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THE DEVELOPMENT OF PIPING EROSION

Neil Owen Jones, Ph. D.
The University of Arizona, 1968 

Director: Lawrence K. Lustlg

Piping erosion is widespread in the semiarid valleys 
of the southwestern United States. The extensive pipe sys
tems near Benson in the San Pedro Valley, Arizona, were 
studied to determine the prerequisite conditions for piping, 
factors affecting pipe evolution and the effect of piping on 
subsequent development of the drainage net.

It is believed that extensive piping was initiated 
after arroyo-cuttlng began in the San Pedro Valley about 
1890. Since that time slightly less than 10 percent of the 
Aravalpa Surface has been affected by piping, but the af
fected area includes some 40 percent of the cultivated land, 
most of which is adjacent to the river. Field studies in
cluded determination of the geomorphic and hydrologic set
ting of the major pipe systems and detailed mapping of rep
resentative pipe systems to determine the influence of local 
geologic structures on piping. Changes in a representative 
pipe system during the study period were measured. Se
quences of aerial photographs for the period 1935-66 indicate



the long-term rate of development of pipe systems and their 
relation to the drainage net.

Pipes are developed In both the Recent alluvium and 
In a weathered zone of the Pllo-Pleistocene St. David 
Formation, principally In silts and silty clays, the more 
clayey soils In all cases being highly flocculated. Soil 
salinity is extremely variable: the conductivity of satura
tion extracts ranges from 600 to 42,000 micromhos, and the 
ratio of sodium to total cations ranges from less than 0.1 
to more than 0.9• The dry density of the soils ranges 1.15- 
1.52 gm./cc. and all sites tested have some soils with a dry 
density less than 1.25 gm./cc.

The soils provide a cohesive but erodlble medium 
within which pipes are developed along favorable paths in 
response to increases in the amount of available runoff or 
in the gradient between a potential pipe inlet and outlet. 
Change of gradient by lowering of the local base level has 
been the initiating factor for most piping in the San Pedro 
Valley.

Some pipe patterns are determined by surficial desic
cation fractures but many of the larger pipe systems are 
developed along orthogonal fracture systems which outline 
equldimensional polygons with diameters of the order of 
100-200 feet. At several sites superposed pipe systems have 
different trends. The most likely explanation for the frac
ture patterns is that they are contraction features formed



during post-depositional consolidation. Development of the 
pattern continues during the drying cycle following deeper 
moisture penetration along the fractures than in the inter
vening soil mass. Rodent burrows, root holes and surficial 
desiccation cracks often provide the interconnection between 
the ground surface and the deeper fractures.

The long profile of major pipes rapidly erodes to 
the exponential curve characteristic of graded streams but 
the cross sections of pipes change more slowly. There is 
maximum control by local geologic structures when pipes are 
initiated but increasing control by fluid hydraulics as the 
system develops and changes to an arroyo network by pipe 
collapse. In the San Pedro Valley arroyo systems initiated 
by piping commonly, but not invariably, have a more angular 
drainage net than those formed by headcut advance. In some 
segments of these arroyos flow is opposite or transverse to 
the slope of the original surface prior to erosion. Con
tinued slope erosion and channel migration will gradually 
eliminate these differences in plan and eventually no evi
dence of piping will remain.

The critical factor to future pipe development in 
the San Pedro Valley is the local base level of erosion. 
Long-term control of pipe development depends on aggrada
tion in the channel of the San Pedro River.
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ABSTRACT

Piping erosion is widespread in the semiarid valleys 
of the southwestern United States. The extensive pipe sys
tems near Benson in the San Pedro Valley, Arizona, were 
studied to determine the prerequisite conditions for piping, 
factors affecting pipe evolution and the effect of piping on 
subsequent development of the drainage net.

It is believed that extensive piping was initiated 
after arroyo-cutting began in the San Pedro Valley about 
1890. Since that time slightly less than 10 percent of the 
Aravalpa Surface has been affected by piping, but the af
fected area Includes some 40 percent of the cultivated land, 
most of which is adjacent to the river. Field studies in
cluded determination of the geomorphic and hydrologic set
ting of the major pipe systems and detailed mapping of rep
resentative pipe systems to determine the influence of local 
geologic structures on piping. Changes in a representative 
pipe system during the study period were measured. Se
quences of aerial photographs for the period 1935-66 indicate 
the long-berm rate of development of pipe systems and their 
relation to the drainage net.

Pipes are developed in both the Recent alluvium and 
in a weathered zone of the Plio-Pleistocene St. David

xl



xli
Formation, principally in silts and silty clays, the more 
clayey soils in all cases being highly flocculated. Soil 
salinity is extremely variable: the conductivity of satura
tion extracts ranges from 600 to 42,000micromhos, and the 
ratio of sodium to total cations ranges from less than 0.1 
to.more than 0.9• The dry density of the soils ranges 1.15- 
1.52 gm/cc. and all sites tested have some soils with a dry 
density less than 1.25 gm./cc.

The soils provide a cohesive but erodible medium 
within which pipes are developed along favorable paths in 
response to increases in the amount of available runoff or 
in the gradient between a potential pipe inlet and outlet. 
Change of gradient by lowering of the local base level has 
been the initating factor for most piping in the San Pedro 
Valley.

Some pipe patterns are determined by surficial desic
cation fractures but* many of the larger pipe systems are 
developed along orthogonal fracture systems which outline 
equidimensional polygons with diameters of the order of 
100-200 feet. At several sites superposed pipe systems have 
different trends. The most likely explanation for the frac
ture patterns is that they are contraction features formed 
during post-depositional consolidation. Development of the 
pattern continues during the drying cycle following deeper 
moisture penetration along the fractures than in the inter
vening soil mass. Rodent burrows, root holes and surficial



xiii
desiccation cracks often provide the interconnection between 
the ground surface and the deeper fractures.

The long profile of major pipes rapidly erodes to 
the exponential curve characteristic of graded streams but 
the cross sections of pipes change more slowly. There is 
maximum control by local geologic structures when pipes are 
initiated but increasing control by fluid hydraulics as the 
system develops and changes to an arroyo network by pipe 
collapse. In the San Pedro Valley arroyo systems initiated 
by piping commonly, but not invariably, have a more angular 
drainage net than those formed by headcut advance. In some 
segments of these arroyos flow is opposite or transverse to 
the slope of the original surface prior to erosion. Con
tinued slope erosion and channel migration will gradually 
eliminate these differences in plan and eventually no evi
dence of piping will remain.

The critical factor to future pipe development in 
the San Pedro Valley is the local base level of erosion. 
Long-term control of pipe development depends on aggrada
tion in the channel of the San Pedro River.



INTRODUCTION

Piping is a widespread but little understood form 
of erosion which is apparently more frequent in occurrence 
in semiarid than humid regions. One of the areas in which 
it has received considerable attention is the southwestern 
United States, principally because of the threat it poses 
to valuable irrigated land. Host workers have related pip
ing to man’s disturbance of natural conditions. Man’s 
activities may, and often do, Increase the extent and in
tensity of pipe development but there is every reason to 
believe, on the basis of observations to be cited in this 
report, that piping is a widespread natural phenomenon.
The limited area of piping observed at any one time is a 
function of the rapidity with which subsequent processes 
destroy the pipes.

More data are available.on the properties of piped 
soils than on the drainage pattern of pipe systems or the 
physical setting in which piping occurs. This project was 
therefore oriented toward determination of the pattern and 
setting of piping. It was felt this approach might help 
explain why piping is abundant in some areas and almost 
lacking in others that are apparently similar. This could 
lead to a means of predicting the probability of piping 
erosion.

1



2
Field work began in April 1965$ using field recon

naissance and photo-interpretation to select a suitable 
area for detailed studies. The San Pedro Valley was se
lected on the basis of the extent of pipe development, 
availability of background data and accessibility during 
wet weather.

The distribution of piping in the area was mapped 
by field reconnaissance and the interpretation of aerial 
photographs. Detailed maps were prepared of representative 
pipe systems. The detailed studies were confined to piping 
on uncultivated land because of the lesser risk that the 
setting of the pipe systems would be changed during the 
study. It is believed that the fundamental controls of 
piping are similar on both range and cultivated land.
Changes in a representative pipe system during the study 
period were measured and sequences of aerial photographs 
used to obtain data on long-term rates of pipe growth.
Soil properties were determined at selected systems, for 
the interpretation of mapped features and comparison with 
other areas. Detailed studies were continued through the 
period July 1965 - January 1967. The study area was visited 
during all except one of the periods of runoff and erosion 
during this interval. It had been hoped to measure runoff 
during active piping but this was not feasible and for 
analysis it has been necessary to use runoff data from other, 
apparently similar watersheds.



The study concentrated on piping in which a distinct 
pipe or tunnel was formed. The.results of the study are 
directly applicable only to piping in cohesive materials, 
although there is not always a sharp distinction between 
cohesive and non-cohesive soils in areas, such as the San 
.Pedro Valley, in which soil moisture content is variable. 
Piping in humid areas may also differ from that in the pro
ject area.

3

Previous Studies
Although earlier workers such as McGee (1911) had 

recorded the existence of piping, the first systematic re
port was by Fuller (1922) who described and illustrated the 
largest known pipes, which are in the loess of north China. 
Rubey (1928) discussed the origin of pipes and related 
features in the Great Plains. Gibbs (19^5) and Downes 
(1946) described piping occurrences and related them to soil 
properties and to changed conditions following overgrazing 
in New Zealand and Australia, respectively.

Carroll (1949) described piping in southern Arizona, 
emphasizing the association of piping with irrigation or 
over-grazing. He described methods used to control piping 
on irrigated land. Fletcher and Carroll (1948) related pip
ing to the properties of individual soil samples, particu
larly the exchangeable sodium content, but Fletcher and 
others (1954) showed the importance of the physical
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characteristics of the entire soil profile. Heindl and 
Feth (195*0» in a discussion of Fletcher and others, dis
puted the significance of piping in the formation of earth 
fissures in the Picacho area, Arizona. Leopold and Miller 
(1956) described the association of piping with the wide
spread arroyo-cutting in the southwestern United States.

Parker (1963), in a review of natural piping, demon
strated that piping is far more widespread than commonly 
supposed, that it is more prominent in semi-arid areas 
than elsewhere, and that it is often related to changes in 
land use. After mention of piping in sands, and of the 
physical and hydraulic requirements for pipe development, 
Parker followed Brown (1962) in emphasizing the importance 
of clay mineralogy as a factor in piping. Hickey and 
Dortignac (1963) described a case of accelerated piping due 
to man's Interference with natural conditions.

Considerable attention has been given to piping in 
continually saturated media beneath engineering structures. 
Sherard and others (1963) summarized earlier work and con
trasted the sand-boils in non-cohesive materials to the 
tubular pipes in cohesive soils. They also stressed the 
unsatisfactory nature of the empirical approach to design 
for the latter condition. Zaslavsky and Kassiff (3.965) 
discussed laboratory experiments and presented a theory of 
piping through a single-layer cohesive soil.



THE SAN PEDRO VALLEY

Location
The area of the study (Fig. 1, Plate 1) is a seg

ment of the San Pedro Valley, Cochise County, Arizona, be
tween The Narrows, 12 miles north of Benson, and Sacaton 
Wash, 12 miles south of Benson. The area ranges from 3 to 
8 miles in width and encompasses both sides of the San 
Pedro River. In a general way it corresponds to the Aravalpa 
Surface (Bryan 1926) in this part of the valley.

The study area includes portions of the Happy Valley, 
Dragoon, Benson, and St. David 13-minute Quadrangles. The 
quadrangle sheets (scale 1 : 62,500) were used as base maps 
for Plates 1 and 2. Table 1 shows the coverage of the area 
by aerial photographs.

Topography
The San Pedro Valley, which is drained throughout by 

the San Pedro River, trends north-northwest from south of 
the Mexico-United States Border to the junction of the San 
Pedro and Gila Rivers, a distance of 1?0 miles. Benson, in 
the center of the project area, is 75 miles upstream from 
the junction of the San Pedro and Gila Rivers.

The diagrammatic cross section (Fig. 2) shows the re
lationship of the project area to the major topographic units

5
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TABLE 1* Aerial, photograph coverage of the San Pedro Valley

Year Agency*
1 9 3 5 S • C • S •
1 9 5 4 S • C e S •
1 9 5 5 S • C • S •
1 9 5 6 A.M.S.
1 9 5 8 s  • c • s  •

1 9 6 4 s . c. s .
1966 U.S.G.S.

Series Scale
1:50,000

Season Coverage
Complete

Remarks
4-lens composites

DUH-IN 1:20,000 Winter )) Complete
Enlargements available

DXH-4N,5N 1:20,000 Winter ) M H

55 AM81 1:50,000 Complete ft f#

DUH-5V 1:20,000 Winter Partial H It

DUH-4EE 1:20,000
1:15,000

Winter
Summer

Complete
River and 

cultivation

*#

*S.C.S. - Soil Conservation Service, 
U.S. Geological Survey.

A.M.S. - Army Map Service, U.S.G.S.
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in the valley. All the pipe systems studied are located 
on the Aravaipa Surface (Bryan 1926, Gilluly 1956 (Plate 
10)). To avoid any genetic connotation the readily re
cognizable surface above the escarpment that bounds the 
Aravaipa Surface is called the Whetstone Surface rather 
than Whetstone Pediment (Bryan 1926). There are no signi
ficant remnants of Bryan*s Tombstone Pediment within the 
area covered by this study.

Southwest of the project area the Whetstone Mountains 
rise steeply from the Whetstone Surface to elevations above
7.000 feet. A broad saddle, the Mescal Pass, separates the 
Whetstone Mountains from the Rincon Mountains which have an 
altitude of 8,590 feet northwest of the area. The eastern 
divide of this portion of the San Pedro valley is in the 
Dragoon Mountains, of which the highest peak is Mt. Glen, 
with an elevation of 7,512 feet. The valley is constricted 
in the northern part of the area between two ranges, the 
Little Rincon Mountains west of the river and the Johnny 
Lyon Hills to the east. Both these ranges attain more than
6.000 feet in elevation. All of the ranges are formed from 
resistant rocks of pre-Tertiary age. Small outliers of 
these resistant rocks also compose the low hills which con
strict the river channel at The Narrows. A similar con
striction of the river channel occurs near the site of 
Qulburi Mission, about five miles south of the junction of
Sacaton Wash



9

West East

Whetstone
Mountains

Dragoon
Mountains

Whetstone
Surface

Aravaipa Surface
Whetstone
SurfaceSan Pedro 

River

St. David Formation

Alluvium-filled trench

^Granite wash* and Terrace gravels

FIGURE 2. Diagrammatic cross section of the San Pedro 
Valley near Benson



10
The floor of the San Pedro Valley declines in ele

vation from 3,680 feet at the junction of Sacaton Wash to 
3,400 feet at The Narrows. It is approximately 1,000 feet 
below the base of the main ranges and 4,000 feet below the 
higher peaks.

There is very little true flood plain in the San 
Pedro Valley. The Aravaipa Surface (Fig. 2) slopes from 
the foot of an escarpment to the edge of the incised river 
channel, as pointed out by Lee (1905). Even the surfaces 
of the former cienegas (areas with a dense vegetation sus
tained by shallow ground water) have a gentle slope to the 
center of the valley.

Gray (1965) describes and illustrates the Aravaipa 
Surface as largely mantled by flood-plain deposits but al
most all of the sedimentary mantle has been deposited by 
minor washes that do not have a continuous channel across 
this surface. The thickness of Recent sediment is commonly 
less than 20 feet and the underlying erosional surface has 
a similar topography to the present surface. Melton's 
(1965) description, "alluviated pediment," may be appro
priate if it is recognized that the material on which the 
pediment is being cut is as credible as the Modern sediments 
on its surface.



11
Incision of the San Pedro River

The depth of incision of the San Pedro channel 
ranges from ten to thirty-five feet through the study area. 
Depths less than 15 feet occur only in the reach between 
the diversion dam to the Pomerene Canal and Curtiss Siding 
and reflect the control at the dam (Plate 1). Elsewhere 
the height of the banks commonly ranges from 20 to 30 feet 
with short segments as high as 35 feet. The range in bank 
height is not due to lack of "grade" in the San Pedro channel 
or to modern tectonic activity: it is due to meandering of
the San Pedro channel.

The San Pedro did not have a distinct flood plain 
during the nineteenth century. Reconstruction of the valley 
floor at that time suggests that the San Pedro River followed 
an irregular course largely determined by the growth of trib
utary fans and the presence of residuals of older rocks above 
the Aravalpa Surface. Extensive cienegas formed where flow 
was obstructed by the growing fans.

The surface slope of the fans on the Aravalpa Surface 
ranges from 1 : 100 to 1 : 30. Lateral migration of meanders 
into the fans for a distance of 400 feet may produce an in
crease in bank height of as much as 12 feet, assuming that 
the river maintains its general down-valley gradient of about 
1 : 300. Clear examples of the control of bank height by 
meandering occur near pipe systems A2 and A3 (Section 21, T. 
15 S., R. 20 E.) and in Section 21, T. 18 S., R. 21 2.



FIGURE 3

FIGURE 4

View to the west through the outlet from the 
large sink at the western end of this sys
tem toward the arroyo into which the sys
tem drains. The photograph was talien in 
August 1965. The vertical fracture in the 
roof is continuous along the roof of the 
opening. In the following year an open 
fracture developed slightly to the right 
of the position of the 12-foot rod.

Natural bridge, pipe system C

Pipe outlet, pipe system C
The photograph was taken on the afternoon 
of September 10th 1966 immediately after 
the flow had piped through the debris in 
the foreground. The pipe outlet, which is 
6 feet in diameter, is that shown in Figure 18.
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FIGURE 3* Natural bridge, pipe system C

FIGURE 4. Pipe outlet, pipe system C
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There is little evidence as to whether or not the 

San Pedro River is still degrading* There was no obvious 
degradation or aggradation during 1965-66. In several 
river bends that were abandoned about 1935, the surface is 
now 3 to 10 feet above the channel. Making some allowance 
for the limited sedimentation which has occurred on these 
areas it seems that incision during the 30 years, 1935-65, 
was less than 5 feet for most of the reach, compared to 15 
feet or more incision in the preceding 45 years. The avail
able data suggest that marked downcutting occurred in two 
periods. The first occurred prior to 1895, when a contin
uous sand-bed arroyo was formed, and the second during 1926- 
27, when there were major floods in the San Pedro River.
The maximum recorded discharge at the Charleston gaging 
station (Fig. 1) is 98,000 c.f.s., on September 28th, 1926. 
Landholders report, that major changes occurred at this time; 
several small diversion dams were destroyed and some diver
sion canals were subsequently abandoned because the river 
had incised well below the intake level. Bryan, Smith and 
Waring (193*0 stated that the river channel deepened in the 
Tres Alamos area during the 1920-2? period. Melton (1965) 
reported that the entrenchment of the San Pedro channel 
north of The Narrows occurred as late as 1926-2?, as the re
sult of these unusually large floods. These data suggest 
that although there has been little apparent change in the

t



depth of the channel in recent years it cannot be assumed 
that major floods could not cause further incision.

Both at The Narrows and near Contention, 5 miles 
upstream from Sacaton Wash (Plate 1), the river is con
stricted between bedrock bluffs. Heindl (1952) Indicated 
60 feet of alluvium below the river bed at The Narrows and 
testing for a possible diversion dam near Contention showed 
a similar depth of alluvium in that area. Therefore verti
cal, if not lateral, adjustment is still possible at these 
points. Future changes in channel depth will be determined 
by the rates of supply and removal of sediment rather than 
bedrock control.

No reliable data are available on the distribution 
of sand-bed channels prior to the arroyo-cutting cited 
above. It is possible that the discontinuous channels of 
the San Pedro River which existed prior to general arroyo- 
cutting (Hastings,, 1959) were cut in those segments of the 
valley in which tributary fans had grown across the center 
of the valley. Even when parts of the San Pedro channel 
were indistinct the major trlbutories, such as Dragoon 
Wash, Tres Alamos Wash and Ash Creek, must have had well- 
developed gravel beds near the ranges and may have had dis
tinct channels over most of their courses to the San Pedro 
River. Certainly by 1935 the larger tributaries had sand- 
bed channels throughout, and for most of their length the 
channel banks were of a height more or less comparable to



the bankfull stage. Only near their junctions with the San 
Pedro River have these major tributaries been deeply incised. 
The amount and caliber of sediment in these streams has been 
sufficient to prevent deep cutting except near the junction.

