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ABSTRACT

Indurated stage IV calcic horizons are an important feature of many soils in New
Mexico. Several previous studies have described the occurrence of dissolution pipes in
these hoﬁzons but didn’t quantify pipe frequency. In this study I test the hypothesis that
surfaces with indurated calcic horizons have pipes exhibiting considerable downward
water fluxes. First, the frequency of pipe occurrence is assessed from field data gathered
along a 32 km trench, 2.2 m deep and 0.6 m wide, which had been excavated on the La
Mesa surface for the placement of a gas pipe line. Thirteen to sixteen percent of the La
Mesa surface is underlain by pipes with diameters from 0.4-22.0 m; this percentage is
nearly one order of magnitude larger than any number previously reported in the
literature. Inside the pipes the chloride concentrations in the soil water and the carbonate
concentrations in the soil are approximately two orders of magnitude smaller than
outside tile pipes in the calcic horizons. This is strong evidence for the occurrence of
considerable leaching through the pipes. My computer simulations of water fluxes
through a representative pipe demonstrate not only that pipes do have a pronounced‘
effect on downward water fluxes but also that the hydraulic characteristics of the soil
filling and overlaying the pipes determine the magnitude of downward water fluxes
through the pipe as well as through the calcic horizon. Estimated downward water fluxes
at 300 cm depth throﬁgh the pip¢s in fluvial and eolian soils were 3-20 and 24-95 mm per

year, respectively. This compares to aerial fluxes of less than 0.03 mm per year in fluvial



soils and about 3 mm per year in eolian soils outside the pipes. Including the effect of
pipe recharge in aerial recharge estimates increases the estimates from 0.03 to0 0.1-0.8
mm per year in fluvial soils, and from 3 to 4-9 mm per year in eolian soils. The large
difference between downward water fluxes outside and inside pipes, i.e. from less than
0.03 mm to 3-20 mm per year in the fluvial soil and from 3 mm to 24-95 mm per year in
the eolian soil supports my research hypothesis that on surfaces with indurated calcic
horizons in arid New Mexico locations with negligible downward water fluxes are

intermixed with sites that have considerable downward water fluxes.
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1-INTRODUCTION

Ground water recharge is a criﬁcal component of the water balance in arid
environments: it not only determines the sustainable yield of ground water aquifers but is
also a key parameter for the evaluation of the vulnerability of those aquifers for
contamination. For example, the southwestern deserts and rangelands are generally
presumed to have extremely low ground water recharge rates and, therefore, are
considered potentially suitable environments for the disposal of low- and high-level
radioactive waste (Winograd, 1981).

Unfortunately, ground water recharge is controlled in such a complex manner by
climate, soils, vegetation, and topography that it remains the least understood component
of the hydrologic cycle in arid environments. Since arid climates are characterized by a
mean annual potential evaporation that exceeds mean annual precipitation by an order of
magnitude, many practitioners have assumed that ground water recharge through desert
soils is negligible (Mann, 1976; Mercer ez al., 1983). On the other hand, it also has been
recognized that the large spatial and temporal vaﬁability of precipitation in arid and
semiarid regions will cause gross under-estimation of recharge when annually and areally
averaged precipitation data are used in the calculations (e.g., Hendrickx and Walker,

1997; Lemner et al., 1990). Gee & Hillel (1988) discuss this “fallacy of averaging” and



point out that most of the recharge in arid regions is episodic, i.e. occurs during short
time periods often on restricted areas.

Another characteristic of the arid regions in the southwestern United States is the
formation of calcic soil horizons due to carbonate accumulation. Hennessy et al. {(1983),
Lattman (1977), and Phillips et a/l. (1988) have reported that calcic horizons generally
have a low hydraulic conductivity and are an impediment for ground water recharge. Yet,
Baumbhardt and Lascano (1993) measured a saturated hydraulic conductivity of 75
cm/day in a calcic horizpn and concluded that calcic horizons would not greatly impede
vertical water movement. These contradictory findings may be explained by recognizing
that a calcic horizon develops through different morphological stages which are
characterized by different physical properties such as bulk density, thickness,
cementation, and carbonate content (Gile e al., 1966, Machette, 1985).

An increase in carbonate content causes a decrease of porosity and a reduction of
permeability (Machette, 1985) and infiltration rates (Gile et al., 1966). As a matter of
fact, infiltration rates in calcic horizons appear inversely related to the carbonate content
of these horizons (Gile, 1961). However, the implicit assumption that water flow and
ground water recharge through indurated calcic horizons are essentially one-dimensional
vertical brocesses without lateral components might have been the most critical oversight
in previous hydrological studies addressing flow in calcic desert vadose zones. There is
ample evidence of dissolution cavities and pipes in indurated calcic horizons in New
Mexico, West Texas, and Arizona (e.g., Bretz and Horbert, 1949; Gile ez al., 1966; Gile

and Hawley, 1966; Réeves, 1976). Pipes are defined as dissolution cavities that penetrate



the calcic horizon completely and form conduits between the soil layers over- and
underlaying it (Figures 1-1 and 1-2). No studies have been conducted to evaluate their
hydrological implications. Gile ez al. (1981) hypothesize that indurated calcic horizons
surrounding pipes, due to their low hydraulic conductivity compared to the soil inside the
- pipe, deflect water into the pipes. Such lateral deflection may cause a considerable |
concentration of water towards the pipe resulting in preferential flow and increased depth
of water penetration (e.g., Hendrickx and Flury, 2001).

The major goal of this study is to perform a quantitative analysis of water flow
through indurated calcic horizons taking into account the possibie effects of lateral flow.
In order to place this study in its context, I will first present a literature review on ground
 water recharge mechanisms in arid environments as well as on the formation and
characteristics of calcic horizons. Next, I will formulate a hypothesis concerning water

flow processes through indurated calcic horizons.

Episodic Nature of Recharge Events

Several authors (Gee and Hillel, 1988; Hendrickx and Walker, 1997, Lemer et al.,
1990). have pointed out that most éf the recharge in arid regions is episodic, i.e. occurs
during relatively short time periods on often restricted areas. Since no data sets exist with
a length of record covering thirty to one hundred years, computer simulations have been
used for the evaluation of the episodic nature of recharge eveﬁts. Rockhold ez al. (1995)
simulafed a period of 30 years at the Hanford site in arid eastern Washington and found

recharge rates to vary from 0.1 to 68.1 mm/year. Kearns and Hendrickx (1998) simulated
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Figure 1-1.  Typical pipes observed in Section One of the transect on the La Mesa

surface.




Figure 1-2. Typical pipe observed in Section Two of the trench on the La Mesa

surface; top diameter is larger than bottom diameter.




ground water recharge in southern New Mexico using 100 years of daily precipitation
data. They found that during the period 1890 to 1990, recharge events only occurred
during five well defined periods varying in length from 3 to 7 years. Two of the five
recharge events were initiated by the two largest single day precipitation evénts observed
in the last century: 16.5 cm on August 30, 1935, and 10.4 cm on September 21, 1941.
These two large single day events were followed by roughly average rainfall years. The
three other recharge events were the result of several years in a row with above avefage
rainfall while lacking any large, single day precipitation event.

