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"The Rio Puerco, a tributary of the Rio Grande in New Mexico, has deepened and widened its channel, or arroyo, since the settlement of the region. This process of accelerated erosion still continues. Historical evidence, largely the notes and maps of government land surveyors, [shows] that the cutting began between 1885 and 1890. The deepening of the arroyos has decreased the agricultural and grazing value of the country, resulting in the abandonment of six small towns and numerous ranches. The coincidence between the introduction of large numbers of stock and the cutting of arroyos indicates that overgrazing precipitated this form of destructive erosion. The ultimate cause ... appears to lie in cyclic fluctuations in climate."

--Kirk Bryan, Journal of Geology, 1928. 

Topics in this paper include:

· Conditions That Cause Erosion 

· A High Erosion Basin: Rio Puerco 

· Local Effects of Erosion 

· Downstream Effects of Erosion 

· Water: Driver of Erosion 

· How Arroyos Work 

· Upland Erosion 

Conditions That Cause Erosion 

Erosion is a problem endemic to semi-arid lands. In more humid climates, vegetation holds soil in place, limiting the amount of material that can be carried down hill slopes and into rivers and streams. In extreme arid climates there is insufficient flow to transport sediment. It is in semi-arid lands - where there is incomplete vegetation cover yet sufficient water to move surface materials, especially during and after intense rain storms - that maximum sediment is carried downstream. 
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This curve depicts the general rate of sediment delivery by streams according to their drainage basins' mean annual precipitation. For low precipitation there is little water to move sediment; for high precipitation vegetation holds sediment in place. The maximum of sediment production occurs in semi-arid basins.  Adapted from Figure 3-7 of Leopold, L.B., Wolman, M.G., and Miller, J.P., 1964,  Fluvial processes in geomorphology, 522 p., Freeman, San Francisco. 

Working solely from the general relationship between precipitation and sediment production, the simplest of potential erosion maps can be made. This map of erosion potential is based on annual precipitation data from Oregon State University http://www.ocs.orst.edu/prism/prism_new.html, which has been combined with a general relationship between annual precipitation and basin sediment production. It ignores many important factors that control sediment production and transport, such as soil characteristics, actual vegetation cover, slope, and rates of rainfall (a few large precipitation events move more sediment than many small events having the same annual total).
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This map was derived by applying the sediment yield curve to a map of mean annual precipitation http://www.ocs.orst.edu/prism/prism_new.html (Follow links for Maps and Digital Products, then to Sample Images). It does not account for other important factors such as slopes, soil characteristics, and the distribution of rainfall among numerous small events or fewer large events.

A high-erosion basin: the Rio Puerco of New Mexico 

The Rio Puerco basin of New Mexico lies due West of Albuquerque. The Rio Puerco is a tributary of the Rio Grande; at the confluence the Rio Puerco contributes about 4% of the annual water flow and about 78% of the sediment.

Rio Puerco Location Map
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Why is the Rio Puerco a particularly high generator of sediment? First, it is in the range of annual precipitation that produces maximum sediment (see sediment yield curve and erosion vulnerability map). Second, a large fraction of the Rio Puerco Basin is composed of shales and siltstones that erode readily, creating areas of high sediment yield that contribute to a large store of fine-grained, easily-eroded, valley-fill materials. Third, the Rio Puerco basin has substantial topographic relief; high terrain helps to generate precipitation and steep slopes provide sediment-moving power to the resulting runoff. Fourth, the Rio Puerco basin is prone to large thunderstorms during the summer monsoon season; annual precipitation is concentrated in a few events that are capable of moving large quantities of sediment.
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Generalized Geologic Map of the Rio Puerco Basin. Areas with generally high sediment yield are darkly shaded. Geologic units from oldest to youngest are: Precambrian (PC), Paleozoic and Mesozoic sediments (Mpz), Cretaceous sediments (K), Tertiary (Paleogene) sediments (Tp), Tertiary basin fill of the Albuquerque basin structural basin (Tbf, TQbf), Tertiary basalt flows (Tb), Tertiary intrusions (Ti), Quarternary basalt flows (Qb), Quarternary terraces (Qt), and Quarternary sediments (Qs). 
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The geologic and topographic factors that predispose the Rio Puerco to high erosion have existed for many thousands of years. Variations in sediment production and periodic occurrence of basin-wide episodes of arroyo incision have puzzled scientists since the Rio Puerco was first studied in the 1920's. Scientists have speculated on the relative importance of varying climate, grazing, and cycles of sediment movement self-induced by the basin and its channels. Current research is aimed at improving quantitative knowledge of these factors. 