Small changes in the depth of tributary arroyos gen
erally cannot be estimated from the aerial photographs. It 
is apparent that some arroyos deepened over the 1935-66 
period but more surprising perhaps that some arroyos, in
cluding several of the larger washes, apparently became more 
shallow. This decrease in depth was invariably associated 
with the deposition of a lighter-colored, presumbly more 
sandy material, derived from the "granite wash" or from Re
cent fan deposits. In several streams discontinuous arroyos 
were joined, then partly filled by coarse bed material. 
California Wash had discontinuous arroyo channels in 1935 
but a continuous sand-bed channel by 195** and the upper 
reaches of the channel were partly filled between 195** and 
1964.
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Climate and Vegetation
The area has a semiarid climate. The mean annual 

precipitation ranges from 11 inches in the center of the 
valley to about 14 inches on the higher peripheral parts.
The mean annual precipitation may be as much as 25 inches 
in the mountain areas. The summers are hot; the mean max
imum temperature during the three summer months is approx
imately 95°F at Benson. At the same station the mean number
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of days per year with a minimum temperature below 32°F is 
84, for the period 1898-1957• The record high was 111°P 
in 1932 and the record low was 5°F in 1924 (Green and 
Sellers 1964).

Precipitation data for the Benson and Apache Powder 
Plant stations are given in Table 2 (Green and Sellers 1964; 
Kangieser and Green 1965; C. R. Green, unpublished data).
The correlation between monthly precipitation for these 
stations is shown on Figure 5* The fitted line on the graph 
is based on the assumptions made later in this report namely 
that mean rainfall is similar throughout the project area. 
Field observations during the study suggested that in the 
northern part of the area, where the valley is narrow, 
storms were slightly more frequent and heavier than at Benson, 
but there are no data on which to base a more refined 
analysis.

Two distinct maxima are apparent in the mean monthly 
precipitation at Benson. The maxima are related to air mass 
movements by Green and Sellers (1964):

Benson lies in a section of Arizona that re
ceives most of its rainfall in July, August and 
September when moist unstable air invades the area 
from the Gulf of Mexico. Almost sixty percent of 
Benson's annual precipitation comes from these 
showers.

A secondary wet season is experienced in the 
winter when extensive storm systems move into the 
area from the Pacific Ocean, producing widespread 
precipitation.



TABLE 2. Precipitation data for the Benson and Apache Powder Plant stations 
Mean monthly rainfall

J F M A M J J A S O N .  D Annual .Benson
T T 8 9 0 - 1 9 5 7 )  0 . 6 4  0 . 8 2  0 . 5 2  0 . 2 4  0 . 1 2  0 . 3 9  2 . 4 8  2 . ? 8  1 . 2 ?  0 . 5 4  0 . 5 9  0 . 7 0  1 1 . 0 9Apache Powder
(1924-1957) 0.63 0.73 0.44 0.29 0.16 0.66 2.71 2.98 1.44 0.60 0.4? 0.76 11.87

Highest recorded daily rainfalls, during the same periods:
Benson: 2.42 Inches
Apache Powder Plant: 2.25 inches

Monthly rainfall during the 1964-66 period. 
Benson

J P M A M J J A ' S O N D Annual
1964 0.38 T 0.35 0.32 0.00 T 6.81 1.66 5.58 1.44 0.77 0.19 17.50
1965 O.63 0.09 0.48 0.07 0.16 o.4o 5.07 2.35 0.76 0.02 0.47 4.53 15.03
1966 1.24 1.46 0.07 0.16 0.00 0.32 3.63 3-31 2.69 0.05 0.45 0.15 13.53
Apache Powder

J P M A M J J A S 0 N D Annual
1964 0.38 T 0.47 0.37 0.00 T 3.86 2.65 5.57 1.64 l.o4 0.08 16.06
1965 0.37 0.15 O.45 T 0.12 0.14 3.66 1.72 1.28 T O.32 4.20 12.41
1966 1.02 1.37 0.05 0.48 T O.83 3.75 4.75 2.61 0.03 O.69 0.20 15.78 H-o



TABLE 2~Continued
The empirical probabilities of observing precipitation amounts (inches) less

than or equal to specified values for the Apache Powder Plant station, based on the 
1934-63 period, (Kangleser and Green 1965) are:

P
10
25
50
75
90
95

J P M 
0.02 0.07 0.06 
0.26 0.23 0.10 
0.64 0.4? 0.30 
1.06 0.90 0.62 
1.86 1.48 0.92 
2.30 1.77 1.79

A M J 
0.00 0.00 T 
0.00 0.00 T 
0.07 T 0.33 
0.28 0.11 0.95 
0.8? 0.43 1.62 
1.27 0.89 2.57

J A S
1.15 0.70 0.01 
1.93 1.61 0.53 
2.56 3.10 1.24 
3.41 4.82 2.00 
5.19 5.98 2.26 
5.95 6.44 2.97

0 N D 
0.00 0.00 0.01 
0.27 0.00 0.20 
0.44 O.36 O.67 
1.08 0.96 1.17 
1.55 1.40 1.89 
1.89 1.78 2.6l

Annual
6.20
9.04
12.52
13.97
16.53
19.39

HCO
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Monthly precipitation at Benson (Inches)
FIGURE 5« Correlation of monthly precipitation at Benson and Apache Powder 

Plant stations, 1960-66.
x - Month during study period 
• - Month prior to study period
Months when both stations recorded less than 0.1 
Inches are not plotted.
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•Green and Sellers also point out that most of the 

rainfall occurs as light rains with less than 0.4 inches of 
rain during the day.

The characteristic vegetation in the area is scrub; 
mesquite, saltbrush, catclaw, and creosote are common.
Grasses were once prevalent through much of the area but 
have been largely replaced by scrub vegetation since i860 
(Hastings and Turner, 1965). Plates 58 to 60 of Hastings 
and Turner Illustrate vegetative changes in the southern 
portion of the study area.

Settlement and Agriculture
The site of Quiburi, an early 18th century Spanish 

Mission,lies 5 miles south of the study area. Cattle graz
ing began in the 18th century but did not reach its peak 
until late in the 19th century. The area became part of the 
United States with the Gadsen Purchase of 1853• The first 
agricultural development was at the Mormon settlement in the 
St. David area, 1877-8, and the first artesian well was 
drilled there in 1879• Benson was established in 1880 near 
the railroad crossing over the San Pedro River. Other rail
roads were built in the 1885-1912 period. The main areas of 
agricultural development have been near St. David and Pomerene 
with smaller developments at different times and places on 
other lower-lying parts of the Aravaipa Surface, the inter
mittent developments apparently being due to the periodic



destruction of smaller diversion works with the continuing 
incision of the San Pedro River. Only two canals, both on 
the east side of the river, are now in use and these carry 
water to the St. David and Pomerene areas. Groundwater is 
used for all other irrigation and also to supplement these 
diversions from the intermittent stream. Land not under 
cultivation is used for cattle grazing but the cattle popu
lation is now much lower than in the latter part of the 
19th century, when overgrazing may have helped set the con
ditions for the extensive arroyo-cutting.

Transport and Communications 
All-weather access to and within the area is pro

vided by two major highways. These are Interstate 10 (U. S. 
80-Arlz. 86), an eastwest route through Benson, and U . S. 80, 
a southeast route from Benson, crossing the San Pedro River 
at St. David. Other access roads are shown on Plate 1; 
many of these may be closed for short periods by floods in 
the washes. The main line of the Southern Pacific Railroad 
crosses the center of the area and is joined at Benson by a 
branch line from Douglas which follows the west side of the 
San Pedro River. Two abandoned railroads are also shown on 
Plate 1. Several oil and gas pipelines (El Paso Natural 
Gas; Southern Pacific Pipelines) run east and southeast a- 
cross the southern half of the area.

21



Modifications of the natural drainage, made to pre
vent local flooding or erosion of the transport lines, have 
been major factors in determining the erosion pattern in 
the area.

22



GEOLOGY

General geologic mapping was not part of the pro
ject but some stratigraphic work was done in small portions 
of the area to clarify the relations between the units 
mapped and described by several previous workers and to de
termine the stratigraphic units within which the pipe sys
tems have been formed. Table 3 indicates the relation of 
the units shown on the geologic map (Plate 2) to those de
scribed by previous workers. The cross sections (Figs. 6,
7 and 8) Illustrate the relations between units in several 
parts of the area.

Previous work
The earliest geologic reports on the area were pre

pared following a groundwater survey in 1903 by Lee (1905)• 
Bryan1s (1926) study of the geomorphology of the area was 
also made as part of a groundwater survey. Heindl (1952), 
in an assessment of the groundwater resources of the valley, 
distinguished the Plio-Pleistocene "older alluviumrt and 
Recent alluvium. Gilluly (1956) described in detail the 
consolidated rocks which crop out south of the project area 
but did not Include detailed description of the "valley fill".

Montgomery (1963) mapped a section of the San Pedro 
Valley between Tres Alamos Mesa, seven miles north of

23
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TABLE 3» Cenozolc stratigraphy of the San Pedro Valley, near Benson

Agenbroad (196?) Montgomery (1963) Gray (1965) This paper

Redlngton The Narrows j Benson - St. David

Recent alluvium, 
flood plain, and 
channel deposits

Floodplain

i

deposits !
i
!

\

'

Modern alluvium
Modem /
channel / 
deposits \ Fan

Recent
alluvium

tsRecent alluvium

\Clenega /
depositsy deposl
Burled Channel deposits

Terrace gravels

Tres Alamos 

Formation

Gravel alluvium Terrace gravels

Lacustrine units

Granite wash Granite washSacaton Formation

Pediment caps
Upper St.

David

Formation

St. David Formation

S'Qulburls Form. ^  /
Tres Alamos ^
Member ^  ̂

Redlngton
^  Member

Middle

Benson Beds Lower

San Manuel 
Formation

Black Conglomerate hsands*
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Benson, and Cascabel. He recognized three Cenozoic units 
in the section south of The Narrows, namely:

(a) Benson beds, which are fine-grained red beds, and 
are unconformably overlain by

(b) Tres Alamos Formation, which comprises conglomerate 
and sandstone, and is unconformably overlain by

(c) Floodplain deposits, which occupy a strip along the 
San Pedro River,

Gray (1965) discussed that part of the project area 
south of Benson and recognized the following Cenozoic units, 
in order of decreasing age:

(a) St. David Formation, fluvio-lacustrine deposits of 
Upper Pliocene to middle Pleistocene age, which is uncon
formably overlain by

(b) "Granite wash", a widespread coarse-grained alluvium,
(c) Gravel alluvium, deposited by an ancestral San 

Pedro River,
(d) Recent alluvium, flood-plain and cienega deposits,

and
(e) Modern alluvium, channel deposits since 1880. 

Montgomery (19&3) and Gray (1965) mapped different
portions of the project area, with an intervening gap of 
approximately 6 miles. In view of the narrowing of the San 
Pedro Valley north of Benson, exact .correspondence of rock 
units cannot be expected between the two areas.
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FIGURE 6. Cross section of the San Pedro Valley near Land .
For explanation of symbols see Plate 2. Vertical 
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3 miles

. FIGURE 7• Cross section of the San Pedro Valley south of Benson
For explanation of symbols see Plate 2. Vertical 
exaggeration approximately 20 : 1.
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FIGURE 8. Cross section of the San Pedro Valley at The Narrows
For explanation of symbols see Plate 2. Vertical 
exaggeration approximately 20 : 1.



Agenbroad (1967) mapped a portion of the San Pedro 
Valley north of Redington (Fig. 1). He divided the Qui- 
buris Formation of the Redington area into two members, one 
of which he named the Tres Alamos Member, and correlated it 
with part of the Tres Alamos Formation. Agenbroad also 
presented a table suggesting correlations between strati
graphic units in the two areas.

Stratigraphy
The outcropping rocks in the project area are Plio

cene and Quaternary sediments except for small outcrops of 
PreCambrian (?) rocks near The Narrows and of consolidated 
Tertiary, Cretaceous, and Permian sediments and intrusives 
just south of Sacaton Wash (Gilluly 1956). The Precambrian 
(?) rocks near The Narrows are coarse-grained gneiss and 
granite with abundant veins of quartz and epidote. Wherever 
observed the contact of the Precambrian and Quaternary 
rocks is unconformable, The dip of this unconformity is as 
great as 25 degrees on the east flank of the Little Rincon 
Mountains•

The Pliocene and Quaternary sediments are described 
below using Gray’s stratigraphic units as a working base 
for the whole area. No new stratigraphic names are proposed 
here although it is clear the nomenclature needs revision.
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St. David Formation

The salient features of Gray * s (1965) detailed des
cription of the St. David Formation near and south of 
Benson are given In the following quotation:

A thickness of 600 feet of the St. David Forma
tion, from 36OO feet to 4200 feet In elevation, Is 
exposed In the valley, but the total thickness is 
much greater, as is shown by the logs of wells in the 
vicinity . . . Three major divisions can be recog
nized . . . The lowest division is represented by 
a predominance of red clay and red mudstone and 
minor small sand lenses. Exposed sections of this 
division are from 3600 feet to 3800 feet in eleva
tion . . . This division makes up most of the 
isolated hills and mounds in the center of the 
valley . . .

Above 38OO feet in elevation, a second division 
is recognizable. In addition to the red clay, lime
stone, green clay, tuffaceous units, and brown silt 
are fairly abundant. The calcium carbonate content 
is higher . . . The second division grades imper
ceptibly into the highest or third division.

This division is composed almost entirely of 
light brown to grayish silt, silty clay, and fine 
sand separated by paleosol and caliche units . . .

Channel conglomerate and sandstone beds occur 
locally in the sediments; however, the amount of 
sand and gravel increases toward the Little Dragoon 
Mountains and the Tombstone Hills.

The age of the St. David Formation, based on 
vertebrate fossils, is considered to be Late Plio
cene to late Kansan.

The lowest of the three divisions recognized by 
Gray is equivalent to the generally fine-grained, red-bed 
unit informally known as the Benson beds (Montgomery 1963). 
Some of the higher beds exposed in Tres Alamos Mesa have a 
general resemblance to the middle and upper divisions of
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the St. David Formation. The caliche-cemented conglomerate 
which caps the mesa, however, appears to intertongue with 
the underlying beds and it probably is not equivalent in 
age to the ’’granite wash”.

Montgomery (1963) defined the Tres Alamos Formation 
as a unit consisting predominantly of gravel and sand which 
unconformably overlies the Benson beds. The general dis
tinction between the red beds and the coarser rocks is 
quite clear southwest of The Narrows and unconformities 
are apparent from detailed examination at many points. 
Nevertheless, the two units are believed to intertongue.
The limited field observations made by the writer suggest 
that the Tres Alamos Formation is not a valid unit but 
comprises a conglomeratic facies of the upper part of the 
St. David Formation and two younger sand-gravel units 
which unconformably overlie the St. David Formation. In 
Montgomery's stratigraphic section No. 3 (Sections 25 and 
26, T. 15 S., R. 19 E.) the two lower units of the Tres 
Alamos Formation are probably facies equivalents of the 
upper units of the St. David Formation and may correspond- 
to the Tres Alamos Member of the Quiburis Formation as de
fined by Agenbroad (196?)•

In the Benson area the unconformity between the St. 
David Formation and the Recent sediments is difficult to 
recognize. In places there is a lag gravel at the uncon
formity, or remnants of gypsum veins in the older unit, but
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In some areas, such as pipe system B2, (Fig. 14) the base 
of the Recent sediments could not be recognized confidently 
at all points.

Gray mapped a minor structural zone in the St.
David Formation south of Benson but in general these sedi
ments are undeformed; the low-angle dips are depositional.

In fresh exposures the lowest unit of the St. David 
Formation is well-consolidated and exhibits a prominent 
joint system. In most exposures on the Aravalpa Surface, 
however, this unit is weathered to depths of 10-15 feet and 
the joint system is not obvious except where it is outlined 
by gypsum veins. Field observations indicate that all pip
ing in the St. David Formation is restricted to the weath
ered zone and that most of it is restricted to the lowest 
division of the formation. Below a shallow zone of prom
inent desiccation cracks, less than 5 feet thick, pipes in 
this formation are developed mainly along the joints.

"Granite Wash"
In the Benson area the St. David Formation is uncon- 

formably overlain by a sand-gravel-boulder unit which Gray 
(1965) called the "granite wash". The unit is readily re
cognized but the lithology varies with the source area and 
only a small portion is granitic. Gray points out that the 
ridges south of Benson which extend out into the Aravalpa 
Surface have cores of "granite wash" below the general level



of this unit, that is, the ridges are due to topographic 
reversal along the trends of former stream channels.

The "well defined stream channel deposits in sec
tions 30 and 31, T. 15 S., R. 20 E." (Montgomery, 1963, 
p. 32), which are clearly unconformable on the red beds, 
appear comparable to similar channel deposits of light gray 
cemented gravel overlying red beds in sections 20 and 33> T. 
16 S, R. 20 E., and the deposit in section 33 appears con
tinuous with the "granite wash". These channel deposits 
are, I believe, correlative with the uppermost unit of the 
Tres Alamos Formation in Montgomery's stratigraphic section 
No. 3 (Sections 25 and 26, T. 15 S., R. 19 E.). However the 
stratigraphy of the Tres Alamos area is complicated by the 
many facies changes related to surges of coarse sedimenta
tion from the adjacent Little Rincon Mountains, which rise 
3*000 feet above the valley floor, and little emphasis 
should be placed on the many local unconformities*

Melton (1965) suggested that the Tres Alamos fan is 
much younger than the Whetstone Surface. The stratigraphic 
correlations suggested here imply that the Tres Alamos fan 
is at least as old as the Whetstone Surface.

It is possible that the "granite wash" is correlative 
with either, or both, the Sacaton Formation or "Pediment 
caps" of Agenbroad (1967)•
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Terrace Gravels
Gravel cappings, from 3 to 30 feet thick, uncon- 

formably overlie the St. David Formation on many small 
hills near the present course of the San Pedro River. The 
cappings, even within small segments of the valley, range 
from 50 to 150 feet above the bed of the river. Each 
capping, however, appears to be almost horizontal, suggest
ing that the gravels may be remnants of several terraces at 
different levels. Gray (1965) states that the gravels are 
younger than the "granite wash" but the higher gravels 
could be contemporaneous with the "granite wash". Near 
Cornfield Wash (Plate 2) the gravels are more extensive 
than in the area mapped by Gray and further studies could 
determine the relationship between the several levels of 
gravels. Several small areas of probable terrace gravels 
have been distinguished from other components of the Tres 
Alamos Formation in the area southwest of The Narrows♦

Recent Alluvium
Three facies of the Recent alluvium can be distin

guished:
(1) Coarse-grained channel deposits, which crop out in 

some of the tributary stream channels but are known mainly 
from numerous water wells that penetrate sediments filling 
the ancestral San Pedro channel.
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(2) Sandy fan deposits on the Aravalpa Surface which 

Intertongue with
(3) Fine-grained cienega deposits in the central por

tion of the valley.
The available drillers* logs of wells in the valley 

indicate an alluvium-filled trench that is located below, 
or close to, the present channel. The floor of the trench 
is about 100 feet lower than the present channel. Copies 
of well logs are held in the files of the U.S. Geological 
Survey, Tucson, and representative logs are shown by Heindl 
(1952).

The geologic map (Plate 2) shows that at many points 
older rocks (generally St. David Formation) crop out in the 
river bank below the Recent alluvium. The trench of older 
alluvium is therefore narrow, generally less than one-half 
mile wide. Its probable position is shown on Plate 2. The 
cross sections (Figs. 6 to 8) imply that the slopes on the 
side of this trench are comparable to those on the present 
escarpment between the Whetstone and Aravalpa Surfaces.
Short, narrow tributary trenches occur close to the present 
position of the main tributary streams, particularly Ash 
Creek and Dragoon Wash. The age of the sediments filling 
the trench could be late Pleistocene or Recent. In Table 
3 it is shown as Recent, in conformity with previous age 
assignments (Gray, 1965*) It is probable that the trench was 
filled before the Aravalpa Surface was formed.