The maximum percolation rates simulated by Kearns and Hendrickx (1998) at 2
m depth varied from 41.2 mm/year in a bare sand soil to 4.5 mm/year in a loam soil with
grass cover while the mean rates varied, respectively, from 10.6 to 0.6 mm/year. The
variable nature of individual recharge events as well as their rare occurrence demonstrate

that recharge studies in arid environments should cover long time periods.

Effect of Soil Type and Vegetation on Recharge

Whereas daily calculations and long time periods show a great variation in
recharge estimations compared to averaged periods, there_ are further complications when
the role of soils and vegetation is included in recharge estimations. Lysimeter and field
measyrements provide convincing evidence that ground water recharge does occur in
arid regions (e.g. Gee et al., 1994; Stephens, 1994). For example, near Las Crucés, New
Mexico, in a 6 m deep and 2.4 m diameter lysimeter filled with loamy fine sand and kept

vegetation free, Wierenga & Jones (1995, pers. comm.) measured an average annual



recharge rate of approximately 50 mm/year or about 20% of the mean annual
precipitation of 250 mm/year during the period 1989-1994 . In Hanford (Washington),
vegetation free lysimeters filled with coarse sand produced recharge rates approximating
15 to 55% of the annual precipitation of 160 mm/year while those filled with silt loam
produced only limited recharge (Gee ef al., 1994). These lysimeter data are proof that |
precipitation recharge can occur in arid regions.

The amount of stored water that can be removed by vegetation depends mainly on
the rooting depth. Shallow rooted grasses will remove less water than deeper rooted
shrubs and trees. Eastham ef al. (1993) found that soil water depletions were greater for
trees than for pasture on a deep ldamy sand. Soil water content measurements to 5 m
depth showed that no water was extracted below 3.5 m under pasture, while under trees
water content changes occurred from 0 to 5 m depth. Allison ez al. (1990) compiled data
to compare recharge rates under mallee communities comprising of several spécies of
Eucaluptus before and after clearing. Recharge rates under the original native mallee
vegetation were less than 0.1 mm/year. After clearing the land was revegetated with
agricultural crops and pasture which have shallower rooting depths than the Eucaluptus
trees. As a result, recharge rates after clearing increased by almost two orders Qf
magnitude to between 5 and 30 mm/year.

The interaction between vegetation and soil type is complicated, so numerical
computer models are frequently used to evaluate their effects on recharge. The
simulation study by Rockhold ef al. (1995) at the Hanford site in arid eastern Washington

clearly demonstrates the effect of soil type and vegetation on recharge rates (Table 1-1).



Table 1-1.

Predicted fechargé rates for different soil and vegetation types for the

period 1963-1993 at the Hanford Site (Rockhold et al., 1995).

Recharge Rate {(mm/year)
Soil Type No Vegetation Cheatgrass Bunchgrass Sagebrush
avg min max avg min  max avg min max avg min max
Sand 220 105 681 157 7.0 455 54 15 149 05 0.2 1.5
SitlLoam 76 49 107 58 37 82 28 17 64 10 04 44
SiltLoam/ 1.5 1.0 20 12 08 19 06 0.3 16 02 0.1 0.8

Sand




Although a bare soil always results in more recharge, the absolute differences in recharge
between a bare and vegetated soil become less when the soil texture becomes finer. The
annual recharge rate on silt loam soil for Sagebrush vegetation is twice that on sand with
~ similar vegetation. This unexpected difference is the result of the different hydraulic
properties for the two soils; silt loam has a higher hydraulic conductivity at low water

contents than sand so that more water can percolate deeper into the profile.

Recharge Hypotheses in Arid Vadose Zones

Although the lysimeter and field measurements support the hypothesis that ground water
recharge in arid regions may be common, other data contradict this viewpoint. High
concentrations of conservative solutes, such as chloride, in the root zone (but lower
concentrations below the root zone), enrichment of stable isotopes in the near-surface
zone (but less enrichment deeper), and generally water potential gradients that result in
upward flow in the top 5 to 10 meters (Phillips, 1994) lead to the hypothesis that, at
present, desert vadose zones are hydrologically very stable and experience negligible
recharge.

These two contradictory hypotheses (some recharge vs. no recharge) may be
reconciled by recognizing different recharge mechanisms: (i) direct or diffuse recharge
resulting from widespread infiltration of rain watef at thg point of impact; (ii) localized
recharge where some horizontal flow occurs into local depressions resulting in focused
inﬁltratibn; (iii) water flow through preferential pathways (Hendrickx and Flury, 2001)..

Hendrickx and Walker (1997) present a number of case studies demonstrating the



occurrence of these mechanism in arid environments. Scanlon (1992) demonstrated the

- existence of preferred pathway flow through fissured sediments in the Chihuahuan desert
of Texas. Water fluxes calculated from vertical chloride profiles in these sediments
ranged from 1 to 8 mm/year and were as much as 350 times higher than those calculated
for adjacent ephemeral stream sediments. In Australia, Johnston (1987) demonstrated the
simultaneous occurrence of capillary and macropore flow within the same soil mass
without the presence of clearly defined macropores. Over most of his 700 m*
experimental area recharge rates varied from 2.2 to 7.2 mm/year, while a small p(;rtion of
the site had rates between 50 to 100 mm/year.

These two case studies are proof that locations with negligible recharge and sites-
with considerable recharge rates can exist side-by-side in arid environments. Depending
on the sampling location one can find support for either one of the hypotheses stated
previously. Since preferential pathway flow and localized recharge almost always are
associated with a lateral flow component (German, 1990; Hendrickx and Flury, 2001),
they will occur on only a fraction of the total area. This may explain why evidence in
support of the hypothesis of negligible recharge is more abundant than that in support of

the recharge hypothesis.

Recharge Mechanisms through Indurated Calcic Horizons
This study focuses on the recharge mechanisms that operate in environments with
indurated calcic horizons which have been formed by accumulation of calcium

catbonates. In most arid environments the principal source of calcium carbonate in soils

10



is airborne calcium carbonate (a component of eolian dust) and Ca™ dissolved in
rainwater (Gile ef al., 1981, Machette, 1985). This material enters the soil with
infiltrating rain water so that over time there is calcium carbonate accumulation in the
soil. Shreve and Mallery (1932) observed calcium carbonate -which they refer to as
caliche- to occur in hard layers or in somewhat softer amorphous masses. They suggested
there is a need for a comparative study of the different types of calcium carbonate
hardpans. More than thirty years later Gile et al. (1966) described two distinct sequences
of carbonate morphology with four stages associated with increasing age (Table 1-2). In
soils that contain little gravel, carbonate is precipitated as filaments which later coalesce
to form nodules. In gravelly soils, initial precipitation is around the individual clasts that
become completely coated with carbonate with time. With continued carbonate
accumulation most of the soil pores and other openings become filled with carbonate
resulting in the formation of the plugged horizon in the last part of stage IV and a
significant decrease in infiltration rate. After foﬁnation of the plugged horizon, a laminar
carbonate precipitate develops at the top of the calcic horizon. It is believed to form from
- water perched on the top of thé calcic horizon; the carbonate is precipitated when the
water evaporates. The perched water tends to occur in small hollows and irregularities at
the top of the calcic horizon, eventually filling these with laminar carbonate deposits.