What problems are caused by Rio Puerco's sediment? These fall into two categories: local effects and downstream effects.

Local effects 
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When a valley is filled with fine sediments, as is the valley of the Rio Puerco, erosion causes steep-walled gullies called arroyos. These channels create significant barriers to transportation, access of livestock to water, and diversion of water for crop irrigation. The process of cutting arroyos into valley bottoms is called incision.
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The Rio Puerco has not always had continuous arroyos. [image: image13.png]SECTION of CHANNEL. and LEVEE
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Prior to the 1880’s, the area around the nearly abandoned town of San Luis was a broad flood plain. Annual renewal of soils by flood-borne silt encouraged vigorous grass cover. Historical accounts state that this was prime grazing land, and that residents of San Luis irrigated crops by diverting river waters into their fields. 

Incision of the arroyo caused drastic changes. The river now flows entirely within the arroyo; without floods, the valley bottom supports desert shrubs rather than grass. Diversion of river water to fields near San Luis would have to originate far upstream, and it is impractical to maintain the needed diversion and transport structures. 
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As streams in the basin entrenched into the valley floor the water-dependent riparian habitat shrank laterally and entrenched. Cottonwood trees, once prevalent in the valley bottoms, are now scarce. Reduction in wooded habitat has provoked an inevitable reduction in population of birds, grazing animals, rodents, and other species that depend on shade, food, and concealment provided by the riparian forest environment. Despite the reduction in riparian area, the arroyos and their terraces still support populations of mule deer, raccoons, coyotes, and other animals. In the many parts of the basin where arroyos are now refilling with sediment, terraces that store the accumulating sediment widen over time as a result of meandering of the channel within the arroyo. Much of the vegetation on these new terraces, however, is exotic: Russian olives and tamarisk (salt cedar) trees displace native cottonwoods. Thus, the current cycle of incision has caused significant changes in habitat and ecological resources of the basin. 

Arroyos have little respect for human structures. The soft materials of the valley bottom are readily removed by flowing water. Meandering streams inevitably impinge on the bases of structures like this bridge, eventually removing the bridge approach. Engineering solutions require extensive armoring of channel walls using materials brought in from quarries at some distance, which makes these solutions expensive. It is often better (as in the case of this illustration) to abandon threatened structures and to choose stream crossings at locations that have some form of natural protection, rather than provide artificial protection. 

For more information on historical changes of arroyos, please see The Rio Puerco Arroyo Cycle & the History of Landscape Changes.

Downstream effects 

Sand and silt from the Rio Puerco and from the Rio Grande itself naturally build up  (aggrade) the channel of the Rio Grande and form levees along the river margins. Spring floods occur when the snowpack melts in the southern Rocky Mountains; in natural conditions these floods breach natural levees and disperse water across the desert, where it evaporates and filters into the soil. Elephant Butte Reservoir, 100 km downstream on the Rio Grande near Truth or Consequences, NM, was built to catch Spring runoff water for later delivery to the lower Rio Grande basin in New Mexico, Texas, and Mexico. [image: image17.jpg]



Diagrams of civil engineering works for optimizing conveyance of water through the Middle Rio Grande to Elephant Butte Reservoir. [Source: U.S. Bureau of Reclamation, 1951, Channelization of the Rio Grande San Marcial to the narrows of Elephant Butte Reservoir, Specifications No. DC-3510 (part of solicitation of bids)]. (See page 9 and below)[image: image18.jpg]



The Corps of Engineers and the Bureau of Reclamation have built and maintained a conveyance channel, at substantial public expense, to ensure the maximum delivery of water into Elephant Butte Reservoir. 

With or without a conveyance channel, sediment moves downstream with water. For several decades after Elephant Butte Dam was completed, in 1916, large quantities of sediment were carried into the reservoir, reducing its storage volume. Much of this sediment originated in the Rio Puerco. The diminishing output of sediment from the Rio Puerco is evident in slower filling of Elephant Butte Reservoir since the 1930's.