The fan and cienega facies of the Recent alluvium 
are lithologically distinct but interfinger to such degree 
that they could not be mapped as distinct stratigraphic 
units. The cienega deposits are silty clays and sandy 
silts with a few very thin lenses of sand with some gravel. 
The sediments deposited on alluvial fans are much coarser 
and contain numerous lenses and beds of sand and coarse 
gravel interbedded with sandy silts. In general, both the 
fan and cienega deposits are coarser-grained than the low
est unit of the St. David Formation, which underlies them, 
and much finer-grained than the "granite wash" and terrace 
gravels which cap the adjacent hills.

Except in the narrow trench near the present course 
of the San Pedro River, the Recent alluvium is estimated to 
be less than 50 feet thick. It is probably less than 20 
feet thick over much of the Aravaipa Surface. The surface 
on which this alluvium was deposited had similar relief to 
the existing Aravaipa Surface, except for the ancestral 
river channel.

36

Modern Alluvium
The Modern alluvium which is, following Gray 

(1965)j alluvium deposited since i860, includes two separate 
units:

(1) Sediments deposited within the Incised San Pedro 
channel.



(2) Widespread fan deposits on the upper parts of the 
Aravaipa Surface.

The Modern alluvium in the incised channel is very 
obvious on casual inspection of the area but it is of lim
ited volume and as there is no clear evidence that degrada
tion has ceased this channel alluvium may be regarded as 
sediment in transit.

The Modern fan deposits on the Aravaipa Surface are 
less readily distinguished from the Recent alluvium although 
in many places the Modern alluvium is coarser than that 
deposited before 1880. The boundary between Recent and Mod
ern alluvium is not tenable where it must be based on re
lation to the arroyo-cutting which has continued throughout 
the last 7 5  years. South of the Singing Wind Ranch (Sec
tion 28, T. 1 6  S., R. 20 E.) an area of some 200 acres has 
received a sheet cover of sandy alluvium as great as 4 feet 
in depth around living mesquite bushes. Tributary gullies 
to the San Pedro River, 4 to 8 feet deep, have cut back in
to this area of Modern sedimentation for a distance of about 
300 feet within the last 10 years. In many areas abundant 
fragments of iron and glass and some partly fossilized 
cattle bones indicate the Modern alluvium. The Modern 
alluvium is less than 5 feet thick except in some narrow 
sand-filled channels.

Although the evidence of degradation is much more 
spectacular than that of aggradation, the latter is certainly
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more widespread on the Aravalpa Surface. In this portion 
of the valley the volume of Modern sediment deposited on 
the Aravalpa Surface is comparable to the volume of material 
eroded to form the arroyos, including the San Pedro River 
channel.
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HYDROLOGY

Apart from the precipitation data previously men
tioned and data on groundwater levels which are discussed 
below, quantitative hydrologic data are almost completely 
lacking for the project area. Analysis of runoff to the 
pipe systems has to be based on extrapolation from the Wal
nut Gulch Experimental Watershed which is located near 
Tombstone, 24 miles southeast of Benson (Fig. 1).

The hydrologic observations made during the study 
are described in the following chapter.

Surface Water
The San Pedro River is an intermittent stream; 

there is perennial flow near Charleston but most of the 
channel below Charleston is dry from two to six months of 
the year, even at points such as The Narrows where bedrock 
constrictions might be expected to cause groundwater to 
rise to the surface (Montgomery 1963)• However, the water 
table always lies within a few feet of the river bed through
out the project area. All the tributary streams within this 
portion of the valley are ephemeral.

The only long-term runoff records for the area are 
for two U. S. Geological Survey gaging stations on the San 
Pedro River at Charleston and Redington, which are south
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and north of the project area, respectively. The mean an
nual runoff at the two gages is comparable despite the 240 
percent increase in catchment area, including portions of 
several high ranges. Further, there is a small but per
manent baseflow at Charleston whereas at Redington there is 
no flow for several months in most years. Heindl (1952) 
presented a water budget in which the increased runoff was 
esentially balanced by evapotranspiration within the area 
and runoff from the lower parts of the valley made a 
negligible contribution to flow in the San Pedro River or 
to the groundwater system. Field observations, supported 
by data from Walnut Gulch (Keppel and Renard 1962), suggest 
that runoff from the Whetstone and Aravalpa Surfaces con
stitutes a significant portion of the water budget.

Comparison of hydrographs from the Redington and 
Charleston gages for the months of July and August 1965 
(U. S. Geological Survey 1966) illustrates the complex in
fluence of losses and gains within the reach and the im
possibility of isolating the effects of runoff from small 
tributary catchments.

There are no runoff data within the project area 
from catchments similar to those feeding the pipe systems. 
The nearest gaged catchments of comparable size and charac
teristics are in the Walnut Gulch Experimental Watershed. 
Table 4 shows the runoff at five flumes at the Walnut Gulch 
Experimental Watershed during 1964-66, expressed as inches
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TABLE 4. Runoff from small catchments, Walnut Gulch 

Experimental Watershed
(Southwestern Watershed Research Center, un
published data)

Flume #4 H % V) CD #5
Catchment area (mi.2) 0.88 3.2 3.4? 6.0 8.61
Annual runoff (in) 1964 .346 3.27 .373 .803 .147

1965 .0054 .492 .033 .250 COVP\O

1966 .026 .368 .020 .222 .304

of runoff over the catchment. These are believed to give 
an indication of the order of magnitude of the mean runoff 
and variability of runoff through time from the catchments 
of the pipe systems studied. The variability of runoff is 
much greater than variability in rainfall, due to the domi
nance of runoff from highly localized storm centers. One 
extreme event can provide much of the cumulative runoff for 
a period of years. Therefore the extreme rainfall event of 
July 9th, 1965 at system Al, described in the discussion of 
hydrologic conditions during the study period, caused more 
runoff than occurs in several '’average” years. However, 
over a long period it is possible that major runoff events 
will be more or less evenly distributed over the watersheds.

The Walnut Gulch data (Keppel, i960) show that mean 
runoff, expressed as a percentage of mean rainfall, de
creases rapidly as catchment area increases for similar 
catchments, due principally to channel losses. Channel



42
losses at Walnut Gulch may be greater than those in similar 
size catchments in the study area, but probably not to a 
sufficient degree to affect the approximate calculations 
made in the following chapter, using the equation obtained 
by Keppel. This equation, for the Walnut Gulch data, is:

Q = 1.95 A”0*31,
where Q is mean water yield (runoff expressed as a depth of 
water in inches over the area of the catchment) and A is 
catchment area in square miles.

Unpublished data from the Walnut Gulch Experimental 
Watershed also show that rainfall intensity is more highly 
correlated than total rainfall with runoff. The same data 
also indicate that on a monthly basis, storm intensities 
are much less uniform than total rainfall. Over the time 
intervals required for the initiation and destruction of 
pipe systems, say 20 years, it is possible that storm in
tensities, both maximum and mean, may be relatively uniform 
throughout the lower part of the valley, but this point re
mains to be demonstrated.

Ground Water
The earliest survey of the ground water resources 

in the San Pedro Valley was by Lee (1905) and Newell (1905)• 
Further studies were made by Bryan about 1921 and this work 
was included in a report by Bryan, Smith and Waring (193^)* 
Heindl (1952) presented a ground-water budget for the Upper
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San Pedro Valley which includes the project area. He dis
tinguished a water-table aquifer in the Recent alluvium 
near the river and a more widespread artesian aquifer in 
the "older alluvium11. Recent stratigraphic studies have 
helped to clarify the distribution and characteristics of 
the aquifers but there has not been a recent reassessment 
of the ground-water resources.

Most of the ground water used for irrigation is 
pumped from the Recent alluvium. Wells in this aquifer 
have yielded more than 1,000 g.p.m. (Davidson and White 
1963)• This aquifer has a much more limited extent than 
is suggested by the surficial distribution of Recent allu
vium. It is essentially restricted to the ancestral channel 
of the San Pedro River. Elsewhere the Recent alluvium lies 
above the water table. The evidence for clenegas along the 
San Pedro prior to i860 (Hastings 1959) and the arroyo- 
cutting since that date imply a water table decline of the 
order of 15-30 feet in the center of the valley. Most of 
this decline apparently occurred before 1935♦ Water-level 
trends for the area are summarized in annual reports on 
ground-water levels in Arizona. The most recent of these 
reports (White and others 1965) shows that changes in ground- 
water levels during the period 1950-66 have been small, less 
than 5 feet for almost all wells, and no persistent decline 
is apparent. Induced recharge from the river and tributaries



has apparently balanced the increased pumpage from the 
shallow alluvial aquifer.

The sands below the red beds of the St. David 
Formation constitute the important artesian aquifer in 
the “older alluvium". This aquifer is the major ground- 
water source in areas where Recent alluvium is not present 
or lies above the water table, such as the town of Benson. 
Yields from the artesian aquifer are generally less than 
those from the upper aquifer. The limited data available 
did not permit Montgomery (1963) to establish the degree of 
interconnection between the artesian ground-water reservoirs 
north and south of the outcropping bedrock at The Narrows.
In other directions the limits of the artesian aquifer lie 
outside the area shown on Plate 1. A spring in Section 29»
T. 18 S., R. 21 E., still flows and seepage downslope from 
the spring maintains a shallow water table beneath some 150 
acres of rank grass and reeds. The spring is on a low mound 
at an elevation of about 3*710 feet and the nearest point 
of the river bed is at 3*650 feet. Because the spring is 
in an area with thin alluvial cover over the red beds of 
the St. David Formation and has a limited surface catchment 
there can be no doubt that the spring is fed by major leak
age from the artesian aquifer. Carpenter and Bransfield 
(1924) noted this “waterlogged" area and suggested that it 
would drain with continuing incision of the San Pedro channel. 
But drainage of this area is dependent on a major decline in
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artesian head and it is clear, from the continued flow of 
artesian wells which had artesian heads 20 to 60 feet above 
the land surface when drilled in the latter part of the 
nineteenth century that there has not been a major regional 
decline in artesian head. The failure of a few of the arte
sian wells is due to blockage of uncased, undeveloped holes, 
or to lack of interconnection between some of the individual 
sand lenses in the aquifer.



PIPING IN THE SAN PEDRO VALLEY

General Statement 
Previous Work

The previous studies of piping are those of Fletcher 
and Carroll (1948), Carroll(1949) and Fletcher and others 
(1954). Carroll described several examples of piping in 
the valley. His paper contains some excellent photographs 
of piping near St. David and Pomerene. Fletcher and Carroll 
(1948) included data on the soil properties at three pipe 
localities in the valley.

i
Field Reconnaissance

Extensive field reconnaissance was made throughout 
the project area to locate all the major pipe systems and 
to obtain a reasonable sampling of the smaller systems.
The reconnaissance program was guided by the results of the 
interpretation of aerial photographs but was not restricted 
to areas in which piping is apparent on the aerial photo
graphs. For example, there was no photographic evidence of 
systems B3 and C.

All the mapped areas, systems Al, A2, B2, B3, B4 
and C (Plate 1), were re-examined on numerous occasions to 
observe pipe growth. Several other systems, such as the E 
group, were also periodically re-examined.
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Interpretation of Aerial Photographs 

Table 1 lists the available aerial photographs of 
the area. Although only the larger sinks could be distin
guished, and depth estimates were generally not possible 
because the base of the sink was commonly in complete 
shadow, the photographs were of great assistance in pipe 
recognition and in the determination of the pattern of pipe 
systems.

The larger scale photographs (1:20,000 and 1:15,000) 
were much better than the 1:50,000 photographs for recogni
tion of smaller pipe features. Enlargement more than 3 
times did not improve resolution of pipe features. Orienta
tion of a given pipe in relation to shadow direction dif
fered between sets of photographs and made precise inter
pretation of changes impossible. Photographs taken during 
the winter were much better for this project than those 
taken in the summer. A number of features visible on the 
1955 photographs and observed in the field in 1966 could 
not be discerned on the 1966 photographs because of the 
dense foliation on the mesqulte.

The photographs provide the best evidence for the 
discussion of rates of pipe system growth and the relation 
of piping to the pattern of the subsequent drainage net. 
These aspects are discussed in later sections of the report.
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Detailed Mapping

The geometry of all or part of six pipe systems 
(Al, A2, B2, B3, B4, C) was mapped in detail (Plates 3> 5$
6, 7, 8, 9). As far as is known this is the first detailed 
mapping of pipe system geometry. The mapped areas represent 
most of the variations observed in pipe system geometry in 
the San Pedro Valley. One of the systems (Al), which is 
eroding more rapidly than most of the systems, was mapped 
during July-August 1965 and October-November 1966 to 
measure changes during the study period.

Although much of this detailed description cannot 
be used at this time it is essential for comparison of the 
results obtained in this project with results from other 
areas and conditions or with results from the same area at 
a later time.

Map representation of the three-dimensional pipe 
systems is difficult, particularly where one pipe overlies 
another as at the outlet to the A2 system. Because of this 
complexity contouring of the areas has not been attempted. 
Spot elevations on the various levels are given at selected 
points.

The detailed mapping was done by planetable and ali
dade at a scale of 20 feet to 1 inch. Because one of the 
aims of the mapping was to provide a base for measurement 
of future changes in pipe geometry the accuracy of the mapp
ing must be carefully assessed.
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The horizontal accuracy of individual plane-table 

shots was checked at i 1 foot but cumulative errors could 
give rise to survey errors of i 3 feet across the map area.
A factor in survey accuracy was the presence of patches of 
dense vegetative cover which made precise measurement dif
ficult; this vegetation could not be removed without risk 
of excessive acceleration of the erosion rate. Experience 
showed that interpolation between survey shots could intro
duce errors up to 3 feet. The maximum possible error across 
the map area is £ 6 feet but:

(1) Errors will commonly not be fully cumulative,
(2) critical points, such as headcuts or tunnel inlets, 

are measured directly thus eliminating interpolation error, 
and

(3) detailed interest is in change in each small section 
of the system rather than change across the pipe system.

The methods used gave vertical measurements to £ o . l  

foot, but interpolated points were judged to be accurate to 
£o.5 foot. Overall vertical errors are probably less than 
£ 1 foot.

The possible errors noted above are much smaller 
than major changes noted during remapping of system Al, 
namely, the lowering of a pipe floor by 2 feet, collapse of 
a bridge with 12-foot span, formation of new sinks, and 
headcut advances greater than 20 feet.
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Pipe Systems in the San Pedro Valley

The pipe systems discussed in the paper are listed 
in Table 5» The list is believed to Include all the large 
and rapidly growing systems but it does not Include many of 
the small pipe systems which occur along the banks of the 
San Pedro River, in areas of dense .mesquite, or on some of 
the farms. The pipe localities on Plate 1, therefore, in
dicate the optimum settings but not all the possible settings 
for piping in the area.

Some of the characteristics of the systems are given 
in Table 5* Features of special interest, including the data 
on pipe growth rates obtained from successive aerial photo
graphs, are summarized in the descriptions of the pipe systems.

Explanations of some terms used in Table 5 are given
below:
Maximum distance to nearest arroyo: The distance from the
farthest point of the pipe system to an arroyo channel lack
ing direct evidence of piping (such as natural bridges). In 
most cases the minimum distance is 0 feet, but two notable 
exceptions are systems A4 and EL, where the minimum distances 
are 600 feet and 500 feet, respectively.
Maximum pipe-floor depth: The depth of the deepest pipe floor
from the ungullied surface. It is commonly a close approx
imation to the depth of the gully into which the pipes 
drain.
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TABLE 5* Pipe localities In the San Pedro Valley
Location 5 'Max.Dlst. Max.Dlst. Max.pipe Max.pipe Typical Rock Mesquite Polygonal Area

to San to Nearest floor dlam.* Salinity* unit* density* pattern* (acres)
No. i Sec. T. R. Pedro arroyo (ft.)* depth; (ft.)

arroyo (ft.)*(ft.) !
A1 SE 21 15S 20E 300 300 is : 12 HI Qra Med Lo )
A2 SW 21 15S 20E 400 400 22 6 HI Qra Med Med ) 100
A3 SW 21 153 20E 200 200 15 i 8 Med Qra Med - Lo )
A4 SE 21 153 20E 1200 1200 9 4 Med Qra Hi Hi )
Bl SE 19 18s 21E 6000 900 4 ! 2 ?Med Qra/7QTsd Med Hi ) 100B2 NE 19 IBS 21E 5500 400 15 : 12 Med Qra/?QTsd Med Hi )
B3 NE 19 • 18S 21E 6000 200 4 Med QTsd Lo Lo 20
B4 SE 18 18S 21E 4500 300 9 ?Med Qra/QTsd Med Med ) en
B5 SE 18 18S 21E 5000 200 14 !J 7 ?Med Qra Med Med )
C SW 8 173 21E 15000 300 23 ; 15 Lo Qra Med Hi 20
D NE 8 16s 20E 2000 1000 9 1 4 Lo . . Qra Med Hi 150
El
E2

SE
NE 33

33
16s
16s

20E
20E

1100
300

600
300 IS! 12

8
Med
HI

Qra
QTsd

HI
Med

Med ) 
Lo ) 50

B3 NE 33 16s 20E 600 200 16 j 8 Med Qra/QTsd Med Med 10
F SW 4 193 21E 1500 500 30 ;i ''. 10 Hi - -- ■ "— ed — --- - —-- - , - —

G SW 11 173 20E 400 200 20 j 8 Med Qra Med Med 5
H SE 23 173 20E 800 300 ?15 j 7 7 Qra Hi Med 10
I NE 19 173 21E 10000 200 20 | 10 ?Lo Qra Lo Lo 20
J SW 33 173 21E 8500 600 15 1 7 Lo Qra Lo Hi 40
K NW 21 16s 20E 300 200 ?20 ! 

. • 15 )
710 Med Qra Lo Hi 20

L NW 34 16s 20E 300 300 4 Lo Qra 5
M SW 8 16s 19E 500 300 2° ! 78 7 Qra/QTsd (Med) Lo 40
N SE 22 173 20E 6000 100 10 ! 6 7Med Qra Med Lo 5
0 NW 33 153 20E 400 400 : ; . 23 : . 10 HI Qra Hi Lo 1 • 5-. ■; -
P NE 29 153 20E 300 300 28 : 15 Med Qra Hi Lo ; 5 ■
Q NW 5 16s 20E 300 300 27 i 10 Hi Qra : Hi Lo " ' 5 :
R NW 28 16s 20E 500 200 25 8 Med Qra Med :: lo 20 :
S NW 11 173 20E 200 200 20 ■

■;
6 Med : : Med ; Lo ' . ; 20 :: ;;-r

*Terms used are explained on the previous page
v  .i : :

• ■'. • -v ‘ .. '



Maximum pipe diameter; An approximation to the circle which 
would have the same cross-sectional area as the largest 
tunnel• This figure is subject to considerable change with 
the enlargement and collapse of individual tunnels.
Typical salinity; A qualitative distinction, based on a 
visual classification and ignoring the chemical constituents 
in the "salt".

High: A salt crust forms on 50 percent or more of the
gully and tunnel faces early in the dry season.
Medium: The salt crust develops more slowly and covers
5 to 30 percent of gully and tunnel faces.
Low: Little or no salt crust was observed.

For systems, such as F, which were not examined during the 
dry season, the salinity of the system may have been under
estimated.
Rock unit: The symbols are those used on the geological
map (Plate 2).
Mesquite density: An approximate distinction, based partly
on the abundance of living or dead mesquite roots in the 
tunnels and gully walls but largely on the percentage of 
ground cover indicated on the 1966 (summer) aerial photo
graphs. The distinction is influenced, to a lesser degree, 
by other scrub cover, such as catclaw.

High: Mesquite cover conceals much of the pipe system.
Medium: Part of pipe system is concealed (A2), or
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prominent support of natural bridges by mesquite roots
(B2) occurs.
Low: Little or no mesquite cover.

Polygonal pattern: An approximate distinction based pri
marily on the pipe pattern visible on the aerial photo
graphs. This distinction is the least satisfactory of any 
used in the table. There were marked discrepancies between 
field observation and photo-lnterprelation at a number of 
sites, such as E3 $ where there was little evidence of the 
major fractures on the aerial photographs, and IC, where 
there was only limited evidence of alignment of pipes along 
the prominent fracture pattern. The photographs and de
tailed maps provide examples of the classifications.