- Ultimately, the surface irregularities are filled in and a relatively smooth, low
permeability surface results that énhances lateral flow of water which may predominate
over vertical movement through the horizon. At this stage, the calcic horizon is growing

- upwards to the surface, engulfing the overlying argillic horizon. Thus, the zone of

11



Four stages of carbonate accumulation in two morphological sequences

Table 1-2.
(Gile et al., 1981).
Stage and Diagnostic Carbonate Morphology

General Character

Gravelly Sequence

Nongravelly Sequence

I

Weakest expression of
macroscopic carbonate

i1

Carbonate segregations
separated by low-carbonate
material

m

Carbonate essentially
continuous; plugged horizon
forms in last part

v

Laminar horizon develops

Thin, discontinuous pebble
coatings

Continuous pebble coatings,
some interpebble fillings

Many interpebble fillings

Laminar horizon overlying
plugged horizon

Few filaments or faint coatings

Few to common nodules

Many nodules and internodular
fillings

Laminar horizon overlying
plugged horizon

12



reduced hydraulic conductivity is closer to the surface in older soils.

Bachman and Machette (1977) and Machette (1985) have defined six stages of
calcic horizon development (Table 1-3). Up until stage IV the pattern of carbonate
precipitation differs depending on the parent material. By stage IV laminar carbonate is
being precipitated at the top of the calcic horizon. Since after stage IV the calcic horizon
is much closer to the soil surface the next two stages are thought to be the result of
extensive reworking of the calcic horizon from surficial geomorphic processes including
burrowing by animals, cracking by roots, frost and salt shattering. Stage V calcic
horizons have thick laminar layers and pisolithic structures While stage VI horizons are
characterized by multiple episodes of brecciation and pisolith formation. In this study I
will use the classification by Bachman and Machette (1977) presented in Table 1-3.

In the anid areas of New Mexico, stage V and VI horizons are thought to develop
over millions of years (Gile et al., 1981). The development of calcic horizons is
accompanied by increases in the bulk density and decreases in porosity and permeability
(Machette 1985). The bulk density of late Pleistocene calcic horizons (stage IIT) is about
1.8 g/cm’® whereas that of the laminar layer on a stage IV calcic horizon is about 2.2
glom’.

Another feature of the stage IV calcic horizons is the development of pipes
through the horizon. Pipes are usually only found in soils that are late Pleistocene in age
or older. As will be discussed in Chapter 2 of this study, the pipes range in width from a
few decimeters to ten meters or more and are usually wider on older surfaces. Laminar

carbonate layers are frequently found lining the edges of pipes. Dating these laminar

13



Table 1-3.

Six stages in the morphological sequence of carbonate deposition

(Bachman and Machette, 1977).

Stage Diagnostic Carbonate Morphology

I Filaments or faint coatings. Thin, discontinuous coatings on lower surfiace of pebbles.

1] Firm carbonate nodules, few to common but isolated from one another. Matrix may include
friable interstitial accumulations of carbonate. Pebble coatings continuous.

i1 Coalesced nodules in disseminated carbonate matrix.

v Platy, massive indurated matrix. Relict nodules may be visible in places. Plugged. May have
weak incipient laminae in upper surface. Case hardening common on vertical exposures.

\' Platy to tabular, dense and firmly cemented. Well developed laminar layer on upper surface.
May have scattered incipient pisoliths in laminar zone. Case hardening common.

Vi Massive, multilaminar and brecciated, with pisoliths common. Case hardening common.

14



layers indicated that they were formed during the late Pleistocene approximately 20,000
years BP (Gﬂe» et al., 1981). Evidence has been presented by Gile ef al. (1981) that water
moves on top of the plugged indurated calcic horizon laterally toward the pipes. The
different soil water regimes within and outside pipes results in different soils forming on
the same aged surface since the soil in the pipe is more strongly leached and has much

less carbonate in the profile than the soil between the pipes (Gile et al.,1981).

Study Objective

| In this study I test the hypothesis that surfaces with indurated calcic horizons have
areas exhibiting considerable downward water fluxes. The hypothesis is based on area-
wide observations of dissolution pipes in the indurated calcic horizons of arid New
Mexico (Bachman and Machette, 1977; Bretz and Horbert, 1949; Gile ez al., 1966; Gile
and Hawley, 1966) which may play-a significant role in the recharge process.

The remainder of this study is organized into four major sections. Chapfer 2 deals
 with the frequency of occurrence of pipes in calcic horizons. If only a small fraction of
the surface is underlain by pipes, their eﬂ‘e& on the overall downward water flux will
remaiﬁ limited. If, however, a major part of the surface is occﬁpied by pipes, then they
may play an important role in the recharge process. Chapter 3 provides a description of
our field and iaboratory measurements. In Chapter 4, data from Chapters 2 and 3 are used
to model water flow through indurated calcic horizons in order to evaluate their effect on
recharge and to test the hypothesis that on surfaces with indurated calcic horizons in arid

New Mexico locations with negligible downward water fluxes are intermixed with sites

15



that have considerable downward water fluxes. Finally, Chapter 5 summarizes the

conclusions of this study and outlines my future research plans.

16



2 - OCCURRENCE OF PIPES IN INDURATED CALCIC HORIZONS |

In arid regions worldwide, investigators have observed the occurrence of pipes in
calcié horizons. Bretz and Horbert (1949) reported solution cavities in calcic horizons on
the Mescalero Plain (New Mexico) and broad funnel-shaped pipes on the Llano Estacado
(New Mexicoj. Gile et al. (1966) and Bachman and Machette (1977) described thick
calcic horizons on the La Mesa surface (New Mexico) that are penetrated by funnel-
shaped pipes. Gile and Hawley (1966) found pipes through calcic horizons on alluvial
fans at the southern end of the Jornada del Muerto basin (New Mexico). Johnson (1997)
observed large and small pipes in the southern Tularosa Basin and Otero Mesa in
southern New Mexico. McGrath (1984), Osterkamp and Wood (1987), and Reeves
(1976) reported that pipes are common in the Ogallala and Blackwater Draw Formations
on the Llano Estacado in Texas. Shreve and Mallery (1932) studied caliche within a 320
km radius of Tucson in Arizona. Although they didn’t refer directly to pipes, they did
report that the lateral extent of caliche layers is “extremely variable, and the continuity of
‘the surface is frequently broken.” Knox (1977) observed pipes around Saldanha Bay
(South Africa) in caliche profiles with calcretes that are similar to those described by
Bretz and Horbert (1949) in New Mexico.

There are different hypotheses regarding the formation of pipes through indurated

calcic horizons. The most widely known hypothesis postulates that the pipes have been

17



formed during Pleistocene pluvials as a result of dissolution processes along fractures,
animal burrows, or cavities created when large roots &ecay (Gile et al., 1981). Another
hypothesis postulates that the pipes afe formed by animals digging through the calcic
horizon (Johnson 1997). Dating of the laminar layers covering the sides of many pipes
yields evidence that they have formed during the late Pleistocene. After their formation
they have been exposed to atmospheric conditions and have been filled with young
materials like fluvial and eolian deposits. Indeed, large fluvial fans with complex channel
patterns have formed on the La Mesa surfaces during the late Pleistocene and the -
Holocene (Love and Seager, 1996). In the fluvial deposits I have observed weakly
developed calcic horizons. Finally, eolian sands covered the older surfaces.

