1.84 0.068 699
2100 42 .47 1.74 0.070 1293
3000 42.35 1.69 0.069 2614
4000 4224 1.63 0.066 4802
5000 41.98 1.41 0.045 7762
6000 41.92 1.39 0.056 11440
10000 41.80 1.31 0.054 127299
NMT18 0 45.57 4.15 0.207 0
300 45.00 4.19 0.209 32
600 44.76 401 0.198 140
800 44.64 3.91 0.190 283 3
1200 44.30 3.59 0.168 608 ¥
1500 44.07 3.36 0.151 ' 1025 :
2100 - 43.68 . 2.98 0.132 1911 ‘
3000 43.34 2.65 0.119 3870
4000 43.06 2.37 0.103 7076 )
5000 42.86 2.17 0.094 11384 |
7000 41.49 0.81 -0.020 21236 ‘
10000 41.40 0.73 0.033 42997 ‘ i






Data from K-8 UFA experiments

Sample ID
DLO2

DLO6

DLO7

DL20

Rotation
speed
(rpm)

1000
1000
1200
1500
2000
2000
2000
2000
2300
2485

300

300

600
1000
1500
2000
2000
2455

300
300
600

1000~

1500
2000
2455

1000
1000
1200
1500
2000
2000
2000
2000
2300
2485

8-51

Water

Flux rate Sample wet weight
(ml/hr)  weight (g)

12.9
10.0
10.0
10.0
10.0
2.0
1.0
0.5
0.2
0.1

386.2
50.0
50.0
50.0
50.0
40.0

5.0
1.0

397.9
50.0
50.0
50.0
50.0
40.0

1.0

5.4
5.0
5.0
5.0
5.0
2.0
1.0
0.5
0.2
0.1

81.19
80.86
80.62
80.47
80.19
79.12
78.89
78.71
78.51
78.17

205.29
200.92

193.44

191.01
189.73
188.82
187.83
186.84

172.19
170.04
162.62
159.95
157.95
156.74
154.97

76.11
75.95
75.90
75.75
75.56
75.14
74.96
74.80
74.40
74.17

(9)
7.89
8.01
7.76
7.62
7.35
6.28
6.05
5.87
5.67
5.33

23.46
19.09
11.70
9.33
8.18
7.37
6.38

5.46

20.77
19.46
12.13

9.52

7.65

6.54
4.84

7.36
7.20
7.14
7.00
6.82
6.40
6.22
6.06
5.66
5.43

Vol.
Moisture
content

(em*cm?®)
0.209
0.212
0.205
0.202
0.194
0.166
0.180
0.155
0.150
0.141

0.318 .

0.259
0.159
- 0.127
0.111
0.100
0.086
0.074

0.335
- 0.314
0.196
0.154
0.123
0.106
0.078

0.198
0.199
0.197
0.193
0.188
0.177
0.172
0.167
0.156
0.150

. Hydraulic
conductivity
(em/s)

- 9.88E-06
7.30E-06
5.07E-06
3.25E-06
1.83E-06
3.65E-07
1.83E-07
9.13E-08
2.76E-08

1.18E-08

1.20E-03
- 1.56E-04
3.89E-05
1.40E-05
6.22E-06
2.80E-06
3.50E-07
4.65E-08

1.14E-03
1.44E-04
3.60E-05
1.29E-05
5.75E-06
2.69E-08
4.29E-08

3.50E-06
3.26E-06
2.26E-06
1.45E-06
8.14E-07
3.26E-07
_1.63E-07
8.14E-08
2.46E-08
1.05E-08
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Vol.
Rotation Water Moisture Hydraulic
speed  Flux rate Sample wet weight content conductivity
Sample ID (rom)  (mihr) weight (g)  (g) (em’fcm?) (cm/s)

DS02 1400 35.9 43.80 4.89 0.230 1.93E-05
1400 250 | 43.49 4.58 0.215 1.02E-05

1500 25,0 43.36 4.48 0.210 - 8.91E-06

2000 25.0 43.03 4.18 0.197 5.01E-06

2000 15.0 42.82 3.97 0.187 3.01E-06

2000 5.0 42.26 3.41 ~ 0.000 1.00E-06

2000 1.0 41.92 3.07 0145 - 2.00E-07

2000 0.5 41.27 242 0.114 " 1.00E-07

2300 0.2 41.02 2.20 0.104 3.03E-08

2500 0.1 4112 2.31 0.109 1.28E-08

3000 0.0 40.64 1.87 0.088 6.24E-10

DSo7 300 514.3 87.79 9.40 0.322 2.03E-03
300 50.0 86.21 7.82 0.268 1.97E-04

1500 50.0 81.32 3.09 0.106 7.90E-06

2000 40.0 81.02 2.84 0.097 3.55E-06

2000 150 80.79 2.61 0.089 1.33E-06

2000 5.0 80.78 2.60 0.089 4.44E-07

2500 0.1 80.18 2.04 1 0.070 5.68E-09

3000 0.0 79.90 1.80 0.062 2.76E-10




8-53

Vol,

Rotation Water Moisture Hydraulic
speed  Flux rate Sample wet weight content conductivity