Description of Pipe Systems
System A1

System A1 (Plate 3, Pigs. 10 and 11) actually in
cludes three adjacent pipe-gully systems, from north.to 
south:

(1) A rapidly growing pipe system, with several long 
and large pipes.

(2) An inactive pipe system, the catchment of which has 
been pirated by the adjacent systems,

(3) A complex gully system with only minor piping ex
cept for one large bridge (which collapsed in Jan
uary 1966).
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■ Al Pedro
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FIGURE 9• Locality map, pipe systems A1-A4

Cross-hatched area indicates Pre-Recent rocks
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80 feet
FIGURE 10. Cross .sections of pipe system Al

The section lines are showi on Plate 3 
There Is no vertical exaggeration 
The hatched areas are collapse debris



FIGURE 11. Cross sections of tunnel at pipe system Al
The sections are perpendicular to the line C-C* (Plate 3) 
Distances are measured from the inlet at C.
There is no vertical exaggeration. vx
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•The three units are surprisingly different in ap

pearance considering the common runoff source and general 
similarity in relief and lithology. Runoff to the area 
comes mainly as sheetwash from the flooding out of shallow 
gullies on the fan to the east. The original surface of the 
area was smooth with a gentle slope to the 20-foot high 
bank cut by the San Pedro River prior to 1935• The lithol
ogy of the area is mainly a consistent gray and brown silt- 
clay.

Some characteristics which may be significant are:
(1) Flow to the northern system is partly channelled in 

shallow rills whereas flow to the southern system occurs 
entirely as dispersed sheetflow.

(2) The northern half of the area has a lighter-colored 
near-surface layer which is apparently less erodible than 
the underlying material. This layer is less evident in the 
southern half, particularly in the southeastern quadrant.
The strength of this layer is obviously critical to the size 
of pipe that can be developed. It may also help to determine 
whether piping occurs.

(3) There are discontinuous gravel lenses at a depth of 
about 4 feet in the center of the area. These have no ap
parent relation to pipe distribution.

(4) In the north-central part of the area there is a 
silty layer 1 to 4 feet in thickness at a depth of 4 to 9 
feet, which has a high water retention capacity but low
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cohesion. There is some localization of piping at this 
level. The tunnel shorn in Figure 12 is a typical example.

(5) The predominant clay has a high salt content; it is 
plastic and has strong cohesion when wet but it granulates 
to sand-size aggregates as it dries. Initially, a thin 
crust forms as the clay dries but much of the crust frac
tures and falls exposing the underlying material which runs 
like sand. A similar phenomenon has been reported by Brown 
(1962). Figure 13 shows the salt crust at this system.

(6) There is a thin, dark, organic layer at a depth of 
0-2 feet. It contains fossil snails and is interpreted as 
a cienega deposit.

(7) Although fracturing was noted in tunnel roofs and 
gully walls it is less marked than in other pipe systems 
examined•

(8) It was initially thought that this system was on 
land undisturbed except for grazing but there is an aban
doned irrigation ditch running parallel to the river about 
400 yards upslope. The ditch was abandoned before 1920, 
judging from the large mesqulte visible on the 1935 photo
graphs. Whether the area was ever cultivated is not known.

(9) The southern gully is graded, and the northern gully 
almost graded, to the base level set by the San Pedro River. 
The 1935 aerial photographs do not show any evidence of pip
ing at this system. In 1935 the river channel lay against 
the incised bank at this point. The outline of the major



FIGURE 12. Natural bridge, pipe system A1
Looking west across the northern portion 
of the system. The large sink at this 
system is beyond the bridge. The dead 
mesquite in the background is near the 
head of the gully which drains the two 
sinks.

FIGURE 13. Salt crust on wall of sink, pipe system A1
Looking north to the outlet of the pipe 
from the group of small inlets at the north 
end of this system. The white patches are 
powdery salt. Sample X? (Table 9) was 
taken from a crack at this outlet. The 
sink drains to the left behind the 15-foot 
bluff in the foreground.
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FIGURE 12. Natural bridge, pipe system Al

FIGURE 13. Salt crust on wall of sink, pipe system Al
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sinks in 1955 is shown on Plate 4 and the position of the 
1955 pipes can be Inferred from the 1966 map (Plate 3)•
Plate 4 also shows the outline of the pipe systems as deter
mined by detailed mapping in July-August 1965 and Ootober- 
November 1966.

The southern gully at this site is a good example of 
the disappearance of the evidence of piping. The 1955 aer
ial photographs show two large sinks on the site of this 
gully, each more than 50 feet long which must have been 
drained by major pipes. In July 19&5 a high narrow bridge 
at the gully mouth and a few small tributary pipes remained. 
Following the collapse of the large bridge in January 1966 
there was little evidence that piping had played a major 
role in the formation of this gully.

The 1955 photographs do not show any evidence of 
piping on the site of the large sink in the northeast of the 
system but small inlets, like those now being formed north of 
this sink, could have been present. The northern and north
eastern edges of the system are now close to the limits of 
the fracture pattern evident on the aerial photographs and 
further pipe extension in this direction may be predicted. 
System A2

System A2 is approximately 800 feet south of Al.
The Intervening area has some small pipes and numerous 
shallow depressions which may indicate collapsed pipes.
System A2 drains through a single outlet and Plate 5



Illustrates the marked difference in pattern from system Al. 
The rectangular pattern and the prominent fissures in the 
tunnel roofs indicate joint control of the piping. Never
theless, at bends the cross-sections of the pipes are com
monly elliptical, with the long axes dipping about 30 de
grees from the horizontal toward the outside of the curve, 
indicating that meandering of the channel has occurred 
during downcutting.

The greater part of the pipe system is shallow.
The floor depth is generally less than eight feet despite 
its proximity to the San Pedro channel which lies 27-32 feet 
below the surface of the alluvial fan into which the river 
is cutting. At the lower end of the system a new, deeper 
pipe has developed and this has undercut the shallower pipe 
for a distance of about 100 feet from the outlet (Plate 5)»

Buried fragments of metal and glass to a depth of 1 
foot indicate the occurrence of this depth of sedimentation 
during the last 100 years. Although this is a slower sedi
mentation rate than found on some other fans it does explain 
the lack of a distinct soil profile. There is much less 
salt deposited on the gully and tunnel walls at A2 than at 
system Al. The ravelling of "granulatedH clay which has 
caused the marked gully-widening at Al does not occur in 
this system.

The system is not apparent on the 1935 aerial photo
graphs but the two largest sinks had nearly attained their
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1966 size by 1955* Pipe system growth from July 1965 to 
January 1967 was much less marked than at A1 and apart 
from three small roof collapses (Plate 5) was largely con
fined to enlargement and headward extension of the lower 
level outlet, which probably did not form before about 
1963. Runoff to the system has probably been greatly re
duced in recent years because of the headward extension 
of the arroyo to the south which now carries most of the 
runoff from the catchment feeding A2. This pipe system 
will be destroyed within 10 years if the incised San Pedro 
channel continues to migrate laterally at the present rate 
of 10 feet per year.
System A3

Several smaller pipes in sandy material feed a 
short gully which enters a 200-foot long, almost straight 
pipe with 6 x 6  foot cross-section which empties above the 
base of the San Pedro River bank. The notable feature is 
that flow in the pipe is parallel to the river but in the 
opposite direction.
System a4

A group of relatively shallow, linear pipes more 
than 600 feet from the nearest arroyo cut. The gradient 
of the pipe floors is less than that of the fan surface and 
the system drains into shallow rills downslope. The system 
is growing rapidly and appears to follow a fracture system



more nearly rectilinear than at other systems with obvious 
fracture control.
System B1

The B group of systems comprises five adjacent 
systems of varied character which developed after the con
struction of a drainage ditch near the railroad, before 
1920. The location of this group is shown on Figure 14.

Little piping is evident from ground inspection at 
B1 but the aerial photographs show a marked pattern resem
bling large-scale, polygonal desiccation fractures, with 
fracture spacing of the order of 100-250 feet. An indica
tion of the pattern is given on Figure 14. The intensity 
of the photo-pattern differs markedly between different 
sets of aerial photographs, and is presumably determined 
by differences in soil moisture and grass cover. The few 
pipes found in the field lie on the presumed fractures.
The fracture pattern was well developed before 1935 hut the 
small size of the pipes, less than 2 feet in diameter, pre
cludes the possibility of pipe recognition on the aerial 
photographs.
System B2

System B2 comprises an extensive area of large pipes 
and bridges with a similar gross pattern to area B1 suggest
ing that this system is controlled by a similar fracture 
pattern. About half of this system was mapped in detail 
(Plate 6). Most of the system is developed in Recent and
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FIGURE 1,7
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Locality nap, pipe systems B1-B5
Cross-hatched area indicates St. David Formation
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Modern alluvium, the latter being less than 2 feet thick.
Some of the deeper gullies have a floor of red clay believed 
to be weathered St. David Formation. In the northwest part 
of the area the pipes have formed in a green-gray silt-clay 
of unknown age which is unconformably overlain by Modern 
alluvium. Flow in some of the pipes in the northeast por
tion of the area is in the opposite direction to the sur
face slope but in the northwest portion of the mapped area 
many of the pipes underlie a former surface channel. The 
southern portion of the area shown on Plate 6 includes 
several excellent examples of pipe piracy which is common 
in systems where the shallow and deep fracture patterns have 
different alignments. Figure 16 illustrates an example from 
the southern part of the mapped area in which a deep pipe, 
enlarged by additional flow from the capture of a large pipe- 
gully system, has collapsed and thereby beheaded a shallow 
tributary pipe to the previously captured system.

Some large pipes were present in 1935 in an area 
about 300 feet downslope from the area shown in Plate 6.
The succeeding sets of photographs show that in a number of 
cases active headcuts have been by-passed by pipes. The 
system has extended approximately 600 feet in the 1935-66 
period. • Future extension of this system to the west will be 
restricted by the low hill about 100 yards; beyond the pres
ent limits of the system. The most active advance during 
1965-66 was by headcutting to the southwest. Further advance



Looking west across a typical portion of 
system B2 to the Whetstone Mountains. The 
arroyo is 12 feet deep and the span of the 
bridge is 16 feet. The photograph was 
taken in December 19&5*

FIGURE 15• General view, pipe system B2

FIGURE 16. Pipe piracy, pipe system B2
The pipe in the center of the photograph 
was beheaded by collapse of the roof of a 
deeper pipe to form the sink in the fore
ground. The arroyo behind the figure, in
to which the shallow pipe drains, was also 
captured by the deeper channel.
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FIGURE 16. Pipe piracy, pipe system B2
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in this direction may, however, intersect fractures of 
system Bl, thus initiating further pipe growth.
System B3

This area, a typical part of which is shown in 
Plate 7, has an extremely fine drainage pattern and con
tains a large number of pipes, most of which are less than 
1 foot in diameter and less than 10 feet long. The role of 
desiccation fractures in the development of this system is 
discussed on page 127 • Below the desiccation fractures the 
pipes follow the close-spaced jointing in the weathered St. 
David Formation. This area was denuded of vegetation before 
1935 and because no rodent activity was noted it is virtual
ly certain that desiccation fractures are the loci of pipes 
in this system.

The pipes in this system are much too small to show 
on the aerial photographs but the gully system in this area 
was well developed before 1935 and it is probable that piping 
has been present since gullying commenced.
System B4

Plate 8 shows that this system has a simple pattern 
with a few large pipes, developed in both Recent alluvium 
and the St. David Formation. The longest tunnel is devel
oped across the unconformity. An inlet to this system is 
shown in Figure 20. The general trend of this system, which 
has developed since 1955, is perpendicular to the surface
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FIGURE 17• Changes at pipe system B5} 1955-66
_ ---Sink and gully outline, 1966v __
(-<-7— Sink and gully outline, 1955



drainage. When this system collapses the gully pattern will 
resemble that at B5 (Fig. 1?).

One hundred yards northeast of a pipe system 
similar in character to system B3 has developed in weathered 
St. David Formation.
System B5

The system visible on the 1935 photographs consisted 
of a number of active headcuts with possible piping in the 
ridges between the gullies. There was headcut advance dur
ing 1935-55 but the major change was the development of a 
large pipe transverse to the direction of gully growth (Fig. 
17). By 1964 the sinks visible in 1955 had joined to form a 
continuous gully, perpendicular to the general drainage 
trend, and new headcuts were being eroded. Future pipe 
growth at this locality will probably be limited because of 
the following factors:

(1) Increasing quantities of sand are being carried to 
this system as the sand-bed channel of Guindani Wash is ex
tended downslope.

(2) The more sandy soil which caps this area and thickens 
in the upslope direction may limit fracture development. 
System C

This system which is developed in Recent and Modern 
alluvium and shows marked alignment along polygonal fracture 
patterns (Plate 9)• It included the largest bridge seen in 
the area, an opening of 25 x 16 feet, which collapsed
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August 1966. Interception of runoff by new pipes has al
most stopped growth of parts of the system whereas other 
pipes have doubled in size in one year. Superposed pipes 
developed along different joint patterns also occur at this 
site.

At the eastern end of the system a narrow sandy 
layer can be traced from the site of the former large bridge 
(Plate 9) to a large tunnel. At the bridge the sand is 
coarse-grained and fairly well sorted with very little mat
rix: it eroded out to form the widest part of the arch,
prior to collapse of the bridge. At the tunnel the sandy 
layer contains some pebbles and cobbles but, more signifi
cantly, it also contains sufficient silt and clay to give 
strong cohesion without high shrinkage: the sandy horizon
there forms a strong roof to a 6-foot wide tunnel for a 
distance of 30 feet (Fig. 18).

No piping can be recognized on the 1935 photographs 
of the area but several short gullies had patterns similar 
to those formed since 196^ by pipe collapse. Runoff to the 
western portion of the system has now been almost completely 
captured by other pipes and gullies and the main changes in 
this section now occur by bank collapse around existing 
sinks. Runoff to this area has been increased by the con
struction of the freeway (Interstate 10). Drainage in the 
area was also modified by the earthwork for the laying of 
the pipeline which passes just north of the system. Small,



3A7

71
;

inlets surface drainage
X X z x V T  < Z \ / V 100*-

outlet1965 surface

Z' /  V /  V ✓  \  /  /

100*.

of fracture

sandy.layer

FIGURE 18. Cross sections and long section of tunnel at pipe system C
Distances shown are measured from the tunnel outlet. 
There is no vertical exaggeration.
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but deep, pipe inlets have formed within 40 feet of the 
pipeline.
System D

Figure 19 illustrates the marked polygonal fracture 
pattern along which a large area has piped to moderate 
depth, 4-8 feet. The pattern apparently does not extend 
within 200 feet of the river channel. Some of the area was 
cleared for cultivation but was abandoned when piping could 
not be readily controlled.

The fracture pattern in this area was developed be
fore 1935 but piping is not visible on the 1935 photographs. 
Piping is evident on the larger-scale 1955 photographs but 
the extent of system growth during the intervening period 
cannot be assessed. The earlier photographs also show that 
a prominent fracture pattern was present in most of that 
portion of the San Pedro Farm cultivated during 1964-66. 
System El

System El is one of the largest and most complex 
pipe-gully systems in the area. The major tributary of the 
San Pedro does not have any pipe remnants but the secondary 
tributaries, even though they now have active headcuts, pass 
through extensive, angular pipe systems. Many of the large 
pipes and bridges must have existed, with relatively little 
change, for 30 to 40 years.

The greater part of this system formed before 1935• 
Field observations suggest that this area may have been
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FIGURE 19• Sketch map of fracture pattern, pipe system D
Cross-hatched areas are hills of St. David 
Formation.
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cultivated. It was certainly crossed by several roads which 
have been destroyed by the piping. The rate of change be
tween 1935 and 1955 was not marked. Since 1955 the main 
changes have been the advance of hcadcuts from the piped 
area. The limiting factor in pipe growth could have been 
•either channelized flow to the headcuts or the coarser grain 
size and lower cohesion of the sediments higher on the fan.

The 1935 photographs suggest widespread, major piping 
in the area south of El which in 1966 was cut by complex net
works of gullies with minor piping. The drainage net in 
this area has a similar pattern to El.
System E2

The several pipe outlets in the San Pedro River bank 
are 10-15 feet high and less than 2 feet wide, and are 
clearly controlled by joints in the St. David Formation.
System E3

The 1935 gully patterns suggest that the gully into 
which this system drains was formed by piping before 1935•
None of the aerial photographs show the small isolated sinks, 
less than 3 feet wide, through which most of the water now 
enters the system. Between 1955 and 1964 a large sink formed 
about 100 feet south of the 1955 arroyo edge. Between Janu
ary 1964 and August 1965 the tunnel between the sink and 
arroyo collapsed. Another large sink was forming during 1966. 
At this site the crust is much stronger than the underlying 
materials (both Recent alluvium and St. David Formation) and
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growth occurs by a series of major collapses when crust 
strength is exceeded.
System F

This pipe-gully system is 30 feet deep in places, 
the deepest pipes found in the project area. The system was 
well developed before 1935» has continued to grow since that 
date, and has advanced more than half the distance from the 
river to the escarpment. Some of the sinks have formed as 
long narrow trenches resembling the "earth cracks" described 
by Carroll (1949). Two of the large sinks, each more than 
100 feet long, 15 feet deep and 10 to 20 feet wide drain 
through a pipe about 3 feet in diameter, showing that the 
size of outlet does not indicate the amount of sediment that 
has been removed from the pipe. This fact is important, al
though often overlooked, in attempts to assess the amount of 
piping erosion that has occurred in an area. The larger 
gullies have a flatter gradient than the alluvial fan and the 
depth of the tributary pipes is therefore increasing as the 
system advances.

Extensive piping is indicated on the 1935 aerial 
photographs although the dense brush cover makes distinction 
between pipes and arroyos difficult. Lateral migration of 
the San Pedro channel has eroded 200 feet of piped land 
since 1935• The rate of pipe growth in the southern part of 
the systems has declined since 1935 but the northern part has 
continued to grow at the previous rate.
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System G

This small gully-pipe has apparently developed 
since 1935• The growth of the system may have been in
fluenced by drainage diversions in the town of Benson.
System K

System K is a typical example of a decayed pipe 
system in which a few sinks and pipes are preserved on 
headlands between active gullies. All runoff to the area 
is captured by the gullies. This system is part of an ex
tensive area in which well-developed polygonal fracturing 
had developed before 1935.
System L

Two large sinkholes are visible in this area on the 
1935 photographs, in a brush-covered strip about 400 feet 
wide between the river and cultivated land. By 1966, 300 
feet of this strip had been eroded as the river meander cut 
into the alluvial fan, and large pipes had developed in 
cultivated land. In 1966 the river bank was over 35 feet 
high and piping within 300 feet of the river required con
stant maintenance work.
System N

This pipe system has developed since 1955 in wash 
derived from the St. David Formation. The main pipes are in 
embankments built around the head of the advancing gullies 
(Fig. 21). Parker (1963) gives data on the soils at this



FIGURE 20 Inlet to pipe system B4
This view, looking east was taken in De
cember 19d5• The pool of water near the in
let came from flow earlier in the day. The 
large sink at this system is in the center 
of the photograph and the pipe from the in
let drains into it near the right hand side 
of the photograph.

FIGURE 21. Pipe through embankment, pipe system N
View from the upstream side of the embank
ment which was built to divert water from an 
arroyo headcut. The survey rod is 12 feet 
long. There is a vertical fracture in the 
arroyo bank on the right, suggesting that 
the pipe may have been initiated undisturbed 
soil beneath the embankment.
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FIGURE 20. Inlet to pipe system B4



site. Small pipes, similar to those at B3> have developed 
in badland areas approximately one half mile domslope from 
this site.
System S

A series of small pipes has developed at the edge 
of farmlands and between the farms and the river. Some 
pipes formed in the farmlands but have been filled. Elabo
rate precautions have been taken on some farms for control 
of tailwater from the irrigated fields. Because of the 
control works no systematic, pattern of pipe development is 
apparent. This system is typical of many small systems 
which have formed between farms and the San Pedro River.