Pipe diameters vary greatly. Gile and Hawley (1966) measured an average width
of 0.4 m with a minimum and maximum of 0.2 and 0.6 m. Bretz and Horbert (1949)
observed pipes with diameters of several meters, whereas Gile et al. (1981) report
diameters from a few centimeters to ten meters or more. The latter authors found a
correlation between pipe diameter and soil age; the widest and most complex pipes are
found in the oldest soils. Although most references indicate that pipes are a common
feature in well developed calcic horizons, only Gile _and Hawley (1966) have measured
the frequency of pipe occurrence. They surveyed a 150 m long transect in an area where
pipes are relatively numerous and counted 11 pipes with an average width of 0.4 m. The
distance between the pipes varied from 3 to 18 m. They calculated that the pipes covered
about two pércent of the measured transect. Pipe depths vary from about a meter to

several meters (Gile et al., 1981; Reeves, 1976).
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Field observations and laboratory analyses reported in the literature strohgly
indicate that individual pipes act as conduits for water flow. Soils in pipes contain less
ex_changeablé sodium than surrounding soils due to more frequent deep wetting (Gile et
al., 1981). Gile et al. (1966, 1981) argue that the sequence and age of the carbonate
accumulations within and outside pipes suggest that pipes “must have been regularly
flushed by water”. Gile and Hawley (1966) observed reddish, high-chroma clay that may
be traced downward from some pipes and spreads out or slightly penetrates the
underlying paleosol. Osterkamp and Wood (1987) have made similar observations in the
upper Ogallala Formation. Where excavations expose beds beneath organic-rich playa
deposits, it is common to encounter a zone with white leached sand. Beléw this sand
layer, cemented zones of iron and manganese oxides are common. The leached sandy
zones are an indication for transport of reduced forms of these metals dissolved in
recharge water that flows downward through solution pipes. Gile et al. (1981)
hypothesize that the laminar and plugged calcic horizons surrounding pipes, due to their
low hydraulic conductivity corﬁpared to the sand soil inside the pipe, deflect water into
the pipes. Such a lateral deflection will cause a concentration of Water towards the pipe
resulting in a preferential flow process and increased depths of water penetration
(Hendrickx and Flury, 2001).

Hendrickx and Walker (1997) discuss the importance of localized ground water
recharge for the water balance of arid regions. They review a number of field
investigations (e.g. Meyboom, 1966; Wood and Sanford, 1995) and modeling studies

(Boers, 1994; Kearns and Hendrickx, 1998; Nieber et al., 1993) that demonstrate how
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accumulation of water in small surface depressions after large precipitation events may
cause a large increase in downward water fluxes. However, it seems unlikely that
preferential water flow through pipes can impact the regional water balance if they only
cover two percent of the area as measured by Gile and Hawley (1966). Unfortunately,
due to their concealed subsoil location, it is very difficult to investigate pipe occurrence,
which explains why so few data have been reported in the literature. Therefore, the
objective of this Chapter is to investigate the frequency of pipe occurrence in indurated

calcic horizons.
2-1 METHODS AND MATERIALS

Field observations of pipe occurrence have been made at several sites in the Rio
Grande Basin of New Mexico. From south to north the sites are: the Potrillo Maar near
the U.S.-Mexico boundary west of El Paso on the Upper La Mesa surface, the Lower La
Mesa surface southwest of Las Cruces, the Las Cafias Surface northeast of Socorro, and
the Lléno de Albuquerque west of the city of Albuquerque (Figure 2-1).

In this study, I focus én the Upper and Lower La Mesa surfaces, which have
developed on the axial Rio Grande deposits that mainly consist of sands and gravels. The
surface was abandoned by the Rio Grande during the early-middle Pleistocene. Since that
time, a calcic soil with an indurated calcic horizon has formed. The Upper La Mesa is a
constructional surface that has developed on sands and pebbly sands of the Camp Rice

Formation fluvial facies (Gile ef al., 1981). The east, west, and south boundary scarps
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Figure 2-1.  Locations in New Mexico where I have observed. pipes in indurated calcic

horizons.
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seem to be fault scarps along which the surface has been lifted. Erosional modifications
occurred much early than deposition of the surficial gravel and sand of the lower La
Mesa surface. Tectonic displacement has continued episodically into the late Quaternary
(Gile et al, 1981), so calcic horizons may have been exposed sometime during this
periqd. The present ground water table is at least 100 m deep. The vegetation consists
mainly of snakeweed, mesquite, and Yucca elata. Diagnostic features of the soils on this
surface are the argillic and petrocalcic horizons. Pet\rocalcic Paleargids are dominant in
the areas where the calcic horizon occurs whereas Typic Haplargids are found in pipes.
(Gile ez al., 1981). The Paleargids are characterized by a thick stage IV-V carbonate
horizon with multiple laminar horizons while the Haplargids in the pipes are
cﬁ‘aracterized by a thick Bt horizon and a stage II carbonate horizon (Gile ef al,, 1981).
The Lower La Mesa is a relict basin-floor surface with generally non-calcareous or
slightly calcareous parent sediments. Coppice dunes occur over most of the Upper and
Lower La Mesa surfaces. Vegetation is mostly confined to the dunes and consists of
mesquite and occasionally four-wing saltbush. Many areas between the dunes are barren.
The water table is 90-100 m below the surface. Typic Torripsamments are found in the
dune area while Haplargids are in the areas between the dunes. The Héplargids are
characterized by an argillic horizon with some macroscopic carbonate and a thick, sfage
M-IV petrocalcic horizon at depths ranging from 1 to 1.5 m. Laminar horizons do occur
in places (Gile et al., 1981).

The data presented in this chapter come from a 32 km trench, 2.2 m deep and 0.6

m wide, which had been excavated on the La Mesa surface for the placement of a gas
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pipe line. Since the trench was almost immediately backfilled I only could survey two
sections in detail: Section One with length 4 km and Section Two with length 6 km. In
each of these sections the following information was recorded: the depth of the calcic
horizon, the number of pipes, the diameter of each pipe (measured at the top of the calcic

horizon as well as at the bottom of the trench), and the distance between pipes..
2.2  RESULTS AND DISCUSSION

2.2.1 Description of Pipes and Terminology

The field survey of Sections One and Two of the trench on the La Mesa surface revealed
the presence of a large number of pipes of different shapes and sizes (Figure 2-2). The
features of the two sections are quite different. The depth of the calcic horizon in Section
One is less than 0.65 m whereas in Section Two it is 1.2 to 1.5 m. The overlying
sediments in Section One are all eolian sands whereas in Section Two the sediments are
either of fluvial or eolian origin. In Section One, no carbonate accumulation was found
inside the pipes whereas in Section Two Stage I and I calgic horizons have been
observed indicating that the eolian filling is more recent than the fluvial. Furthermore
this indicates that the stages IV - VI calcic horizons were at one time exposed to the
atmosphere. In Section Ong there are indications of present day dissolution: (i) the calcic
horizon surface is often quite soft; (ii) the yellow to light brown color in the top 10 cm of
the calcic horizon is an indication of accumulation of fine soil particles and suggests

seepage of water through this layer; (iii) at some locations the calcic horizon has broken
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Figure 2-2.  Pipe shapes in Sections One and Two of the trench on the La Mesa

surface. Pipe distances and diameters are not to scale.
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up into blocks that are found 1n the underlying soil; (iv) many dissolution spaces in the
calcic horizon resemble karstification features (Figure 1-1). In both sections, laminar
layers have been observed covering the calcic horizon inside as well as outside of the
pipes (Figure 2-3).