Sample ID (rpm)  (mlihr)  weight(g) () (em*cm?) (cmis)
D308 300 578.8 99.80  10.29 0.295 2.22E-03
300 50.0 98.40 8.89 0.255 1.92E-04
1500 50.0 . 93.15 3.80 0.109 7.68E-06
2000 40.0 93.28 3.98 0.114 3.46E-06
2000 15.0 92.79 3.49 0.100 1.30E-06
2000 5.0 92.27 2.97 0.085 4.32E-07
2500 0.1 91.72 2.46 0.071 5.53E-09
3000 0.0 ©91.30 2.08 0.060 2.69E-10
DS22 300 411.2 93.04 7.91 0.320 2.27E-03
300 500 9243 7.30 0.296 2.76E-04
600 50.0 89.59 4.46 0.181 6.91E-05
1000 50.0 88.97 3.85 . 0.156 2.49E-05
1500 50.0 88.84 3.72 0.151 1.11E-05
2000 40.0 ' 88.45 333  0.435 4.97E-06
2000 5.0 88.13 3.12 0.127 6.22E-07
2000 1.0 87.96 2.95 0.120 1.24E-07
2000 0.5 87.91 2.90 0.118 6.22E-08
2300 0.2 87.80 2.80 0.114 1.88E-08
2500 0.1 87.71 2.72 0.110 7.96E-09
3000 0.01 87.48 2.50 0.101 3.87E-10
DS23 300 = 357.1 92.17 7.33 0.287 2.16E-03
300 . 500 92.11 7.27 0.284 3.02E-04
600 500 89.39 4.55 0.178 7.55E-05
1500 15.0 87.49 2.77 0.108 3.63E-06
1500 15.0 87.49 2.77 0.108 - 3.63E-06
2000 15.0 87.29 2.58 0.101 2.04E-06
2000 5.0 87.33 262 0.103 6.80E-07
2000 1.0 86.89 2.18 0.085 1.36E-07
2000 0.5 86.80 2.09 0.082 6.80E-08
2300 0.2 86.62 1.92 0.075 2.06E-08
2500 0.1 86.56 1.87 ©0.073 8.70E-09

3000 0.01 86.28 1.60 0.062 4.23E-10



Rotation
speed
Sample ID (rpm)

‘NMT04 800
800

1000

1500

2000

2000

2000

- 2300

2500

3000

NMT11 1400
- 1400

1500

2000

2000

2000

2000

2000

2300
2500
3000

NMT18 1100

800
1000
1500
2000
2000
2000
2300
2500
3000

(mi/hr)
-~ 19.0
5.0
5.0
5.0
5.0
1.0
0.5
0.2
0.1
0.01

6.1
5.0
5.0
5.0
4.0
3.0
1.0

0.5-
0.2

0.10
0.01

10.1
5.0
5.0
50
5.0
1.0
0.5
0.2
0.1

0.01

8-54

Water

Flux rate Sample wet weight

weight (g)  (9)
33.09 3.63
32.80 3.34
32.73 3.28
32.43 3.06
32.41 3.04
32.16 2.84
31.94 2.62
3154 = 225
3141 213
31.07 1.83
27.21 2.43
27.19 2.41
27.13 2.36
27.01 2.29
26.96 2.24
26.97 2.25
26.79 2.07
26.66 1.94
26.52 1.83
26.37 1.69
26.08 1.44
45.05 4.03
44.97 3.92
44.93 3.89
44.82 3.86
4463 3.72
44.42 3.51
4419 3.28
44.11 3.23
43.93 3.06
43.60 2.77

Vol.
Moisture
content

(cm"‘lcm3)
0.242
0.223
0.219
0.204
0.203
0.190
0.175

0.150 -

0.142
0.122

0.187
0.186
0.182
0177
0.173
0.174

0.160

0.150
0.141
0.131
0.111

0.201
0.196
0.194
0.193
0.186
0.175
0.164

0.161 .

0.153
0.138

Hydraulic
conductivity

(cm/s)
2.12E-05
9.71E-06
6.21E-06
2.76E-06
1.55E-06
3.11E-07
1.55E-07
4.70E-08
1.99E-08
9.66E-10

3.7T4E-06
3.06E-06
2.67E-06
1.50E-06
1.20E-06
9.01E-07
3.00E-07
1.50E-07
4.54E-08
1.92E-08
9.34E-10

8.30E-08
7.74E-06
4.95E-06
2.20E-06
1.24E-06
2.48E-07
1.24E-07
3.75E-08
1.59E-08
7.71E-10

Sample wet weight is the sample weight at the end of the centrifugation step. Water weight 1s the

weight of water remaining in the sample. Volumetric moisture content is the average moisture contnet

for the sample. Hydraulic conductivity is calculated using (8.A.3 1).