Catchments of the Pipe Systems
The catchments of almost all of the pipe systems 

have generally similar characteristics. The headwater por
tion consists of rolling uplands formed on the "granite 
wash", the central portion has well-defined channels through 
an escarpment in the St. David Formation, and the lower por
tion of the catchment occurs on a Recent alluvial fan. It 
is therefore interesting to note (Table 6) that almost all 
the pipe systems outside irrigated areas have catchments of 
the same order of size. Further, a high proportion of catch
ments in this size range contain major pipe systems. None 
of the largest catchments in the area are tributary to pipe 
systems, and the very small catchments, less than about 0.5
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TABLE 6. Catchments of pipe systems

The runoff reaching individual pipe systems ranges 
between 10 and ?0 percent of the total catchment runoff.

Pipe 
system .

Bank 
height 
(feet)

Area
(mi.2)

Catchment
Relief
(feet)

Length
(ml.)

A1,A4 20 2.5 1300 4
B1,B2 20 1.3 350 3
B4,B5 15 11 3600 11.5

C 20 1.1 450 3
D 15 .1.9 350 2
P 30 1.3 300 2.5
H 20 8 3100 8.5
M 25 2.5 350 3
0 25 0.5 300 1
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square miles, are either tributary to minor pipe systems or 
piping is not developed.

It was suggested in a previous chapter that precip
itation characteristics are similar over these catchments 
and it is therefore possible that runoff per unit area is 
similar for all the catchments tributary to major pipe 
systems. Using Keppel's equation, previously cited, as a 
guide it can be suggested that, in the conditions present in 
this portion of the San Pedro Valley, pipe systems are most 
strongly developed below catchments which have mean annual 
discharges in the 100 to 600 acre-feet/year range. The 
possible reasons for this association between pipe develop
ment and catchment discharge are considered in the discussion 
of the rate of pipe development.

The proportion of the runoff from a given storm 
which enters any particular pipe or gully system is indeter
minate. It varies from storm to storm with the cutting and 
blocking of small channels on the fans. The proportions of 
the fans which are tributary to Individual pipe systems 
suggest that not more than one third of the mean runoff from 
any of the larger catchments flows to any given pipe system. 
Therefore few, if any, existing pipe systems receive mean 
runoff in excess of 200 acre-feet/year. On the other hand, 
if catchments yielding less than 100 acre-feet/year do not 
feed major pipe systems then it would appear that a mean 
runoff of perhaps 20 acre-feet/year, for example, has been
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necessary to develop such systems since 1890. Of course 
the extreme event may be more important than the mean.

Runoff to the piped areas could not be measured 
even when observed. Most occurred as shallow sheetflow 
from the flooding-out of previously concentrated streamflow: 
the average water depth was commonly less than one inch and 
much of this depth was due to ponding behind debris. Plow 
velocities were low and variable. However, field observa
tions showed that "sheetflow" of this type continued much 
longer than overland flow due to local rainfall.

Although the sheetflow often deposited fine silt 
layers upslope from pipe systems, the general sediment con
centration in the sheetflow appeared to be an order of magni
tude lower than that in channelized flow through the pipes. 
Samples of sediment-laden water in the pipe systems and 
narrow arroyos were not collected because of the dangers from 
bank collapse.

Hydrologic conditions during the period of study
The summer preceding the study period (1964) was 

wetter than average but was followed by a winter with low 
monthly precipitation and the ground was dry at the begin
ning of the 1965 summer. Rainfall in the project area was 
below average during the summer of 1965. Also, the bulk of 
the rainfall on the catchments of the pipe systems studied 
during that summer fell during June and July, before an
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adequate base had been established to record all changes 
due to these rains.

The rain at pipe system A1 (Fig. 9) on July 9th 
1965 was the most intense known to have occurred at any of 
the sites during the study period; 2£ inches were recorded 
•from one localized thunderstorm in a makeshift gage. This 
is of the same order of magnitude as the highest recorded 
daily rainfall in ?0 years of record at Benson. Even allow
ing for the possibility that rainfall is heavier at The 
Narrows than at Benson, because of proximity to the main 
ranges, this storm probably ranks at least as a 20-year 
event. Runoff on July 9th was greater than that noted on 
any subsequent occasion at this site. The northern gully 
had a calculated maximium discharge of 35 c.f.s. from this 
storm. The calculation is based on the following data:

channel width 
average flow depth 
channel slope 
Manning's "n"

9 feet
9 inches (from high-water marks) 
1 : 50
0.03 (assumed)

The duration of the discharge event is not known but 
was unlikely to have exceeded a few hours and discharge at 
or near the peak would have had a duration of much less than 
one hour. The maximum depth of flow in the narrow gullies 
upslope from the piped area was more than 2 feet. It was 
apparent that much more water was applied to the area by 
surface flow than by local precipitation.



■The September-November period yias generally dry but 
there were soaking rains in the latter half of December 19^5• 
December rainfalls at Benson and Apache Powder Plant were 
respectively 4.53 inches and 4.20 inches and in both cases 
these are the highest December rainfalls on record. Runoff 
rates from these rains were less than for the summer storms 
despite the reduced vegetative cover, presumably because of 
the lesser intensity. At Walnut Gulch there was no flow in 
any of the main channels from the 4-inch December rains.
At no time did the December rainfall intensity at Walnut 
Gulch exceed 1 inch per hour. Areas north and west of Wal
nut Gulch not only received more rain but probably also more 
intense rain. Nevertheless winter runoff from the area, 
particularly the northern part of it, was abnormally high. 
Runoff was observed at systems Al, B2, B4 and C (Plate 1), 
and erosion at other systems indicated that flow had occur
red at most of the major systems during the month. At pipe 
systems B2 and C, despite the soaking rains, the visible 
depth of wetting was about 6 inches except for zones with 
higher infiltration capacity due to fractures and areas re
ceiving concentrated runoff.

Numerous freeze-thaw cycles during the two months 
following these rains played a major part in shattering 
gully banks and large blocks of silty alluvium which had 
been little modified by abrasion during the rainy period. 
Numerous small lenses of ice, of the order of one inch long
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and one-eighth inch thick, were formed in the surficial layer 
of the blocks each night and melted the following after
noon. Repetition of this cycle destroyed the cohesion of 
the soil mass.

Hot dry conditions during the late spring and early 
summer of 1966 caused a marked drying out of the surficial 
materials. Desiccation cracks at pipe system B3, where 
there was no vegetative cover, were opened to depths greater 
than 3 feet and had a surface width of 1-2 inches.

The 1966 summer rains were above average, with 10 
inches of rain in the three months July through September, 
There was extensive erosion of material weakened by desicca
tion cracks formed early in the summer.

There were light rains in November, but December 1966 
through February 1967 was dry and desiccation cracks began 
to form earlier than 1966.

Field observations of active piping
Although the project area was visited during most of 

the wet periods during July 1965 - January 196?, and despite 
attempts to "chase" storms, pipe flow was observed on only 
five occasions and none of these was a major flow. The lim
ited duration of flows, the Inaccessibility of much of the 
area during storms, and the high proportion of late after
noon storms from which flows often reached pipe systems



during the night all acted to limit opportunities for ob
servations of active piping.
System Al, December 1965

The area was observed near the end of a major flow 
event. Flow to the system was dispersed sheetflow, with 
low velocity and a low sediment load. However the concen
trated flow within the gullies and pipes had removed all 
the accumulated debris from bank collapse, including cob
bles up to 3 Inches in diameter. The observed trickle of 
water over the banks was falling on saturated material, 
parts of which were moving as a slurry down steep slopes 
into the narrow channel in the center of the gully.
Road near system B3. December 1965

A new collapse formed at the edge of this road dur
ing one of the heavy storms (Fig. 22). At maximum develop
ment the sink was 4 feet long, 1§ feet wide and 4 feet deep 
with a sloping tunnel dropping another 3 feet to the outlet 
in a newly formed gully 2 feet deep. Runoff to the pipe 
came from a strip of gravel road about 1200 feet long and 
30 feet wide. There was no runoff from light rains and 
total runoff from the 4 inches of December rain would have 
been much less than 1% inches. Therefore runoff of not more 
than say 4000 ft^ removed about 50 ft^ of material. Assuming 
a dry density of 1.3 the mean sediment load from the pipe a~ 
lone would be more than 16,000 parts per million. The ac
tual load would have been much higher because the volume of
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FIGURE 22 Water flowing into roadside pipe near system 
B3
The photograph was taken in December 1965 
soon after rain. Collapsing soil had 
partly filled the sink. The outlet was to 
the left of the photograph and 7 feet below 
road level.

FIGURE 23. Piping along fracture, pipe system I
A typical view of an.early stage in the de
velopment of many pipes. The pipe was in
itiated in the upper third of the 14-foot 
high arroyo bank and the pipe floor is 
rapidly being cut down along the vertical 
fracture to the level of the gully floor.
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FIGURE 22. Water flowing into roadside pipe near system B3

FIGURE 23. Piping along fracture, pipe system I
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material eroded from the road surface was probably at least 
equal to that eroded from the pipe.

When the pipe was observed, material collapsing 
from the walls less than 3 inches below the ground surface 
was dry to the touch, though water was flowing into the 
pipe.
System B4. September 1966

Small flows were observed entering two inlets of the 
system. There was no apparent erosion of the surficial cap 
which is hardened by desiccation and strengthened by vegeta
tion but splash removed several cubic feet of the softer 
underlying material. Flow to the system was mainly con
centrated in shallow channels leading to inlets but a small 
proportion of the flow, probably less 10 percent, reached 
the lip of the large sink as diffuse sheetflow.

At one of the adjoining gullies flow was artificially 
diverted into a small vertical pipe. About 20 cubic feet of 
material was eroded in 30 minutes as the flow spiralled down 
the rapidly widening pipe. The experiment ended with col
lapse of the wall between pipe and gully.
System C, September 1966

A small flow was observed entering the main inlet to 
the large cavern at the eastern end of the system. The max
imum observed discharge into the pipe did not exceed one 
half cubic foot per second and the flow duration was approx
imately 20 minutes. Discharge over the adjacent gully
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headout was several times larger than that into the pipe. 
During the flow there was no apparent enlargement of the 
inlet but splash from falling water dislodged pebbles and 
soil aggregates from the tunnel walls.

The gully downstream from the tunnel had been block
ed at two points to a depth of 2 feet by debris from bank 
collapse since the preceding storm. After water ponded to 
a depth of about 6-9 inches the dams piped and large open
ings were formed in a few minutes although the flow was not 
sufficient to remove the bulk of the debris (Fig. 4) A 
spectacular feature was the rapid movement of low-density 
mud balls while less than one-quarter submerged in the 
shallow flow.
System B2. August 1966

A very small flow occurred at dusk and few observa
tions could be made. Although the main channels in this 
system have only a thin bed of silty sand, generally less 
than 6 inches thick, it is estimated that one half the flow 
was lost by seepage into the channel. Although the sediment 
load of the water discharged from the system was high, sub
sequent examination suggested that there was a net gain of 
material on the channel floor during this event.

. On two occasions pipe systems were examined shortly 
before and after major flow events.
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System Al, July 196%

Part of this system was mapped on July ?th, before 
the heavy storm of July 9th, and was re-examined on July 
10th. The most marked change was 2 feet of erosion in the 
floor of the tunnel draining the large collapse in the 
north-east part of the system. The deepened channel had a 
narrow meandering course through the hard clays in which it 
was cut. This flow cleared all available debris from the 
system and eroded the floor of all the channels near the 
headcuts, a clear Indication that in this case the power 
available greatly exceeded that required to entrain and 
transport the available debris.

Subsequent observations of this system, which has a 
high rate of debris production by bank collapse, suggested 
that only extreme events are able to do more work than that 
required to remove the accumulated debris.
System B4. December 1965

This system was examined on December 22nd both be
fore and after a major flow in Guindani Wash which had a 
duration of less than 2 hours. Water ran if feet deep in a 
channel at the upper end of the floodout zone approximately 
one-half mile from the headcuts of the pipes and gullies 
but much less than 10 percent of the flow in the wash went 
to the B4 pipes. Sand and silt were deposited in a wide
spread layer on the fan upslope from the headcuts. The 
northwestern inlet to system E4 was deepened and cut back



several feet and there was marked enlargement of the tunnel 
leading from this Inlet to the large sink. The channel 
leading to the inlet was deepened several inches for a dis
tance of at least 100 feet. Bank collapse did not occur at 

during the storm but numerous bank collapses, each in- . 
volving more than 20 cubic feet of material, occurred in 
several adjoining gullies. The headcut of one of the gullies 
advanced 10 feet during this flow.

A notable feature at all pipe systems, on most oc
casions, was the efficiency with which debris was cleared 
from the channels by even small flows. This is consistent 
with the impression that, although sediment load was ex
tremely variable during flows, and from flow to flow, the 
load below the pipes was much greater than above the pipe. 
This is consistent with both the availability of load in 
the pipe systems and the increased velocity of the channel
ised flow in the gullies compared with the sheetwash above 
the pipes.

Nevertheless, sediment up to 2 feet thick was de
posited behind blockages in the collapse areas and tunnels 
on occasions. Blocks of crusted soils more than 3 feet in 
diameter remained stationary, and were little eroded during
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SOIL PROPERTIES

Tests were made of a number of properties of soil 
samples from the pipe systems which were studied in detail. 
The determinations made were limited in number and scope 
but are believed to provide a reasonable indication of soil 
characteristics at pipe systems examined. Data from other 
regions (Parker 1963) show that they do not represent the 
overall range of properties of soils which may be subject to 
piping.

The term "soil" is used throughout in the engineer
ing sense of unconsolidated material, without any implica
tion concerning the development or characteristics of a soil 
profile. In the pipe systems in Recent and Modem alluvium 
the more obvious vertical changes in soil characteristics 
were depositional features. A distinct weathered zone is 
present where pipes are formed in the St. David Formation 
but the soil profile has been truncated and in many cases 
covered by Recent or Modern alluvium.

Particle size analyses
Particle size analyses were made on 16 samples: 6

from pipe system Al, 5 from system C, 3 from system B3 and 
2 from system B2. The results of the analyses are given in 
Table 7 and plotted graphically in Figures 24 to 26. A
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TABLE 7« Particle size analyses of sediments from pipe localities 
Percent of sample passing a given 0 size.

Sample 2 3 4 5 6 8 9 10 11 12 13 14 15 17 18 19 20
0 size 
2 100 100 99 100 100 100 100 100 100 78 99 100 100 98 100 96 100
3 100 100 96 100 99 99 99 100 100 62 96 100 98 95 99 88 99
4 99 99 90 99 96 97 98 99 99 46 86 98 91 85 96 72 98
5 98 95 78 94 84 86 90 95 93 64 93 66 63 83 47 93
6 93 86 75 92 73 67 79 87 85 52 89 48 42 70 31 82
7 86 75 70 83 60 48 62 75 71 43 79 38 27 55 24 64
8 73 62 62 70 47 35 45 60 56 33 65 29 19 41 21 45
9 55 48 49 52 32 24 30 48 4l 26 51 23 13 30 18 31
10* 38 36 34 39 20 16 *•» 38 28 20 41 17 10 21 14 20

099 4.8 4.0 2.1 4.2 3.0 3.2 3.6 4.2 4.2 2.3 3.5 2.6 1.5 3.0 0.0 3.2
050 9.3 8.8 8.9 9.2 7.7 6.9 7.6 8.9 8.4 6.3 9.1 5.9 5.7 7-3 4.8 7.7

^Calculated by projection of the grain-size distribution curve below 0.0013mm. 
''''•tSample flocculated.
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partial (sand-size) analysis was made of one sample from 
system D.

To obtain dispersion the samples were leached of 
salts and pre-treated to remove organic matter and calcium 
carbonate. The size distributions were then determined by 
•the standard hydrometer technique for the fraction finer 
than 4 phi (0) and dry sieving for the fraction coarser 
than 4 phi. (The phi scale converts fractional millimeters 
to positive whole numbers by the formula 0 zz-loggd, where d 
is the grain diameter in millimeters. For example,
40 = 0.0625 mm.) The results obtained may therefore be com
pared with other determinations made by standard methods al
though their field significance is not obvious. In partic
ular most samples were very highly flocculated and the 
effective grain sizes for entrainment and transport may be 
much larger than the particle sizes indicated. However, 
the marked shrinkage and swelling observed in the field are 
consistent with the high contents of clay-size particles in 
many of the samples.

The mean 0-size of the samples listed in Table 7 
ranged from 4.8 (Sample 19) to 9*3 (Sample 2). Small amounts 
of coarser material are present in most areas and are repre
sented by sample 12 (Fig. 25)♦

The phi standard deviation, , (Krumbein 1938)
is estimated to lie in the range 2.3 to 3.6 for all samples 
listed in Table 7 but 0 ^  for many of the clayey samples



could only be obtained by extrapolation and the results for 
these samples cannot be considered reliable.

Bulk Density
Field measurements of bulk density were made at 22 

points: six from pipe system Al, 6 from system C, 4 from
system B3 and two samples each from systems B2, D and E 
(Plate 1). The results are given in Table 8. Each of the 
areas has at least one sample with a dry density of 1.25 
gm/cc or less: low density is a consistent feature of the
areas subject to piping. The horizon on which pipes are 
initiated, although not always certain, does seem to be 
associated with the low density soils in many cases.
Parker and Jenne (1967) have previously noted the common 
association of piping with low density soils.

/
Mineralogy

The dominant minerals in the sand and silt fractions 
of all samples from the Recent alluvium were quartz and mica 
(both biotite and muscovite). Calcium carbonate and gypsum 
were present in varying amounts and some feldspar and rock 
fragments were present in the sand fraction of the coarser 
samples. The same minerals were present in samples from the 
weathered St. David Formation but the gypsum content was 
generally higher and the proportions of other minerals, ex
cept quartz, lower. The heavy minerals, present in small
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TABLE 8. Summary of soil properties
Pipe
System

Sample
No.

Depth* 
(feet)

Dry
density
(gm./co.)

Field
^h2o
(Vol.)

Liquid Plastic 
limit limit

Paste
PH

Saturation extract 
- Ca-fMs

EC xlO-* (meq./l.)
A1 9 3£ 1.35 33 40 25 8.8 42.0 28

10 9 1.52 42 8.9 23.0 22
11 1.32 37 8.8 23.50 25
13 6 1.15 25 33 20 9.1 30.0 26
14 11 1.47 34 8.4 12.5 33
15 0 1.39 8 8.4 .95 2

B2 3 2 1.39 16 48 24 8.1 2.1 4
6 0 1.30 15 8.0 .62 4

B3 1 " 5 1.37 28 47 24 7.85 7.0 43
2 0 1.22 20 8.2 .93 4
4 6 1.40 23 8.1 4.5 39
5 2 1.31 25 39 25 8.0 2.7 29

c • 7 0 1.25 6 7.8 .79 8
8 6 1.15 10 35 18 8.0 • 52 4

17 0 1.23 5 7.9' .88 8
18 2 1.27 9 7.7 2.5 22
19 15 1.42 3 20 19 7.9 1.1 5
20 17 1.23 11 7-9 3.0 21

D 12 2& 1.35 9 8.2 .85 3
16 0 1.24 7 32 24 8.4 1.5 5

E 21 3i 1.15 18 35 26 8.2 5.25 26
22 1.45 16 8.75 20.0 41
*Depth below original surface prior to pipe development.
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proportions in the silt fraction of most samples, were not 
determined.

Samples of the less than 2 micron fraction of the 
Recent alluvium at pipe system Al, analyzed by the laboratory 
of the University of Arizona Department of Agricultural Chem
istry and Soils, did not show consistent X-ray diffraction
patterns. All the air-dried samples showed a distinct, but

o onot necessarily sharp, peak at 10.0 A to 10.2 A, which in
dicates the presence of illite, probably a degraded mica in 
part. Poorly defined peaks in the range 11 % to 14 A also 
occurred. This indicates the presence of mixed-layer clays 
containing varying proportions of montmorillonite-group 
clays. Other clay minerals occur in subordinate amounts.

X-ray diffraction analyses of the less than 0.1 mm. 
fractions of samples Y1 and 20 (pipe system C) were made by 
Mr. F. J. Anderson. The following minerals were identified 
in both samples: quartz, calcite, muscovite (altering to
illite ?), smectite (expanding clays including montmorillon- 
ite) and possibly some chlorite and feldspar. Mixed-layer 
clays were dominant in the clay fraction of sample 17, from 
this system.