Figure 2-4 presents schematics of the two different pipé types that I have
observed in the field. It also contains the terms that will be used in ihis study to describe
the different aspects of the pipe such as the ﬁlling material and the overlying units. In
addition, I introduce four different deep percolation fluxes that will be discussed in detail
in Chapter 4. I recognize the downward flux through the pipe itself, ¢, pipe> the
downWard flux through the calcic horizon outside of the pipe, 9,4 pipe» and the overall
downward flux in the area, ¢, ;.. Which represents the areally averaged downward flux.
Not shown in the figure is the downward flux that would occur in an area without pipes, _
G without pipe> SINCE this is an hypothetical flux on the LaMesa Surface. It will be equal or

close 10 G uside piper

2.2.2 Pipe Dimensions

Reports in the literature (Bachman and Machette, 1977; Bretz and Horbert, 1949; Gile ef
al., 1966; Gile and Hawley, 1966) and our field observations (Figure 2-2) indicate a wide
variety of pipe shapes and diameters. Yet there are similarities. A typical pipe can be
characterized by a top diameter tﬁat often is slightly larger than its bottom diameter
(Figure 1-2). For example, in Sections One and Two the average top diameters of the

pipes are 4.2 and 8.5 m, respectively, while the average bottom diameters are 2.9 and 4.5
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Figure 2-3.  Detail of laminar layer that has frequently been observed to cover the

calcic horizons in Section Two of the transect on the La Mesa Surface
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Figure 2-4.  Schematic presentation of a pipe with eolian and a pipe with fluvial

filling.
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m. However, in Section One, some pipes tend to have more of a hourglass shape:
narrowing from top to center, widening from center to bottom of the pipe (Figure 2-5).

Figures 2-6 and 2-7 present pipe top diameters and pipe distanceé observed along
Sections One and Two. The pipe diameters are quite variable and range from
approximately 1-15 m in Section One and from 2-21 m in Section Two. The average pipé
top diameter in Section Two is twice that of Section One, but the standar’d deviations are
3.7 m for both sections (Table 2-1). The coefficient of variation decféases from 88% in
Section One to 44% in Section Two, indicating that the Iérger pipes in Section Two have
less variation in their diameter than the smaller pipes in Section One.

I have evaluated the frequency distributions of the pipe diameters (Figure 2-8).
None of the distributions was normal and no transformation of the pipe diameters yielded
an approximately normal distribution. Therefore, I pérformed a nonparametric test on the
ranks of the diameters (Conover and Iman, 1981). Such a test reveals whether the median
diameters of Section One (8.7 m) and Two (3.0 m) are signiﬁcanﬂy different. fhe t-test
gave a significant difference at the 0.01 probability level. Therefore, it can be concluded

that the two sections have indeed completely different pipe diameters.

2.2.3 DPipe Distance

The average distance between pipes (from edge to edge) in Sections One and Two is,
respectively, 22 and 58 m. The respective standard deviations and coefficients of
variation are 33 and 54 m and 149 % and 93 % (Table 2-1). Thus, the larger pipes in

Section Two have less variation in their diameter than the smaller pipes in Section One..
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Figure 2-5.  Typical pipe shape observed in Section One of the trench on the La Mesa

surface; the top and bottom diameter have similar dimensions while the

pipe shows a constriction in its middle section.
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Figure 2-6.  Pipe distance (edge to edge) and pipe top diameter along Section One.
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Figure 2-7.  Pipe distance (edge to edge) and pipe top diameter along Section Two.
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Table 2-1.  Descriptive statistics of pipe diameters and distances in Sections One and

Two on the La Mesa surface.

Section One Section Two
Length of Section . 3790m 6441 m
Number of Observations ) 143 96
Parameter Mean  Std. Dev.  Coef Var. Mean  Std. Dev.  Coef Var.
(m) (m) (%) (m) (m) (%)
Top Diameter 42 3.7 88 85 3.7 44
Bottom Diameter 29 2.6 92 45 29 64
Distance 22 33 149 58 54 93
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The frequency distributions of the pipe diameters in Sections One and

Figure 2-8.
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Again, a t-test reveals that the pipe distance of both sections is significantly different at
the 0.01 level. Also, the variability of the pipe diameter in Section One is clearly larger
than that in Section Two.

I'have evaluated the frequency dis&ibutions of the pipe distances (Figures 2-9).
None of the distributions was normal but a log-transform of the distances yielded an
approximately normal distribution (Figure 2-10). A -test on the log-transformed
distances gave a significant difference at the 0.01 probability level. Therefore, it can be
concluded that the two sections have completely different pipe distances.

I have also checked if a correlation exists between pipe diameter a‘nd distance by
plotting these two variables against each other (Figure 2-11). The cloud of points on this
figure demonstrates that pipe diameter and distance are not correlated to each other.

Using the average pipe diameters and distances the percentage of the total surface
érea{ covered by pipes is calculated as 4.2/(22+4.2)x100=16% for Section One and
8.5/(58+8.5)x100=13% for Section Two. These percentages are six to eight timés larger
thain the two percent previously r;eported by Gile and Hawley (1966). One reason for this
discrepancy may be that their area of investigétion at the southern end of the Jornada del -
‘Muerto basin, New Mexico, is different from the La Mesa surface. They report pipe
distances between 3-20 m and pipe diameters from 0.25-0.6 m; the former not unlike the
distances found in this study, the latter somewhat smaller. Another reason may be that
they only surveyed a transect of 150 m on which they found 11 pipe;& This nmﬁber of
pipes is much smaller than the 233 pipes used in rthis study to derive pipe statistics. The

large fraction of the La Mesa surface underlain by pipes is a strong indication that pipes
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Figure 2-9.  The frequency distributions of the pipe distances in Sections One and

Two.
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Figure 2-10.  The Kolmogorov-Smirnov normality test for the log-transformed pipe
distances of Sections One and Two.
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Figure 2-11  Plots of pipe distance versus pipe diameter for Sections One and Two.
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will affect downward water fluxes and, therefore, may play an important role in the water |
balance of this arid region. This will be further investigated in Chapters 3 and 4 of this

report.
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3 - PHYSICAL CHARACTERIZATION OF SOIL PROFILES

WITHIN AND OUTSIDE PIPES

For a thorough understanding of the effect of pipes on water flow through desert
vadose zones it is necessary to investigate the physical characteristics of the soil profiles
within and outside the pipes. Gile ez al. (1981) described soil profiles within and outside
pipes as, respectively, Typic Haplargid and Petrocalcic Paleargid which demonstrates the
different nature of soil development within and outside pipes.

Several authors have discussed the change in soil texture and physical properties
as calcium carbonate accumulates. Calcium carbonate bonds to clay and silt particles,
causing highly aggregated clay soils to behave as coarse sands (Francis and Aguilar,
'1995). Stakman énd Bishay (1976) measured physicz%l properties of highly indurated
calcic horizons from marine Iacustﬁne soils in Egypt. They found that calcium carbonate
causes an increase in bulk density and a decfease in porosity and soil water content over
the whole range of soil water pressures. Baumhardt and Lascano (1993) analyzed
sarﬁples from an indurated calcic horizon overlying the Ogallala aquifer in Texas and
found a change in texture from clay to sandy loam after removal of the carbonates.