Gray (19^5) points out that illite is more common in 
the St. David Formation than previously thought. His Table 3 
(p. 58) shows that montmorillonite and illite are the major 
clay minerals but that illite is dominant in the red beds. 
Piping in the red beds at B2$ B4, E2 and S3 is confined to
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the weathered zone and it is not known whether the dominant 
clay mineral in this zone is the same as that in the parent 
rock.

Soil moisture salinity
The electrical conductivity and content of calcium + 

magnesium were determined on saturation extracts from 27 
representative soil samples by the laboratory of the Depart
ment of Agricultural Chemistry and Soils. The results are 
given in Table 8 and plotted graphically in Figure 27• 
Twenty-two of the samples were splits of the material ob
tained during bulk density determinations and five (X1-X5) 
were from a section up the steep face of a collapse area at 
Pipe System Al.

Eleven of the 27 samples Eire for System Al, and on
the graph (Fig. 27) 10 of these samples are grouped in a

Nazone with high total salinity and high ratio (assuming
that calcium, magnesium and sodium are the significant 
cations). Sample X3 was taken at almost the same location 
as sample 13 but several months later; no conclusions can be 
drawn from the limited change shown by this one replication. 
Sample 15 was taken in an area subject to flooding by sheet- 
wash; leaching to shallow depth explains the distinction be
tween this and other samples from this area. The lack of a 
distinct pattern in samples X1-X5 presumably indicates that 
movement of soil moisture at this point is perpendicular to 
the ground surface rather than vertical.
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Three of the 4 samples from pipe system B3 had a

moderate salinity and a low Na ratio; This is consistentCa+Mg .
with the high gypsum content of the sediments at this site. 
Sample 2, which had a much lower salinity was taken from an 
undissected location; shallow leaching could explain the 
lower salinity.

All of the 6 samples from pipe system C had low-
Namoderate salinity and a low ratio. The 6 samplesCa+Mg

from other sites are grouped with the samples from these
three systems and suggest that the samples taken indicate

Nathe general range of salinity and Ca+Mg ratios throughout
the study area.

There has been considerable attention to soil 
chemistry in the literature on piping (Fletcher and Carroll 
1948; Brown 1962; Parker 1963)» with emphasis on its relation 
to dispersion and flocculation, and to the cracking potential 
of soils. The spread of results in Figure 2? and the dis
tinct separation of the majority of results from the three 
systems Al, B3 and C suggest that there is no simple re
lation between soil chemistry and piping. More than one 
combination of chemical and physical factors can produce a 
soil in which piping may occur.

Intermittent salt encrustation on the pipe and gully 
walls is a notable feature at many of the sites, including 
Al, B2, E, 0, P and Q. The crusts are removed by rain and 
runoff where and when these waters pass through or over the



surface but return as the walls dry. The delay in crust re
turn is variable but generally less than one month♦ At 
site A1 salt crusting was as strongly developed by mid- 
October as at any time during the study period although the 
above-average summer rains had continued to mid-September 1966.

Salt extracted from two grab samples of salt- 
encrusted soil from system Al, X6 and X?, was analyzed by 
Mr. K. L. Oyer (Department of Agricultural Chemistry and 
Soils). The results are presented in Table 9• The samples 
were collected two months after the heavy rains of December
1965.

TABLE 9• Analyses of salt crust, pipe system Al
Sample No. x6 xz

Extract concentration 
(soil : water) 

Ions in extract 
(meq./liter)

1:2 1:1

Ca++ 22.4 35.2
HS + +  . 32.3 322
Na*+ 300 3160
K+ 1.54 10.3
s o 4 " “ 331 3438
Cl" 22.5 64.3
HC03** 2.0 8.0

0 0
V

)
1 I 0 2.0



Sample X6 vzas taken from a wet silt with a powdery 
crust on the floor of a major tunnel near the inlet. Sample 
X? was taken from the walls of a narrow crack 1-4 feet above 
the channel floor. The sample comprised damp soil coated 
with salt, much of it occurring as fine fibers up to £ inch 
long. In both samples:

Na»  Mg >  Ca > K ; and 
S04» Cl > HCO3 > CO^.

The mode of sampling and the unknown water content 
at the time of sampling prevent quantitative discussion of 
the salt concentration in the field but it is clear that 
the crystalline salts must have included sodium sulphate 
which has a solubility of several hundred thousand parts 
per million in pure water.

Atterberg Limits
The liquid and plastic limits were determined for 9 

samples (Table 8). The tests were run, using tap water, on 
samples which had not been pre-treated in any way. The 
liquid limits are consistent with the field behavior of the 
materials and with their appearance and grain size. The 
plastic limits are higher than expected, even for samples 
having a high mica content and a large silt fraction. The 
effect of high salinity, with a mixture of cations, on a 
mixed layer clay is uncertain and thus salinity could be a 
factor in the high plastic limits determined for the more 
clayey samples.
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The possibility that a high plastic limit may have 

some diagnostic value for recognition of soils prone to 
piping cannot be evaluated until data are available from 
other areas.

Consolidation tests
Two samples from pipe system C were tested for con

solidation under saturated condition by F. J. Anderson 
(Department of Mining and Geological Engineering). Samples 
at field moisture content were compressed in a fixed-ring 
consolidometer under selected loadings and then saturated.
The volume losses were determined as a function of time.
The load on sample Y1 was 1000 lb/ft2, which is approximately 
equal to the natural load prior to piping. The load on 
sample 20 was 4000 lb/ft2, which is approximately 2400 lb/ft2 
in excess of the natural load prior to piping. The results 
of the tests are plotted in Figure 28. Sample Yl, under 
“natural" loading, underwent a 2.5 percent volume loss on 
saturation followed by a 0.5 percent expansion. It is be
lieved that the volume loss was due to partial destruction 
of the open soil structure and the subsequent expansion due 
to swelling of the clay minerals. Sample 20, with excess 
loading, underwent a 9.5 percent volume loss but no sub
sequent swelling was observed within 8 hours after satura
tion
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Mr. Anderson (oral communication 1966) has suggest

ed that the sequence, of volume loss and then expansion on 
saturation would destroy calclte bonding and greatly reduce 
the soil strength. He has suggested that extreme desicca
tion could also destroy the calclte bonding, and this could 
be a factor in the marked development of marginal cracking 
at this system.



EXPERIMENTAL STUDIES

The experimental studies were limited in both scope 
and achievement• They are briefly discussed as a guide for 
• future work rather than for their own value.

Laboratory Model
Because of the difficulties of obtaining field data 

on active piping, a laboratory model (Fig. 29) was con
structed in an attempt to obtain data on the effect of cer
tain variables under controlled conditions. Many small 
pipes observed in the field are of a similar size to the 
model and the field observations, previously discussed, 
show that piping occurs rapidly. It was concluded that 
problems would not arise due to change of length or time 
scale. The erosive agent was water. The use of molded 
soils was the source of the more obvious problems in mod
elling. In order to obtain reasonable bonding of the soil 
to the plexiglass model boundary it was necessary to em
place the soil while damp and to compact to a higher den
sity than the natural soil. On the basis of field obser
vations piping, at least in the project area, is Initiated 
along planes or tubes with very high permeability and 
accordingly a rod was emplaced with the soil of the model
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Side view

Top of soil

Initial hole

Solid base and end

-V-notch outlet

FIGURE 29. Diagram of model used in experimental studies
The model was constructed from -4" plexiglass 
sheets, bolted for easy disassembly.
Experiments were run with constant input at the 
top of the model until blockage occurred or the 
pipe enlarged to reach the plexiglass plates.
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and subsequently withdrawn to provide an unobstructed flow 
path.

About 50 percent of the model runs failed due to 
complete blockage before any flow occurred at the outlet, 
and another 40 percent failed soon after flow commenced and 
before any measurable sediment was discharged. There is no 
doubt that a very high percentage of the small pipes which 
form in the field are blocked in this way. In the field the 
line (or plane) of weakness remains and is re-opened by 
subsequent desiccation. When the model was dried, however, 
the soil invariably separated from the plexiglass boundary 
and in any subsequent rerun failure occurred at the boundary. 
This may be a good analogy to piping near fence posts or 
bridge abutments but could not be used for evaluation of 
piping under natural conditions.

Models using a coarse soil were more successful than 
those using a soil with high clay content (from system B3)• 
Almost certainly this was due to the greater effect of the 
excessive compaction on the structure of the clay.

Two relevant points were emphasized by the model 
studies, and by field checks made as a result of the studies:

(1) Only a small percentage of the pipes initiated are 
preserved and enlarged to become major features. The same 
point may apply to the evolution of rills into gullies.

(2) Irrespective of the initial pattern of the tube in 
the vertical plane a relatively small cumulative discharge
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.(in the'model It was often less than 10 times the volume 
of the tube) was necessary to erode and/or deposit suffi
cient sediment to form a relatively smooth pipe floor with 
a long profile similar to that of a graded stream,

Despite the general lack of success in the experi
ments attempted as part of this project I believe that ex
perimental work offers considerable promise in future 
studies of piping. Perhaps future laboratory models would 
be more valuable if designed to explore specific points 
rather than reproduce the whole complex phenomenon of piping.

Field Experiments
Several field tests were conducted by artificial 

additions of water to small natural pipes, ranging from 1 
to 4 inches in diameter and from 4 to 8 feet in length, 
near system B3« No quantitative records were obtained of 
the discharge of sediment or water. One attempt to collect 
sediment was frustrated when piping occurred under a con
tainer emplaced below the pipe to collect the sediment. A 
notable feature, at this site, was the low infiltration 
loss into dry soils. Thirty gallons of water released at 
the rate of 0.5 gallons per minute flowed for a distance of 
6o feet along a pipe and channel before being entirely ab
sorbed by the soil. When water was released into a wetted 
pipe transmission losses appeared to be negligible. In 
these experiments very little sediment was dislodged although
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loose material on the pipe floor Has readily transported. 

Quantitative field tests are needed although such 
tests will require the transport of a considerable volume 
of water to the selected sites and problems are likely to 
occur in the construction of facilities for measurement of 
the water and sediment discharge.



PIPING IN OTHER AREAS

To ascertain the degree to which conclusions drawn 
from the study may be of general validity brief examinations 
were made of piping in other areas.

Southern Arizona
Reconnaissance examinations were made of a number 

of representative valleys in southern Arizona. The im
portance of piping varies widely both within and between 
valleys. None of the valleys examined in southern Arizona 
exhibited piping as extensive as that in the San Pedro 
Valley. Piping in the San Simon Valley, mentioned in the 
discussion of previous studies of piping, may be as exten
sive as that in the San Pedro Valley.

Santa Cruz Valley
Reconnaissance showed little field evidence of pip

ing in the Sahuarlta area. Two areas of piping on agricul
tural land that were recognized on 19^9 aerial photographs 
had been completely relevelled and there was no evidence of 
piping at these locations in 1965.

Piping was reported from farmlands near San Xavier 
Mission by McGee (1911) and Carroll (19^9)• Patterns on 
the aerial photographs suggested the occurrence of piping 
but were not definitive. Field examination revealed more
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Intense piping, although generally on a fairly small scale, 
than in any other part of the Santa Cruz Valley. A piped 
area at the southeast corner of Midvale Farms, one mile 
northeast of San Xavier Mission, was examined on several 
occasions. In the summer of 19&5 a small collapse ( 4 x 3  
feet in plan, 4 foot exposed depth) was noted at the side 
of a farm road approximately 40 feet from a gully and 150 
feet from the Santa Cruz River. In early fall 1965 water 
broke through the bank of an adjacent field and flowed along 
the road into the pipe. The collapse area was enlarged to 
15 x 10 feet in plan and an exposed depth of 8 feet. The 
outlet, about 60 feet distant, had a 4 x 3 feet cross- 
section.

There is some piping in the banks of Rlllito Creek, 
Pantano Wash and Green’s Wash but it is small scale and is 
an insignificant factor in the geomorphic development of 
the area at present.

Cienega Wash
Piping near the Matte Canyon Archaeological Site 

was visited with M. E. Cooley in July 1965. Mr. Cooley was 
able to identify changes in some of the pipes since 1957* 
The site of an old adobe ranch near the arroyo has been 
partly removed by piping during this period and several 
pipes were greatly enlarged. Pipes near the junction of 
Matte Canyon and Cienega Wash were almost unchanged,



probably because drainage to them had been largely captured 
by other pipes and gullies.

Other Areas
Piping occurs in the fine-grained sediments in 

washes draining the western side of the Tucson Mountains 
but the more spectacular piping in this locality is in 
poorly sorted coarse-grained detritus. The pipe gradients 
are steep, and the pipes are formed by removal of finer 
materials (up to gravel size) by intergranular flow. The 
pipe roofs are formed of large angular cobbles and of sands 
cemented by calcium carbonate. Similar pipes have been 
seen in the Mustang, Chiricahua and Ajo Mountains and they 
probably occur in most of the mountain ranges of southern 
Arizona. In none of the ranges examined does this form of 
piping seem to be a dominant form of erosion, even in small 
areas where it is prominently developed.

Piping, on a small scale, is quite common in the 
Gila River Valley in the terrace alluvium upstream from San 
Carlos Lake.

Piping occurs in and near the river banks in the 
Lower San Pedro valley but generally on a smaller scale 
than in the Benson area. Of interest is the rapid growth of 
small pipes in new road cuts between Mammoth and V/inkelman 
during 1965. By the end of 1966 many of these pipes had
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enlarged and collapsed to form rills and small gullies on 
the face of the cuts.

Northern Arizona. New Mexico, and Wyoming 
Piping in five areas beyond Southern Arizona was 

briefly examined. The localities and the geological unit 
in which the piping occurs are:

(1) Dubois, Wyoming: Wasatch Formation
(2) Petrified Forest, Arizona: Chinle Formation
(3) Rio Puerco, New Mexico: Mancos Shale and overlying

alluvium
(4) Holbrook, Arizona: Recent alluvium from Moenkopi

Formation
(5) Red Lake, Arizona: Recent alluvium

At Dubois and Petrified Forest, credible shales are 
interbedded with sandstones or cherts which form the roof 
of many of the pipes. This lithology also tends to produce 
more complex fracture systems, particularly in the vertical 
plane, and leads to more complex pipe geometry. At these 
localities the gradient of the pipe floor was commonly much 
steeper than in pipes in alluvium; at Dubois the average 
pipe gradient was of the order of 20 degrees.

The few pipes examined at Rio Puerco and Holbrook, 
which may not be representative of piping in these areas, 
were generally similar to pipes in the San Pedro Valley.
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•At Red Lake the pipes were associated with poly
gonal fracture patterns believed to be desiccation features 
formed by drying of lake sediments at depth. Piping at a 
distance from the piaya resembles that associated with 
earth fissures in the Picacho area northwest of Tucson: 
strong linear patterns of inlets but no visible outlets.

From these observations and survey of the litera
ture the Impression was gained that the San Pedro piping is 
reasonably similar to other piping in unconsolidated mate
rials. Pipe-forms in consolidated materials require sepa
rate study because the piping in the weathered St. David 
Formation does not closely resemble the piping at Petrified 
Forest and Dubois.



THE INITIATION AND DEVELOPMENT OF PIPING

The field studies clearly showed that piping was not 
randomly distributed through the area and was developed in 
distinct patterns. Three groups of factors can be distin
guished which control distribution and pattern:

(1) Characteristics, such as certain soil properties, 
which are widely distributed and are generally favorable to 
pipe development but have not changed since 1880.

(2) Localized features, such as fracture patterns, which 
have determined the sites of individual pipes. Some of these 
features have changed since 1880.

(3) Characteristics of the area, such as the local base 
level, which have undergone major change since i860. These 
changes have been the direct causes of piping.

Some factors cannot be readily classified. For ex
ample runoff from the small catchments probably has not 
changed greatly since i860 but the surface flow at many 
points on the Aravalpa Surface has been greatly reduced, or 
increased, because of the growth of arroyos and fans and the 
effects of human activities.

It is felt that the study has made a useful contri
bution to knowledge of factors which determine the location 
of specific pipes. Accordingly this aspect is discussed " 
first.
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Fractures and Pipe Development 

Detailed field observations and mapping indicate 
that the pipe systems are largely controlled by fractures. 
There is a marked linear pattern in many of the systems, 
such as A2 (Plate 5), B2 (Plate 6) C (Plate 9) and D (Fig.
19), suggesting major control by jointing. Figure 23 shows 
a typical example of pipe development along a fracture.
Strong joints are present in the roof and end walls of 
pipes in these areas. Linearity of piping at B2 is apparent 
in the general pattern rather than in detail. Linear pat
terns were much less evident at A1 (Plate 3); E2 and E3 and 
were not apparent in the shallow piping at B3 (Plate 7).

Four different types of fractures were distinguished;
(1) Surficial desiccation cracks in soil and alluvium, 

which are reformed each season.
(2) Regular joint systems in the St. David Formation.
(3) Large-scale fracture patterns in alluvium, which 

outline orthogonal polygons.
(4) Marginal cracking near the edges of gullies and sinks. 

In the San Pedro Valley, Carroll (19*4-9; P» 12) de
scribed fissures "referred to as 1 earthquake cracks* because 
of the earth tremors that often accompany their formation" 
which he ascribed to differential settling following lowering 
of the water table. The fissures extended to an incised 
channel and piping led to widespread collapse. The fissures 
described by Carroll were not identified in the present



survey but similar fissures east of St. David were examined 
(pipe system J). These fissures are sections of a polygonal 
fracture system which have recently opened to the surface. 
There was no detectable evidence of movement of one side re
lative to the other and the width of the opening, judging 
from disturbance to the vegetation* seemed to be controlled 
by collapse of surface material into a larger subsurface 
opening. The measured depth of these "new" fissures was 
everywhere less than 6 feet but the fissures had been part
ly filled by collapse of near-surface material; the depth of 
the fractures may be much greater.

There has been a water-table decline of about 15-30 
feet in the San Pedro Valley since 1880 because the water 
table has lowered in accord with the incision of the river 
channel but Carroll’s suggestion cannot be tested in this 
valley because most of the water-table decline occurred 
prior to 1935, the earliest date for which photographic 
evidence of the fracture patterns is available.

The mean dip of the fractures is vertical although 
some of the fractures are irregular in detail and the dip 
may be as low as 50 degrees from horizontal over distances 
of a few feet. There was no evidence of preferred strike 
orientations.

In several areas, such as systems A2 and B2, the 
large-scale fracture systems which clearly control pipe
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distribution are not expressed at the ground surface. Two 
explanations are possible:

(1) The fractures formed before the uppermost 1-2 feet 
of sediment was deposited, that is, more than 50-100 years 
ago. But at pipe system C it is clear that some of these 
fractures have formed in, or extended into, the surficial 
layer within this period.

(2) The combined activity of wind, water, frost, and 
animal and vegetable life in and on the surficial layer is 
sufficient to modify or conceal the fractures in this layer. 
Seasonal changes in the surficial expression of shallow 
desiccation fractures at B3 indicate that this explanation 
is feasible.

At system C, the fracture pattern at shallow depth 
is not everywhere the same as that at greater depth. This 
is most marked in the northwestern portion of the area shown 
in Figure 9• It could be partly due to differences in pro
perties between soil layers but it also probably indicates 
that fracturing was not initiated at one time throughout 
the full section. Pre-existing fractures will persist 
through repeated periods of desiccation and will tend to 
project into newly deposited overlying strata. But the po
tential for shrinkage in new sediments is likely to be 
higher than in sediments which have already been subjected 
to considerable desiccation. Therefore, some new fracture
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planes are to be expected in sediments that are deposited 
over older, fractured sediments.

The time since the last movement on each fracture 
and the distribution of deep wetting during the preceding 
months will effect the surficial expression of the fracture 
pattern at any time. It is not surprising that the ex
pression of fracture patterns is not identical on succeeding 
sets of aerial photographs, although many of the major frac
tures are readily recognizable on the several sets of photo
graphs .

At pipe system Al, during the winter of 1966-67$ 
desiccation cracks formed on three scales:

(1) Small irregular fractures outlining polygons that 
were 1-2 inches in diameter, which were restricted to a soil 
layer about £ inch thick.

(2) A poorly defined fracture set outlining polygons of 
the order of 1 foot in diameter.

(3) Larger fractures, irregular in detail, but outlining 
broad polygons with 4-6 sides that were 10-30 feet in diam
eter; some sides were curved and most junctions were orthog
onal. These fractures extended to depths of not less than
.2 feet. The initial surface expression of this set was pro
duced by abnormal widening of some of the smaller fractures 
along the approximate trend of the deeper fractures.

In the area northeast of Al the aerial photographs 
show a poorly defined pattern with polygon diameters of the



order of 100-150 feet. This pattern has persisted without 
marked change for a period of 30 years. There are widely- 
spaced, deep fractures at A1 but no polygonal pattern is 
evident at this site.

The four scales of fracturing have a similar ten
sions! origin. The big difference-between the large and 
small systems is the persistance of the large systems. The 
smallest patterns at A1 developed first and the third scale 
of fractures did not become apparent until about 4 months 
after the previous flooding of the area. The small-scale 
fractures do not reform on the same pattern after each 
heavy storm, according to observations made during the 1966 
summer. There is a possibility that the fractures with 
10-30 foot spacing reform on much the same pattern from year 
to year but this has not been clearly established within the 
brief study period.

Most of the exposed Recent alluvium has been deposit
ed on alluvial fans with little sorting of sizes or rearrange
ment of grains. Shrinkage cracks form during the initial 
drying of the sediments and also following subsequent wett
ing cycles but the dry density determinations show that the 
sediments still have an open structure, although the con
solidation tests suggest that the alluvium has been compact
ed to the degree possible by wetting under natural loading.
The fracture systems described from areas where compaction 
has been induced by wetting (Bull 1964) do not resemble those.
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observed in the San Pedro and adjacent valleys. Also com
paction due to near-surface saturation by irrigation has not 
been marked. Although rewetting may no longer cause com
paction it does permit further shrinkage during the sub
sequent drying cycle. Considering modern rainfall and runoff 
data from the area it is reasonable to suppose that the frac
tures persist because the soil mass at depth is never wetted 
sufficiently to destroy the soil structure; nor is it sub
jected to the other disturbances which destroy seasonal des
iccation features near the surface.

Deep desiccation could occur under any of the follow
ing conditions:

(1) Decline of the water table.
(2) General decline in soil moisture content through time, 

after burial below the depth of general infiltration.
(3) Drying following periodic wetting which might occur 

by deep moisture penetration along pre-existing fractures. 
Wetting by deep infiltration will not be uniform but will be 
concentrated near the fractures, which provide the only flow 
paths by which large quantities of water can penetrate during 
the relatively short periods during which water is available.

The polygonal fracture pattern recognized in the San 
Pedro Valley is also common in the Sulphur Springs and San 
Simon Valleys. Peterson (1954) reported that he had observed 
"groups of pipe openings whose locations had the form of a 
large, crudely-shaped hexagon, suggestive of sun-cracking"
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in the San Simon Valley. The pattern is most marked about 
10 miles east of Bowie (Sec. 13» T. 13 S., R. 29 E.; Sec.
18, T. 13 S., R. 30 E.). In this area the pattern is 
equally prominent on the 1935, 1956 and 1964 aerial photo
graphs. The diameter of the polygons is approximately 300 
feet, which is double the average diameter of the polygons 
in the San Pedro Valley. Personnel of the Soil Conserva
tion Service have observed that the fractures (“earth 
cracks’') in these wider valleys are most prominently devel
oped near the change of slope from alluvial fan to valley 
floor and near the edge of areas of salt accumulation in 
the soil. In general, the fractures are distant from in
cised channels, implying that arroyo-cutting has not been a 
factor in their formation. Also, development of the pat
terns prior to 1935 in many parts of these valleys suggests 
that the modern decline in artesian head has not been a 
factor.

Knechtel (1952) discussed a number of cases of 
"shrinkage-polygon systems of coarse texture" and concluded 
that those in the more southerly and warmer parts of the 
United States were basically desiccation features. The 
desiccation cracks in the Animas Valley, New Mexico, descrlb 
ed by Knechtel, are comparable to those observed at Red 
Lake, in northern Arizona. He pointed out that surficial 
patterns can be projections of underlying patterns but con
cluded that in the majority of his examples the pattern was
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formed within the surficial materials in late Pleistocene or 
Recent time. A change from polygonal blocks separated by 
narrow fissures to rounded mounds separated by smooth- 
floored depressions could occur by surficial erosion, as 
suggested by Knechtel, but the mounds are more apparent in 
humid areas suggesting that soil creep could be a major 
factor in smoothing. Preservation of a relatively unmodi
fied fracture pattern may itself imply that deep wetting 
of the soil mass is a rare event.

The relationship between fracture spacing and thick
ness of the desiccated layer is consistent with that suggest
ed by Lachenbruch (1962) on theoretical grounds and deter
mined by Corte and Higashi (i960) from laboratory experiments. 
Estimates of the amount and rate of desiccation required to 
produce the observed fractures would be of interest in both 
geomorphology and paleoclimatology and could also be of 
value in" engineering design, but Lachenbruch1s formulae can
not be applied until further data are available. It is 
difficult to assess the thickness of the layer affected by 
the large-scale fractures; it appears to be greater than the 
depth of channel incision. Soil mechanics studies, such as 
soil strength, elasticity, shrinkage and swelling character
istics under various loads, might provide enough data to 
permit reasonable estimates to be made.

In summary, the most likely explanation for the 
large polygonal fracture systems is that they are
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contraction features formed during post-depositional con
solidation. I'he size of the polygons suggests that a con
siderable thickness of material, perhaps 50 feet, has been 
involved in the contraction and that change of the control
ling variable, namely moisture content, has occurred over 
a period of years. These fractures are widespread in the 
alluvial valleys of the southwestern United States and 
wherever present they must be a major factor in water move
ment and erosion. Further research is desirable to deter
mine their depth, cause, and present rate of development, 
and to suggest methods of minimizing the problems which 
they have caused and will cause in the future.

At three pipe systems in the St. David Formation, 
and particularly at B3$ it was observed that pipes charac
teristically underlay the ridge crests of a very fine- 
textured, ridge-and-gully topography. At B3 this topography 
was developed on a red silt-clay without any harder cap ma
terial and was being actively eroded. When first observed 
the ridge crests were rounded except where broken by small 
collapse areas feeding an underlying pipe. However, during 
the early, dry portion of the 1966 summer, desiccation 
cracks were formed along all the ridge crests, commonly from 
§ to 2 inches in width (Fig. 30)• The larger cracks were 
several feet deep. Slumping caused by heavy rain rapidly 
obliterated the surface expression of most of the cracks 
(Fig. 31) but water flowed from fresh openings in the end of



FIGURE 30.
View, looking south, across the portion of 
the system that was mapped in detail (Plate 
7). The channels are rounded and the small 
inlets almost sealed. The deep, wide desic
cation cracks have been slightly rounded by 
light rain but there has been negligible 
runoff during the preceding six months.

Pipe system B3» July 19th 1966

FIGURE 31. Pipe system B3, September 10th 1966
The same view as Figure 30 showing changes 
following the summer rains. The can in the 
foreground is a fixed reference point. Only 
sparse vegetation has grown following approx
imately 8 inches of rain in two months. 
Slumping has sealed most of the ridge cracks 
but the channels have been sharpened and the 
inlets enlarged by concentrated surface flow. 
Figures 30 and 31 are typical of the piping 
in the St. David Formation where there is no 
cover of Recent alluvium.
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FIGURE 30. Pipe system B3, July 19th 1966

FIGURE 31• Pipe system B3» September 10th 1966
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many deeply fissured ridges, and collapse areas formed a~ 
long the line of the desiccation cracks. In some cases 
the pipes formed were below the adjacent small gullies and 
a new drainage pattern was initiated. Shallow excavation 
showed that these cracks were not closed at depth during 
the abnormally wet summer of 1966.

Farmers* reports suggest that deep desiccation 
cracks are a major factor in initiating piping in cultivated 
fields. But no evidence has been found that the deeper 
multilayer pipe systems are initiated on cracks formed by 
seasonal desiccation. Shallow, seasonal desiccation crack
ing is important to all pipe systems because the formation 
of new super-capillary openings permits water to enter the 
deeper fracture systems.

In fresh exposures the St. David Formation is well 
consolidated and has a prominent joint system. These 
joints, which were not studied in this project, commonly 
contain gypsum veins and solution of this gypsum would pro
vide free circulation paths for water. Below the zone of 
surficial desiccation, pipes in this formation are developed 
along these joints (systems B3$ B4) even though the joints 
are less prominent in the weathered zone than in fresh rock.

Marginal cracking near arroyos and pipe inlets is a 
major factor because it provides material for removal. 
Marginal cracking can induce piping but marginal cracking 
followed by gravity collapse is, for the project area
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(particularly pipe systems C, Al, B4), the major factor in 
enlargement of the collapse areas. At system Al more than 
90 percent of the bank collapse during the period of obser
vation occurred under dry conditions. But piles of debris 
up to 5 feet high were on many occasions removed completely 
by the next runoff event. The pattern of marginal cracking 
at any time is clearly related to the shape of the sinks 
and gullies at that time. Marginal cracking was not ob
served around inlets less than 18 inches in diameter.

Two other types of fractures were not recognized 
during the survey but merit brief discussion:

(1) Fracturing due to tectonism. Lee (1905) states that 
water was reported to flow from a long fissure for several 
hours following an earthquake in I887• This flow was inter
preted as leakage from the artesian aquifer along a newly 
opened fracture. Thus there may be some tectonic fractures 
in the Recent sediments in the San Pedro Valley.

(2) Fracturing due to differential compaction following 
decline in artesian head in the aquifer below the St. David 
Formation. Peterson (1962) presents convincing evidence that 
the large fissures in the Picacho area are due to uneven 
compaction following decline in artesian head. Heindl and 
Feth (1955) and Peterson (1962) discounted the suggestion of 
Fletcher and others (195*0 that piping was the cause of some 
of the "earth fissures" in the Picacho area. However Peter
son’s data and photographs, (particularly his Plates 3> *0 5



and 6), show that major subsurface erosion has occurred a- 
long earth fissures. Peterson’s description of the sudden 
enlargement of the fissures following heavy rain or irriga
tion is consistent with the collapse of pipe roofs. Piping 
erosion eventually leads to increase in the surface expres
sion of the fissures and facilitates subsequent inflow of 
water. The added water could cause compaction of any low 
density sediments above the saturated zone creating further 
subsurface sediment storage unless rapid settlement occurs. 
Continuing development of the pipe system depends on the 
availability of a lateral outlet for the sediment-bearing 
water. Otherwise erosion will be limited by the sediment 
storage available underground (Heindl and Feth, 1955)•
Piping is facilitated by fissuring, whatever its origin, but 
piping cannot be expected to cause fissures except by des
iccation in and near the pipe walls.

Role of Animals in Pine Development
Carroll (1949) placed great emphasis on the role of 

burrowing animals, particularly gophers, in the initiation 
of piping in the San Pedro Valley. His assessment was 
based on farmers’ reports that some piping did start at 
gopher burrows and that gophers were often abundant in farm
lands subject to piping.

Previously Bond (194-1) had described strongly de
veloped piping on an Island off the coast of California
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where rodent activity was negligible. He stated that the 
pipes were eroded by fast-flowing water, and that the 
shrinkage and swelling of clays were major factors in the 
initiation and blocking of pipes. Bond related increase 
in the width, depth and spacing of cracks to decrease in 
vegetative cover. He concluded that, contrary to common 
belief at that time, rodent activity was not a prerequisite 
for piping.

Gopher burrows are usually shallow, less than 2 
feet, but gopher nests may be at depths of the order of 10 
feet (J. Dingman, University of Arizona Zoology Department, 
oral communication 1965)• Burrow lengths may be as much as 
100 feet and a system of burrows could provide a near- 
continuous flow path, for several hundred feet, at shallow 
depth. The holes are plugged by the animals but the plugs 
can be broken by heavy applications of water or bypassed by 
deep infiltration. Gopher burrowing patterns would be ex
pected to be random in uniform materials.

Rabbits, the other burrowing animal reasonably com
mon in the San Pedro Valley, generally prefer coarser soils 
than those in which piping is best developed, and do not 
develop large burrows in areas subject to flooding. Very 
few burrows were observed in areas subject to piping and 
rabbits can probably be discounted as a significant factor 
in piping in this area.
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The farmers' observations show that gopher holes 

are a factor in initiating piping and may locally control 
pipe development, However the depth of major pipes and the 
linear patterns of pipe systems, previously discussed^ sug
gest that other factors are dominant.

Role of Vegetation in Pipe Development 
Vegetation is not essential for piping but, partic

ularly if a deep root system and a high transpiration rate 
exists, vegetation can be expected to make conditions more 
favorable for pipe development. Also, holes left by decayed 
roots will assist deep infiltration. Carroll (1949) re
ported observations by farmers that old, deep-rooted, alfalfa 
caused deep soil cracking which was the locus of subsequent 
piping.

A high proportion of the piping outside cultivated 
lands is in areas with moderate to dense mesquite cover. In 
evaluating this association the following factors must be 
considered:

(1) Areas at the lower end of fans which receive con
siderable disperse sheetflovr are favorable for both mesquite 
growth and piping, because of the additional water available.

(2) Mesquite has a similar effect to alfalfa in deep 
drying of the soil.

(3) Strong, closely spaced mesquite roots are a major 
factor in the preservation of pipe roofs. At pipe system



B2 (Plate 6) it is estimated that about one half of the ex
isting narrow bridges would collapse immediately if the 
supporting roots were severed. Without these remnants the 
importance of piping in this area would be much less evident.

The significance of overgrazing as a factor in des
iccation and cracking of the soil surface has been empha
sized many times. However, Fletcher (i960) has pointed out 
that the effect of plant growth on infiltration and runoff 
is complex, that runoff is not a simple function of the a- 
mount of vegetative cover, and that infiltration depths vary 
widely with the type, amount and condition of vegetative 
cover. The effect of vegetative cover on piping is highly 
variable. It is believed that although vegetation may 
greatly affect the rate of pipe growth at a given point dur
ing a given storm it is not a major factor in the overall 
pattern of development of pipe systems.

Soil Properties and Pine Development 
The data from this project and that in the litera

ture (Gibbs 1945, Fletcher and Carroll 1948, Fletcher and 
others 1954, Brown 1962, Parker 1963) show that piping can 
occur in soils with a wide range of properties. Many of the 
laboratory-determined characteristics of a soil, such as 
grain-size' distribution and mineralogy, could be described 
as permissive parameters rather than controlling variables.

The important fact is that if soils in this wide 
range are placed in certain physical settings erosion will
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occur. This erosion may take the form of piping if the 
erosive force of the flowing water is applied at depth 
rather than at the surface and if the water has unobstruc
ted circulation to an outlet at or below the level at which 
erosion occurs so that the eroded material can be removed.

In general piping will be most prominently developed 
where the surficial material is less erodible than the sub
surface. But the greater resistance of a surficial layer 
to erosion may depend on a greater density of roots, which 
are commonly removed or destroyed during analysis of the 
soil. Also it must be remembered that free-falling water has 
greater kinetic energy at the bottom of the fall than at the 
surface.

Dry density may be the most significant of the soil • 
properties determined in this study. Low density itself is 
not important but for a given grain-size distribution and 
mineralogy the resistance of the soil to erosion may increase 
as dry density increases and the likelihood of contraction 
cracks increases with decrease in dry density.

Ait chi son and Wood (3.965) suggested that failures of 
earth dams due to piping were related to deflocculation of 
clays in the dams as a result of chemical changes caused by 
percolation of water through the dam. This permitted trans
port of dispersed clay particles by the percolating water. 
Several aspects of this explanation merit consideration in 
relation to the field data from the project area.



The pipe systems in the San Pedro Valley are devel
oping in soils which are still highly flocculated, and the 
mode of. pipe development in response to intermittent and 
localized wetting indicates that the pipes are not developing 
by intergranular transport or seepage at a face. There is 
evidence that aggregates are more readily eroded than in
dividual clay particles (Zaslavsky and Kassiff,1965)> thus 
raising the question of whether deflocculation is an aid in 
particle entrainment from a compact soil. Clear evidence is 
not available but it seems possible that under some circum
stances deflocculation of clays might lead to soil shrink
age and the formation of fractures.

Aitchison and Wood comment that piping probability 
is reduced by compaction at or above optimum moisture con
tent, conditions which would be most likely to break up 
aggregates and redistribute clay particles. Perhaps inabil
ity to compact a flocculated clay at low moisture content was 
the critical factor in the failures they discuss.

A -factor to be considered in relating piping to the 
properties of materials is that not all lithologies present 
in an area subject to piping may be significant in the early 
stages of pipe development. At pipe system A1 the tunnel 
near sampling point 10 was formed in silty materials above 
the horizon of sample 10 and the fact that erosion during 
the heavy storm of July 9th, 1965 cut into the very clayey 
materials is not relevant to the initiation of piping.
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Gradient and Pipe Development

The literature on piping has generally recognized 
that steep gradients are favorable to rapid and extensive 
pipe development. Gradient, unless qualified, is used in 
the sense of overall slope from inlet to outlet. Increase 
in gradient due to incision of channels in a valley floor 
is one of most commonly cited reasons for the initiation of 
piping. The results of this survey support this emphasis on 
gradient with regard to both threshold velocities for ero
sion and rate of pipe development. Neither hydraulic gra
dient nor pipe floor gradient has any necessary relation 
to the dip of the strata in which piping occurs, as implied 
by Fletcher and others (195*0 • Also, once a large pipe 
opening has been formed water flow will be rapid and tur
bulent; pipe floor gradient may not be a close approximation 
to the hydraulic gradient.

A minimum gradient for pipe formation cannot be 
specified. The minimum at any time and place depends on 
the erodibility of the material, the size of the initial 
opening (which is related to flow resistance) and the rate 
at which water is available in excess of seepage losses. 
Piping in the project area has developed with gradients as 
low as 3 $ 100 (pipe system D).

Increase in gradient has been the change which has 
caused most of the pipe development in the San Pedro Valley. 
But change in other variables such as soil moisture content,
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which could lead to increased fracturing, or amount of ap
plied water can cause piping without change of gradient*
The piping described by Downes (1956) apparently developed 
in this way and pipe system a4 may be an equivalent example 
from the San Pedro Valley.

The brevity of this discussion of hydraulic gradient 
does not indicate that gradient is relatively unimportant.
It reflects the lack of the other data which are necessary 
for a quantitative discussion of the role of gradient.

The Rate of Pipe Development
Descriptions of changes in several of the pipe sys

tems, supplied by landholders, suggest that changes in the 
pipe systems observed during the study are typical of those 
which have occurred over a longer period. But the same des
criptions suggest that the short-term rates of growth of 
pipes may be highly variable both within systems and be
tween systems. Data from the remapping of system Al and 
from field observations during the study must be used with 
caution in assessment of long-term rates of pipe development. 
Growth rates over a long period, ten years or more, may be 
consistent, as suggested by the examples in Table 10. Rates 
of extension were calculated only for well-developed pipe 
systems where there are many large pipes and the 1966 pipe . 
distribution, determined from the aerial photographs, was a 
reasonable approximation to the distribution determined in
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TABLE 10. Rates of extension of pipe systems
Calculated from approximate measurements on 

aerial photographs. The values in parentheses are con
sidered less reliable than the others.

Pipe
system

Period Extension
(feet)

Extension rate* 
(feet/year)

Al 1955-66 200 15
Al 1935-55 (150) (10)
A2 1955-66 (100) (10)
B2 1935-66 600 20
B4 1955-66 250 20
El 1935-66 250 10
El 1895-35 (700) (20)
F 1935-66 500 15
F 1895-35 (800) (20)

*Rounded to nearest 5 feet/year.
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the field. Pipe systems B3, C, and D, for example, could 
not be satisfactorily estimated. Even if the estimated 
growth rates are in error by 50 percent, which is con
sidered unlikely, they still provide a better indication of 
long-term growth rates than extrapolation from the avail
able field data.

The important feature is that these growth rates 
are for large, active pipe systems and the calculated rates 
of 10 to 25 feet/year may therefore be taken as close to 
the maximum mean growth rates for pipes in the project area.
By contrast, the heatcuts of a number of the active gullies 
have growth rates of more than 30 feet/year. Examples are:

(1) Gully south of A pipe systems, 40 feet/year for 30 
years.