The few studies that have measured the hydrological properties of calcic horizons
yielded contradictory results. Lattman (1977) reported that calcic horizons are

impermeable to water, whereas Hennessy et al. (1983) showed that caliche nodules
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(calcium carbonate nodules) could adsorb up to 25 % by weight of water but that no
water would pass through the caliche layer. Phillips et al. (1988) studied *Cl
distributions _in an arid soil and also concluded that calcic horizons have a very low
permeability for water. On the other hand, Baumhardt and Lascano (1993) measured the
- saturated vertical hydraulic cqnductivity of a calcic horizon at 75 cm/day and concluded
that calcic horizons would not greatly impede vertical water movement. Unfortunately,
none of these hydrological studies clearly characterized the age or stage of development
of the calcic horizon and therefore it is difficult to compare the results or to make
generalizations about the hydraulic characteristics of these horizons. One exception is the
work by Shreve and Mallery (1932) who recognized two different kinds of calcium
carbonate (caliche) in soils: hard stratified layers and softer amorphous masses with a
higher porosity. After immersion in water for 48 hours the “hard” and “soft” caliche
contained, respectively, 3.0-6.4 and 12.0-17.3 weight percent water. Capillary rise and
evaporation experiments show a clear difference in water conducting propertie_s of the
“hard” and “soft” caliche. Although these experiments were done well before Bachman
and Machette (1977) proposed their classification system, they are strong evidence of a
correlation between the development stage of a calcium carbonate horizon and its |
hydraulic properties.
The principal objective of this chapter is the characterization of those soil
parameters thét either affect current water flow or reflect past water flow patterns
through a calcic horizon. The physical soil properties that were evaluated are soil texture,

carbonate content, chloride content, and gravimetric water content. In addition, hydraulic
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soil properties of pipe fillings and calcic horizons on the La Mesa surface were

determined using laboratory measurements and literature data.
3.1 METHODS AND MATERIALS

Twelve soil profiles in two pipes were sampled on the La Mesa surface in
southern New Mexico (Figure 2-1). In addition, I took volumetric soil samples at one
other location. All sampling locations are located along the gas pipe line (Figure 3-1).
The two pipes were different: one with a fluvial filling and one with an eolian filling, At
Pipe One with fluvial filling four profiles were sampled within the pipe and four outside
the pipe; at Pipe Two with eolian filling two profiles were taken within the pipe and two
outside the pipe. The samples along each vertical profile were taken to a depth of about
24mat02m intervals starting at the soil surface, i.e. 0, 20, 40, 60, ...., 220, 240 cm.
The gravimetric samples were analyzed for gravimetric soil water content, chloride and
carbonate content, and soil texture using standard procedures (Singer and Janitzky,
1986).

Two undisturbed volumetric soil samples were taken in the fluvial filling and two
in the eolian filling for determination of the saturated hydréulic conductivity and the soil
water retention curve. The sample columns were made of transparent plexy glass with a
diameter and length of 0.15 and 0.23 m, respectively, which yields a sample volume of
4064 cm® (Figuré 3-2). The inside of the sample columns was covered with grease to

decrease soil resistance during sampling and to prevent leakage of water during the
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Figure 3-1.  Locations of samples taken along the gas pipe line on the La Mesa
surface.
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Figure 3-2.

Experimental setup for measurement of the saturated hydraulic
conductivity and soil water retention in the volumetric soil samples. Two
tensiometers have been inserted at the side of the column to measure soil
water pressures. Three TDR probes have been inserted into the front of

the column to measure volumetric soil water contents.
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measurement of the saturated hydraulic conductivity. The columns were pushed into ;the
soil by hand and by light tapping with a rubber hammer while removing the surrounding
soil. The saturated hydraulic conductivity was measured with the constant head method
(Klute and Dirksen, 1986). The soil water retention curve was measured by simultaneous
measurements of soil water content and soil water pressure during the drying of the
volumetric sample (Figure 3-2). At depths 5, 10, and 15 cm a time domain reflectometry
probe was inserted to measure volumetric soil water content (e.g. Hendrickx 1990). At
depths 10 and 20 cm a tensiometer was installed to measure soil water pressure using a
tensimeter (Hendrickx 1990; Marthaler et al. 1983). The measurements were used to
obtain the van Genuchten parameters with a nonlinear curve fitting routine of the
spreadsheet Excel.

At the Potrillos Maar a large piece of indurated calcic horizon was gathered in the
field. After shaping this piece into a cube using a rock saw, foﬁr plastic walls were glued
around it to permit measurement of the saturated hydraulic conductivity (Figure 3-3).
After measuring the saturated hydraulic conductivity a color dye was applig:d to the water
to indicate flow paths through the calcic horizon sample. This sample was collected
about 15 km to the South of the trench but its indurated calcic material was found to be

quite similar to the indurated calcic horizon encountered in the trench.
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Figure 3-3.  Experimental setup for measurement of the saturated hydraulic
conductivity in an indurated calcic horizon sample. The color dye has

been applied for detection of fracture flow. The water depth above the

sample is 20 cm.
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3.2 RESULTS AND DISCUSSION
3.2.1 Soil Texture and Carbonate Content

Table 3-1 presents the particle size distribution with depth within and outside the
two pipes. The soil texture in the calcic horizon varies from sandy loam to sandy clay
loam at Pipe One and from loamy sand to sandy clay loam at pipe Two. The filling
material within Pipe One (fluvial filling) varies from sandy loam to sand and within ~Pipe
Two (eolian filling) from loamy sand to sand. Thus, the soil texture at Pipe Two tends to
be a little coarser than Pipe One. Also, the soil texture in the calcic horizons is finer than
the overlying soil and the soil within the pipes. This is a result of illuviation of clay
particles together with the calcium carbonate during the formation of the calcic horizons.

Table 3-2 presents the distribution of carbonate content with depth within and
outside the two pipes. The depth of the calcic horizon is 1 m at Pipe One and 0.6 m at
Pipe Two.. Comparing the carbonate contents ;neasured in the pipe and in the calcic
horizon, a large increase is observed. In Pipe One (fluvial filling) carbonate content |
increases from 1-11 to 9-50% and in Pipe Two (eolian.ﬁlling) from 0.3-17 to 22-54%.
The highest values in the fillings of Pipe One are found at depth 0-0.4 m where an
horizontal accumulation of carbonate was observed in the field. In Pipe Two the highest
values are observed at depth 0.2-0.4 m close to the edge of the pipe.