(2) Main gully at pipe system EL, 50 feet/year for 30 
years.

(3) Headcut in drain below Bl, 40 feet/year for 30 years.
(4) Most easterly gully in Lonesome Valley, 60 feet/year 

for 10 years.
Field observations suggest the following factors may 

limit pipe growth rates:
(1) The initial discharge capacity of a pipe is small 

and considerable time, perhaps a period of years, is neces
sary to enlarge the opening sufficiently for major discharges.
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(2) Fracture orientation with respect to surface flow 

is essentially random - the length of pipe system per unit 
upslope advance is greater than the length of headcut gully 
per unit upslope advance.

(3) Pipe extension occurs by application of water in 
limited quantities at many points of the system. If one 
portion of the system advances to receive most of the flow 
this section tends to advance as an open gully by headcut 
advance. Also, if the pipe system as a whole extends to 
the upper part of the fan it will receive concentrated flow 
from the gullies in the escarpment and piping will be re
placed by headcut advance.

Some areas, such as the strip along the east bank 
of the San Pedro north of pipe system L, which are suscep
tible to piping in terms of materials, gradient and fracture 
system show little or no piping. The field observations in
dicate that the threshold erosive force required to erode 
the Recent alluvium is low and would be exceeded for most 
points on the Aravaipa Surface by local runoff following an 
intense thunderstorm. Therefore, the very limited pipe de
velopment in these areas reflects the limited cumulative 
runoff because arroyo-cutting has provided the necessary 
gradient. Irrigation or drainage diversion could induce 
rapid piping in these susceptible areas.

Conditions on much of the Aravaipa Surface are close 
to the optimum for pipe development. There is a large area
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with a gently sloping surface which lacks well-defined 
channels but receives significant runoff as sheetflow.
Most of the soils are highly erodible and have well-developed 
fracture systems, both near the surface and at depth, which 
provide paths for concentrated subsurface flow. Finally, 
the lowering of base level by arroyo-cutting has provided 
a major change in a critical variable, gradient.

Control of Piping Erosion
The control of piping must be considered at two 

scales. Over a long period of time piping control is re
lated to geomorphic changes in the valley which are con
sidered in the following chapter. Some aspects of local 
and short-term control of piping are discussed below.

Carroll (1949) discussed the methods and problems 
of piping control on irrigated land in Southern Arizona.
The basic measures he suggested (1949, p. 18-21) have been 
successfully used in the San Pedro Valley for the short
term control of piping on high-value farmland. It is com
monly accepted, however, that on grazing or unused lands no 
economic treatment is possible and the pipe systems are 
being allowed to extend until natural limits are reached. 
This may have serious implications for potential damage to 
engineering and urban developments as well as the cultivated 
areas. Parker and Jenne (1967) discussed the prevention and 
control of piping near highways.
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Irrespective of whether the piping is induced by 

natural changes, construction, or irrigation the control of 
piping requires one or more of

(1) Reduction of runoff to the affected area,
(2) Reduction of the gradient, which in practice means 

raising the local base level, and
(3) Increase in the flow resistance and water storage 

capacity along flow paths through the soil.
Satisfactory treatment of piping requires extensive 

earthwork: uncovering of the pipe and backfilling with com
pacted soil. Cut-off walls through the lower end of pipe 
systems have been used but unless the wall is very long and 
extends below the local base level there is serious risk 
that piping will develop around or under the cut-off. Also 
water accumulation in an open pipe behind the cut-off will 
increase the risk of failure through any weakness in the cut
off. It has long been recognized that the risk of surficial 
erosion is reduced if flow is dispersed or is controlled in 
a low gradient channel. But in areas susceptable to piping 
two additional points must be considered. If fractures 
should form, or project to the surface, flow may be concen
trated in them without any preceding indications. Also hy
draulic gradient, at least for an unlined channel, must be 
considered in all directions, not just along the channel. 
Whenever possible erosion control structures should be built 
outside areas of known fracturing, whether visible on the



ground or aerial photographs, to minimise the risk of early 
failure of the structures.

Rodent eradication will reduce the number of favor
able loci for the initiation of pipes but complete eradica
tion of rodents, even if possible, would not alter the 
limits of the area susceptible to piping.

Gibbs (1945) and Downes (1956) discussed piping on 
hillslopes where overgrazing had followed clearing of timber. 
Establishment of a suitable vegetative cover was stated to be 
the essential factor in erosion control but it was pointed 
out that the pipes should be broken down, levelled and pro
tected from concentrated runoff while the cover was being 
established. Both these cases were in more humid areas than 
the San Pedro Valley, in which the rangeland has not been 
cleared and much of the piping occurs in areas which have a 
dense vegetative cover during the wet season. Change in 
vegetative cover cannot be a major factor in the control or 
prevention of piping on uncultivated land in the project area

In a number of areas banks and dams have been built 
to control runoff and arrest the advance of headcuts; many 
of these structures have piped through in a relatively short 
time. Excellent examples of this reactivation occur through
out Lonesome Valley and at pipe system N (Fig. 20). Diver
sion of water to prevent flooding of fields and to arrest 
headcut advance has often been successful for the specific 
purpose intended but just as often has increased erosion at



some adjacent point* Because most of the diversions trans
mit channelized flow the rate of arroyo-cutting in the area 
as a whole may be increased. Several apparently successful 
cases of piping control near St. David deserve special com
ment. Here the control dams have apparently been kept wet 
enough to prevent desiccation fractures or rodent activity. 
If these saturated•areas ever dried out, however, deep 
shrinkage cracks would form and pipe development could be 
extremely rapid. Piping has not occurred at the 12-foot 
high diversion dam to the Pomerene Canal, where the soils 
are kept wet by underflow in the river bed.

The most difficult factor to control is gradient. 
Reduction of gradient requires not only filling of pipes 
and minor gullies but also the filling of adjacent arroyos 
to raise the local base level. Artificial filling is im
practical and reduction of gradient to the major channels 
can only occur by natural or induced filling of these chan
nels.

A major problem in the treatment of piping is that 
incipient piping is often not recognized and treatment is 
not commenced until major pipes have formed.

The Sequence of Pipe Development 
On the assumption that analysis of groups of varied 

pipe systems at one point in time can be used to indicate 
the pattern of growth of pipe systems a sequence of pipe 
development can be proposed. Supporting evidence of major
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long-term changes in pipe distribution is available from 
the aerial photographs but detailed understanding can only 
come from re-examination of selected pipe systems. The 
postulated sequence of events in the formation and destruc
tion of a typical pipe system in the San Pedro Valley is:

(1) Formation of a steep-banked channel in cohesive but 
erodible sediments in a fan or valley segment which pre
viously lacked a distinct drainage channel.

(2) Increased velocity of water flow in fractures and 
subsurface channels leading to the new channel because of 
the steepened gradient.

(3) The formation of pipes by enlargement of the frac
tures by erosion to such extent that they cannot be closed 
by swelling.

(4) Collapse of segments of the pipe* and gradual ex
tension of the pipe system as the base level is lowered 
further from the original channel.

(5) Growth of the pipe system toward the steeper parts 
of the catchment where runoff is more concentrated. This 
causes isolation of some parts of the pipe system from run
off from the upper part of the catchment.

(6) Flow of concentrated runoff into a small proportion 
of the inlets and rapid upslope extension of these inlets 
by headcut.

(7) Gradual collapse of pipes and enlargement of collapse



areas by bank caving, thus producing an arroyo system with 
some isolated pipe remnants.

(8) Collapse of all pipes to form an integrated arroyo 
system, with long profiles indistinguishable from arroyos 
formed by headcut advance.

(9) Slow modification of the plan of the arroyo system 
by channel meander, bank collapse, and soil creep.

14?
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FUTURE PIPE DEVELOPMENT IN THE SAN PEDRO VALLEY 

The Arroyo-cuttlnp; Cycle
Increase in hydraulic gradient due to arroyo-cutting 

has been the direct cause of the extreme pipe development 
in the San Pedro Valley. Reduction of hydraulic gradient 
by filling of the arroyos would be the most effective way 
of limiting pipe growth. Further, piping is but one of 
many responses to the initial incision of the stream chan
nels and, in the long term, cannot be considered apart from 
these other responses. Accordingly a brief discussion of 
the causes and development of arroyo-cutting is presented 
as a basis for discussion of future pipe development.

There is no evidence in the project area that dia- 
atrophism has been a significant factor in arroyo-cutting. 
This is in agreement with observations made by workers in 
many other areas in the Southwest.

Overgrazing, the excessive reduction of vegetative 
cover by the grazing of introduced animals, could be a con
tributing factor in the preparation of the land for erosion, 
for example by hastening the formation of extensive desic
cation fractures, and by reducing the resistance to surface 
flow thus leading to more flashy floods. But gullies in 
parts of Central Australia which have never been grazed by
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introduced stock do not seem to differ in any way from the 
arroyos in the San Pedro Valley.

Climatic change, in the sense of trends over periods 
of 50 years or more, is still largely an unknown factor al
though Hastings and Turner (1965) have shown its probable 
importance to the ecology of the southwestern United States.
A secular trend may be more important than unusual occur
rences in producing major changes in vegetation, because 
only a series of unusual occurrences can eliminate new seed
lings. Such ecologic changes might be more important than 
any feasible degree of overgrazing.

The direct effects of man, such as roads, railroads, 
diversion dams and ditches, and flood-control banks, have 
been grossly underestimated in much of the literature on 
arroyo-cutting. The direct effects of the cattle Introduced 
by man, a network-of incised trails centered on watering 
points, have also been underestimated. Gray (1965) reports 
’’Many of the local ranchers and farmers attribute the in
itiation and formation of the arroyos (in the San Pedro 
Valley) to incisement of stream channels along cow paths and 
wagon ruts”. Hastings (1959) quotes evidence that cutting on 
several streams in Southern Arizona was initiated at ditches1 
constructed for irrigation diversions or for control of 
flood waters. The Land area is an excellent example of the 
influence of tracks and drains on the pattern of gullying.
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The subsequent development of the drainage net need not re
flect the fact that the place or time at which a change was 
initiated was determined by man’s activities.

The importance of climatic variability, the summa
tion of all the vagaries of weather and climate, particu
larly with regard to precipitation, cannot be too greatly 
emphasized. Climate for the semiarid areas cannot be ade
quately expressed in terms of a mean value and range for a 
number of variables. Sequences of events, particularly 
sequences of unusual events must be considered. Drought 
can cause a reduction of vegetative cover as complete as 
that which can be caused by overgrazing, and extreme storms 
can cause major erosion without the presence of man-made 
irregularities in the surface. In semiarid areas further 
consideration is required of the concept of extreme event. 
Should it imply extreme in terms of probable recurrence 
interval or extreme in terms of departure from the mean, 
median, or mode, as compared to departures in more stable 
environments? Under semiarid conditions the whole environ
ment is unstable and the concept of quasi-equilibrium may 
be so fluid as to be meaningless.

An arroyo is not filled just because of the cessa
tion of the conditions which initiated it. The changed con
figuration itself produces different responses. The set of 
adjustments required to complete the cycle is complex and 
may require several centuries when changes occur in the main
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channels, such as the San Pedro River. The explanation of 
apparently distinct cycles of erosion and deposition in 
valleys in the southwestern United States may lie in change 
in the efficiency of the sediment transport system rather 
than change in the rate of sediment production by sheetwash 
and mass movement. If slightly more sediment is produced 
each year than is removed from the basin alluviation must 
occur although it may not be obvious if it is widely spread 
as a thin sheet on slopes and fans. If less sediment is 
produced from the catchment than is removed then obvious 
erosion will occur along the transport lines. And this 
erosion will tend to further increase the efficiency of the 
transport system by deepening and extending the channels, 
at least until a higher sediment production rate is induced 
on the slopes or channel widening and meandering reduce the 
efficiency of the transport system*

The interplay between the cyclic tendency of arroyo- 
cutting and filling and climatic variability can lead to an 
almost infinite variety of landforms.

The Influence of Piping on the Drainage Net
Pipes are generally initiated along favorable hori

zons within the soil but the long profile of major pipes 
rapidly assumes the characteristic exponential curve of 
graded stream channels and accordant junctions are the rule 
for major pipes. The cross-sections of pipes are slower to
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change but the cross-sections of sinks are indistinguish
able from those of adjacent gullies. In general there is 
little change in the plan of a pipe system prior to roof 
collapse. There is maximum control by detailed geologic 
structures when pipes are initiated but increasing control 
by. fluid hydraulics as the system develops. Nevertheless 
arroyo systems formed by pipe collapse commonly differ in 
plan from those formed by headcut advance. Readouts pro
gress upchannel, and on an alluvial fan a reasonably regular 
pattern can be expected unless there has been human inter
ference. Where arroyos are initiated by piping the pattern 
of development is partly set by the fracture pattern. Com
plex angular gully patterns can arise which have no relation 
to the drainage down the original surface prior to piping.

In the Land area (pipe system B5) the successive 
aerial photographs show that rectangular bends in the gully 
system have been produced by collapse of large pipes with 
trends transverse to the general slope of the land (Fig. 17). 
On the west bank of the San Pedro River 2 miles north of 
Benson (pipe system EL) and on the east bank of the river 6 
miles south of St. David (pipe system F) similar rectangular 
gully patterns are forming by pipe collapse.

However in other places at which pipes are known to 
have been present in 1935) for example north of pipe system 
R, the gully pattern is not recognizably different from that 
in areas where the gullies have formed by headcut advance.
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The control of pipe spacing by inhomogeneities in 

the soil and the influence of piping on the drainage net 
indicate that the spacing and pattern of the' drainage net 
is a function of the range and distribution of catchment 
characteristics rather than of mean characteristics. This 
fact has long been recognized in the drainage pattern on 
consolidated rocks but is apparently also true, at least 
initially, on unconsolidated materials. As the landform 
approaches "equilibrium" the inhomogeneities will exert less 
and less influence on the drainage net.

There is also another, more subtle, way in which 
piping has affected drainage development in the San Pedro 
Valley. Readouts, by rapid advance, produce rapid upslope 
response to the changed conditions in the channel. It has 
previously been shown that piping tends to advance in a 
broad pattern from the incised channel at a rate much slower 
than that of headcut advance. The extensive piping has de
layed the response of the catchment to the incision of the 
San Pedro River.

In a simplified view, each side of the San Pedro 
Valley comprises a mountain range, the Whetstone Surface, and 
the Aravalpa Surface. Combining this with the geology the 
following set of characteristics may be stated:
Aravaipa Surface: highly credible materials yielding a fine

grained sediment.
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Whetstone Surface: moderately credible materials yielding a

coarse-grained sediment.
Mountain Ranges: poorly credible materials yielding a

coarse-grained sediment.
The change which occurs in channel characteristics when head- 
cut advance brings large quantities' of sand into the channel 
has already been mentioned. Piping delays this increase in 
coarse sediment load which would be the most effective limit- 
to the continued channel incision and lowering of base level. 

This leads to the conclusion that one of the most 
effective ways to reduce destruction of farmlands by piping 
might be to construct channels to the heads of active fans on 
the Aravalpa Surface, As well as diverting water from the 
farms these continuous channels would probably remain rela
tively shallow because of the high sand load. The high sand 
load would also help prevent further incision of the San 
Pedro channel.

The sharp distinction between sources of coarse and 
fine-grained sediments may distinguish the San Pedro Valley 
from many other valleys in the southwestern United States.
But in this valley it could be a critical factor in con
trolling the extension of pipe and arroyo networks.

Future Growth of the Pipe Systems 
The pipe localities listed in Table 5 include an 

estimated area of 760 acres. The many other small pipe
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systems in the area probably extend over at least 1,000 
acres, and another 700 acres of badland may have been piped 
before 1935* The total area which has been affected by 
noticeable piping is about 4 square miles, slightly less 
than 10 percent of the Aravalpa Surface. But this affected 
area includes some 40 percent of the cultivated land and 
much more of the farmland is threatened.

The possibilities for future pipe growth include 
the continued growth of existing systems and the initiation 
of new pipe systems. The descriptions of the pipe systems 
and the postulated sequence of pipe development indicate 
that the existing systems show considerable variation in 
their potential for future growth. Assuming that over a 
short period, such as a decade, there will be no major 
changes in base level or runoff it is possible to predict 
the development of some of the systems.

It is possible that piping, in terms of area affect
ed at any one time and rate of pipe development, is now 
close to its maximum. Many of the larger systems are near 
their limit of development and most of the small systems 
are developing slowly because a large proportion of the run
off from the valley now flows in distinct channels.

In some pipe systems, such as K (Plate 1) The ob
served pipes are isolated from their catchments by active 
headcutting gullies or by sand-bed channels. In these cases 
the gradual collapse of the remaining pipes and their



incorporation into the gully system is all that can be pre
dicted. System C may soon be isolated in this way. Those 
pipe systems, such as D, which have extended across the 
full extent of the gently sloping land in that locality 
will gradually enlarge in diameter, perhaps deepen, and 
then collapse to form a complex gully system.

Systems such as El and F and I appear to be chang
ing from dominant piping to dominant headcut advance. With
out doubt, further pipes will be formed, but these will 
play only a small part in changing the drainage pattern of 
the area. In time these systems will come to resemble 
system K.

Pipe systems, Al, kUr and J are likely to grow much 
larger. Incipient pipes have developed upslope from the 
large collapse areas and there is no indication that head- 
cut advance will soon overtake the incipient pipes nor that 
changes in upslope sediment size will cause an early end to 
pipe growth.

The piping in system B1 is incipient and would not 
have been found except for systematic field examination of 
the area to try to determine the cause of the polygonal 
pattern observed on the aerial photographs. The initial 
stages of pipe development have been slow because of the 
low gradient that is present but major pipe development in 
the future seems probable. There are other cases of slow 
pipe growth due to limited runoff such as the area north of
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system L where there are scattered pipes up to 2 feet in 
diameter and generally less than 4- feet deep. This sug
gests that future piping may in fact be more slowly devel
oping cases which have yet to become sufficiently obvious 
to cause concern.

It is estimated that an additional area of the order 
of 500 acres will be affected by noticeable piping in the 
next decade and that a similar area of existing pipes will 
be destroyed by collapse. These predictions could be com
pletely invalidated by another flood of the magnitude of the 
1926 flood or by major engineering works along the river, 
either of which could cause a major change in base level.

Assessment of the eventual extent of pipe development 
is impossible because of the number of variables which could 
affect pipe development directly by altering runoff to the 
pipe systems or indirectly by causing changes in the depth 
of channel incision. Many of these variables, particularly 
climate and the activities of man, cannot be predicted with 
any degree of confidence.

In badlands such as the Painted Desert (Hears 1963) 
piping, in the macroscopic view, may be a continuing part of 
a more or less steady-state erosion pattern. But in the San 
Pedro Valley piping occurs only as a transient response to 
changed conditions and as previously mentioned, the critical 
change has been the lowering of base level by incision of the 
San Pedro channel. The following comments can be made:



(1) If the river continues to meander bank heights will 
increase and additional piping will be Initiated. Eventually, 
however, the meandering channel might widen and aggrade.

(2) If the river is artificially straightened, without 
other changes, scour will occur thus lowering the effective 
base level for all pipes and arroyos in and near the 
straightened segment.

(3) Further increase in surface water diversions and 
pumpage from the shallow aquifer will, in time, induce 
stabilization and perhaps even aggradation, of the channel. 
Continued aggradation could lead to damage of farmlands by 
sedimentation, although this might occur in the Lower San 
Pedro Valley rather than in the Benson area.

(4) Scour during major floods, of the magnitude of the 
1926 floods, could only be prevented by an upstream control 
structure.

(5) Any measures, such as conservation dams on tributary 
washes, which reduce sediment transport to the main channel 
will tend to promote further channel incision.

(6) Extension of the minor arroyos will increase the 
transport of sand from the Whetstone Surface and from fans 
on the Aravalpa Surface to the main channel which would help 
stabilize the channel.

In time the San Pedro channel will stabilize or fill 
and with continuing erosion the evidence of previous piping
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will be more and more obscured. Through time the angular 
arroyo pattern will be rounded by lateral migration of 
channels or removed by channel piracy. Eventually no evi
dence of piping will be present, at least until a new cycle 
of arroyo-cutting commences.
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