Our data are similar to those gathered by Gile ef al. (1981) in the same afea of the
La Mesa surface. Due to the great differenées in soil profiles within and outside pipes
they classified the soil within the pipes as, respectively, Typic Haplargid and Petrocalcic

Paleargid which demonstrates the different nature of soil development.
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Table 3-1. Soil texture distribution with depth at Pipe One (fluvial filling) and Pipe

Two (eolian filling).
Pipe One Pipe Two
Depth Fluvial Filling Eolian Filling
(cm)
Profile Number Profile Number
P1 P2 P3 P4 P5 P6 P7 P8 P1 P2 P3 P4
0-20 LS SL SL. LS IS 1S 8§ LS S LS 8 LS
20-40 LS SL S SL  SL SL LS LS S IS LS LS
40 - 60 S LS SL LS LS LS IS LS
60 - 80 SL LS SL 1S LS 1S LS LS LS
80 - 100 LS LS 1S 1S 1S 1S
100-120 LS LS LS LS
120 - 140 LS LS 18
140-160 1S LS LS LS
160-180 LS 18 LS
180 - 200 LS S LS
200 - 220 LS SL
S Sand

LS Loamy Sand Calcic Horizon
SL Sandy Loam

SCL Sandy Clay Loam
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Table 3-2. Carbonate content (%) distribution with depth at Pipe One (fluvial filling)

and Pipe Two (eolian filling).

Depth Pipe One Pipe Two
(cm) Fluvial Filling Eolian Filling
P1 P2 P3 P4 PS5 P66 P7 P8 P1 P2 P3 P4
0-20 64 6.6 43 51 46 50 33 3.1 4.4 0.7 ‘ 03 0.5
20-40 50 6.9 78 67 65 51 54 47 6.4 44 167 18
40 - 60 6.3 ) 39 38 30 15 22 2.0
60 - 80 3.9 4.1 13 14 37 1.0 5.5
80-100. 166 3.9 15 10 18 59 7.5
100 - 120 08 29 40 87
120 - 140 1.2 27 1.7 14.6
140 - 160 08 15
160 - 180 0.7 16
180 -200 07 15
200 - 220 08 16

Calcic Horizon
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3.2.2 Gravimetric Water Content

Table 3-3 presents the distribution of gravimetric water content with depth within
and outside the two pipes. Although the data only present a “snapshot in time” taken in
October 1998 after two rainy days, they do reveal some interesting features. The amount
of water retained in the calcic horizon is about two to three times more than that inside
the pipe. This is to be expected since the finer texture of the calcic horizon is more
suitable to retain water at the negative soil water pressures that are common to desert
soils.

In Pipe One the wetting front did not penetrate below depth 0.6 m as is indicated
by the sudden decrease in water content from around 8 percent in the top layer to around
3 percent deeper in the profile. In Pipe Two the water contents are much more
homogeneous throughout the profile. As a matter of fact I have observed during sampling
that the wetting front penetrated this profile to at least a depth of 2 m. This difference in
depth of wetting through the fluvial and eolian pipe fillings can be explained by the
difference in hydraulic conductivities measured in the laboratory (see Section 3.2.4

below).

3.2.3 Chloride Content '

Table 3-4 presents the distribution of chloride concentration in the soil solution
with depth within and outside the two pipes. Maximum chloride concentrations were
found in the indurated calcic horizons with values 36-260 mg/L in Pipe One and 0.2-90

mg/L in Pipe Two. The pipe fillings have values 1-110 mg/L in Pipe One and 0.4-7.4
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Table 3-3. Gravimetric water content (%) distribution with depth at Pipe One (fluvial

filling) and Pipe Two (eolian filling).

Depth ’ Pipe One Pipe Two
(cm) Fluvial Filling _ Eolian Filling
P1 P2 P3 P4 P5 P6 P7 P8 P1 P2 P3 P4
0-20 7.8 8.0 78 80 79 85 65 6.0 6.6 52 52 6.0
20-40 35 5.7 51 73 82 81 60 3.7 78 70 61 5.6

- 40-60 3.6 3.6 27 27 31 78 59 6.0

60 - 80 40 4.8 23 23 24 57 83 204

80 -100 21 23 50 73 9.1
100-120 22 26 42 69 8.7
120 - 140 25 27 39 66 9.6
140- 160 24 22 42 58
160-180 24 27 47 60
180-200 25 28 4.7 1.7

200 - 220 25 34

Calcic Horizon
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Table 3-4. Chloride content (ppm) distribution with depth at Pipe One (fluvial

filling) and Pipe Two (eolian filling).

Depth Pipe One Pipe Two
(cm) Fluvial Filling Eolian Filling
Pi P2 P3 P4 P5 P6 P7 P8 P1 P2 P3 P4
0-20 1.0 7 7.5 37 8.9 24 100 390 0.5 98 13.0 120

20-40 16.0 68.0 170 130 120 120 150 460 04 1.5 99 82

40-60 17.0 58.0 130 110 358 130 130 560 0.5 13 93 738

60-80 390 820 130 52 27 120 87 16
80-100  68.0 350 140 100 120 81 77
100-120 300 130 170 140 87 89
120 - 140 330 220 290 240 97 140
140 - 160 300 260 430 310 9.6

160 - 180 41.0 210 320 300 14.0

180 - 200 400 240 460 270 17.0

200 - 220 250 540 430

Calcic Horizon
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mg/L in Pipe Two. The generally low chloride concentrations within the pipes are an
indication that the pipes act as conduits for downward water movement. The much
higher chloride concentrations in the calcic horizons indicate that much less water is
available to carry chloride downward. Therefore, the different chloride concentrations
within and outside the pipe support our hypotﬁesis that on surfaces with indurated calcic
horizons iﬁ arid New Mexico, locations with negligible downward water fluxes are

intermixed with sites that have considerable downward fluxes.

3.3.4 Hydraulic Properties

The saturated hydraulic conductivities measured in the indurated stage IV calcic
horizon and the eolian and fluvial sediments are, respectively, 1, 186-195, and 5_2-60
cm/day. Thus, the saturated hydraulic conductivity of the calcic horizon is about two

“orders of magnitude less than that of the filling materials. The saturated hydraulic
conductivity of the eolian pipe filling is about four times higher than that of the fluvial
pipe fillings.

Figure 3-4 presents the measured water retention curves of the soils overlaying
the calcic horizons and filling the pipes. These curves are typical for their textures.
Measuring the water retention properties of the indurated stage IV calcic horizon, several
attempts to insert TDR probes resulted in the sample breaking apart. Thefefore, a
representative water retention curve measured by Stakman and Bishay (1976) in an
indurated calcic horizon in a loamy sand has been used for this study (Figure 3-5). The

measured saturated hydraulic conductivities and the water retention curves (Figure 3-4)

52



Figure 3-4.
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Figure 3-5.  Water retention curve measured by Stakman and Bishay (1976) in an

indurated calcic horizon in loamy sand in Egypt.
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were used to derive van Genuchten parameters which are presented in Table 3-5.

3.3.5 A Conceptual Model for Water Movement Through Indurated Calcie

Horizons

In this section I will formulate a eonceptual model for downward water flow
through indurated calcic horizons using the measurements of carbonate and chloride
conteﬁts within and outside the pipes. To facilitate this process I have prepared visual
interpolations of the carbonate and chloride measurements in the eight profiles of Pipe
One (Tables 3-2 and 3-4). Figures 3-6 and 3-7 are spatial interpolations of all carbonate
and chloride measurements inside and outside Pipe One. Figure 3-8 shows plots of the
carbonate and chloride content with depﬂl of two representative profiles inside (P4) and
outside (P1) Pipe One. In addition, I prepared Figure 3-9 showing the sand and clay
content with depths inside (P4) and outside (P1) Pipe One. Figures 3-6 and 3-7 clearly
demonstrate that the amounts of carbonate and chloride inside the pipe (profiles P3, P4,
P5,. and P6) are considerably lower than outside the pipe in the calcic horizon (profiles
P1, P2; P7, and P8). The same feature is clearly demonstrated in Figure 3-8. Figure 3-9
even suggests that the clay particles tend to wash out of the pipe. Therefore, these figures
are strong evidence in support of our hypothesis that downward water fluxes inside pipes
are much higher than outside the pipe.

The match between carbonate and chloride distributions outside Pipe One (fluvial

filling) indicates a strong increase of chloride concentration at the interface
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Table 3-5.

Van Genuchten parameters derived from my measurements in the

laboratory with the exception of &, 8, &, and  for the calcic horizon.

The latter parameters have been derived by fitting the van Genuchten

model to the water retention curve presented in Figure 3-5.

Soil Depth © Ky 0, 0, o n
(cm) (cm/day) (cm®/cm®) (em®/cm’®) (1/cm) 8]
Eolian 0-20 195 0.37 0.060 0.019 2.00
10-30 186 0.37 0.009 0.037 1.65
Fluvial 10-30 56 031 0.001 0.015 1.60
40 - 60 60 0.34 0.020 0.028 1.50
100-120 52 0.37 0.005 0.015 1.40
Calcic 80—106 1 0.40 0.045 0.013 1.95
Horizon
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Figure 3-6.  Spatial interpolation of carbonate contents (%) measured in the eight
profiles (P1-P8) inside and outside Pipe One based on data presented in

Table 3-2.
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Figure 3-7.  Spatial interpolation of chloride concentrations (mg/1) measured in the

eight profiles (P1-P8) inside and outside Pipe One based on the data

presented in Table 3-4.
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Figure 3-8  Depth profiles of carbonate content (%) and chloride concentrations
(mg/1) inside and outside Pipe One based on data from tables 3-2 and 3-4

(P1 and P4).

PIPE WITH FLUVIAL FILLING

a) Outside the Pipe (profile 1)

CaCO3 (%)

0 10 20 30 40 50 60
o 1 i 1 1 1
40 —
’g aswem C|] (ppm)
° CaCO0O3 (%)
~ 80 -
-
h oad
a
5 - ] |
=) 120 - I
=1 b — 1 —
200 T T T T T

0 50 100 150 200 250

Cl(ppm)
b) Inside the Pipe (profile 4)

CaCO3 (%)
30

0 10 20 40 50 60
0 I L a1 1
40 S
E o C | (ppm)
CaCoO3 (%
=
L o4
© 120 -
[a]
160 -
200 H
- T T r T T T
0 50 100 150 200 250

Cl(ppm)

59



Figure 3-9  Depth profiles of sand and clay content (%) and chloride concentrations
(mg/1) inside and outside Pipe One based on texture measurements in

Profiles 1 and 4 (see Tables 3-1).
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between overlying soil and indurated calcic horizon. Water flow through the calcic
horizon is so restricted that only limited leaching of chloride occurs. Inspection of the
chloride contents presented in Table 3-4 corroborate this finding. For example, in P1 of
Pipe One the chloride content increases from 68 ppm at depth 80-100 cm in the fluvial
filling to 140 ppm at depth 100-120 cm in the calcic horizon. No such sudden increase is
found at the interface between overlaying soil and calcic horizon outside Pipe Two
(eolian filling). For example, in P1 of Pipe Two the chloride content even decreases from
0.5 ppm at depth 40-60 cm in the soil to 0.2 ppm at depth 60-80 cm in the calcic horizon
to 12 ppm at depth 80-100 cm in the calcic horizon. This suggests leaching in the top
layer of the calcic horizon, possibly by a lateral flux through the calcic horizon towards
the pipe in the eolian soil. Therefore, I hypothesize that the hydraulic characteristics of
the pipe fillings determine not only the amount of downward water movement but also
the long term water movement patterns.

The data presented in this chapter qualitatively support my hypothesis that on
surfaces with indurated calcic horizons in arid New Mexiéo locations with negligible
recharge are intermixed with sites that produce considerable recharge. There is also
evidence that the hydraulic properties of the pipe fillings affect downward fluxes and
water movement patterns. In the next chapter I will use a two-dimensional unsaturated

water flow model to analyze quantitatively the data presented in this chapter.
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4 - SIMULATION OF WATER FLOW

THROUGH INDURATED CALCIC HORIZONS

The data presented in Chapter 2 leave no doubt that pipes in indurated calcic
horizons are a common feature on the La Mesa surface in New Mexico. The physical
measurements presented in Chapter 3 reveal that the chloride concentrations in the pipe
fillings are considerably lower than those found in the surrounding calcic horizons. This
suggests that water fluxes through pipes are larger than those through the surrounding
calcic horizons. However, it is not possible to directly determine soil water dynamics
from the chloride distributions within and outside the pipes. For example, it is not known
whether the low chloride contents result from one large extreme precipitation event or
from continuous leaching as a result of deep percolation during average precipitation
years. Another issue is whether the pipes indeed will enhance overall deep percolation
rates over the La Mesa surface or merely cause an uneven horizontal distribution of those
rates. Finding an answer to these questions by actual field measurements of aeep
percolation rates under the arid conditions of New Mexico could take many years
(Hendﬁckx and Walker, 1997). Therefore, computer modgls are used to assess water
flow through the pipes.

Since a complete model study for assessment of all factors that affect ground

water recharge through pipes falls outside the scope of the current study, the objective of
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this chapter is to explore whether a representative pipe in a bare soil would affect

downward water fluxes under the climatic conditions of arid New Mexico.
4.1 METHODS AND MATERIALS

The approach to assess the effect of pipes on water flow is straightforward. I
simulated downward water fluxes in soil profiles with and without pipes and compared
the fluxes. Since the pipes have been found in two different soil materials (eolian and
fluvial) a total of four simulations were conducted (Table 4-1). In this phase of the study
I am only interested in establishing whether pipes affect downward fluxes in a bare soil. I
will not consider the effects of vegetation or different pipe shapes and distances. I
conducted simulations for a small representative pipe found with both the fluvial and
eolian soils (Figures 1-1, 2-2, and 2-6).

Soil water flow through the indurated calcic horizons with pipes was modeled
with the HYDRUS-2D simulation package (Simunek et al., 1999) of the U.S. Salinity
Laboratory at Riverside, California. HYDRUS-2D is a Microsoft Windows based
modeling environmenf for simulating two-dimensional water, heat, and solute movement
and root water uptake in variably saturated soil. The flow equations are solved
numerically using a Galerkin-type linear finite element scheme. The software includes a
mesh generator and graphical user interface. |

For the simulation of water flow through pipes in indurated calcic horizons, I

used a quasi three-dimensional region exhibiting radial symmetry about the vertical
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Table 4-1.  The four different soil configurations evaluated in the simulations.

Pipe
Pipe Diameter Depth
Simulation Soil Present Calcic Horizon

Top Bottom

(m) (m) (m)
E-P Eolian no - - 0.65m
E+P Eolian yes 40m 0.74 m 0.65m
E-p Fluvial no - - 0.65m
F+P Fluvial yes 0.65m

40m 0.74m
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axis. The Richards equation was solved to simulate unsaturated water flow in a soil
cylinder with a radius of 2 m and depth of 3 m. The configuratio