Water: The Driver of Erosion 

Weather - the summer monsoon of the Southwest 

The Rio Puerco, like many parts of New Mexico and Arizona, is affected by summer monsoons. These are moist flows of air that originate primarily in the Gulf of Mexico; the local manifestation is thunderstorms - exactly the sort of intense rain that can readily move materials and cut channels. 

For more information on this topic, please read: Precipitation Trends and Water Consumption in the Southwestern United States, by Henry Diaz and Craig Anderson. 

Water flow - the driver of sediment 

Water flow in channels is a prerequisite to the formation of arroyos. When precipitation falls on sand, gravel, or highly fractured rock (such as volcanic rocks that are abundant in the Rio Puerco basin), then the water percolates into the ground and does not create runoff. On the other hand, if rain falls on clay-rich soils that do not readily absorb water, then abundant runoff is produced. Thus, soil infiltration rates are key determinants of the amount of water that flows in channels during and after storms. 
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Figure representing the concentration of soils of very low infiltration within the Rio Puerco basin. Each map unit is color coded according to the area percentage of soils that are classified as "very low infiltration." The Natural Resources Conservation Service recognizes four infiltration classes: very low, low, high, and very high. Source: http://www.ftw.nrcs.usda.gov/kim/stat_data.html

Some catchments in the Rio Puerco basin produce 10 times more water than others of the same size and elevation. Some of this discrepancy may be due to differences in precipitation, but runoff generation and channel infiltration are also likely contributing factors. 
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 Peak flows at two stream gages (on the Rio San José below Grants, NM, and on the Arroyo Chico just above its confluence with the Rio Puerco) exhibit a difference of flood amplitudes of about a factor of 10. The basins are nearly of the same size and mean elevation.

Tributaries and scaling 

The geographic extent of thunderstorms may be a subtle climatic influence over the arroyo cycle in the Rio Puerco. When rain falls simultaneously in the catchments of multiple tributaries, then the downstream convergence of flow may sustain sediment transport for distances greater than would be possible for precipitation in a single catchment. Satellite observations of clouds and Doppler radar precipitation data both provide information about the extent of storms over the Rio Puerco basin, which has few weather stations.
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The drainage network of the Rio Puerco basin has two major branches: the main stem, which drains areas on the north and east sides of Mount Taylor, and the Rio San José, which drains areas to the south and west of Mount Taylor

.

How arroyos work 
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A small tributary in a headwater catchment of the Rio Puerco cuts headward into a smooth-bottomed valley. Located just in front of the trees is an older arroyo, whose walls have begun to stabilize and revegetate. 
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Rock that is easily eroded is one of the essential ingredients of arroyo formation. In semi-arid climates, where there is little vegetation on the landscape, the abundant erosion products are washed downhill, where they accumulate in alluvial fans. This fan, composed of fine-grained sediment, has a small arroyo incised into it. 
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Numerous fans merge into continuous valley fills of soft, easily eroded material. If slopes are steep enough, vegetation cover low enough, and precipitation high enough, then the stage is set for incision of arroyos.

Volume of material
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The arroyos of the main channel of the Rio Puerco have a volume of about 0.30 cubic kilometers. Imagine a pile of dirt 1 kilometer (0.62 miles) wide on each side and 300 meters (the length of three football fields) high.

[image: image27.jpg]



Material is added to the channel by two major processes: collapse of arroyo walls and piping. Collapse occurs when wall materials are weakened and saturated either by channel flow or by local precipitation. Piping occurs when local precipitation flows into the soft arroyo wall materials and encounters favorable flow paths that are enlarged until they become voids. In some places in the Rio Puerco, piping has created voids that can swallow automobiles. Once introduced into the channel, the disrupted wall materials are readily transported by the stream during periods of high flow. The relative volumes of material that are produced by collapse and piping are unknown.

In-channel sediment movement

Arroyos of the Rio Puerco are ephemeral streams, which means that they carry water only part of the year or, in especially dry years, not at all. One effect of infrequent flow is the absorption of water into the channel. As a storm flood passes downstream, it diminishes in volume; its capacity for sediment transport diminishes; and it gradually drops its sediment load.


An upstream section of an arroyo may pick up material from its bed, thus lowering the channel bottom, while a section downstream will accumulate sediment that can no longer be carried because the channel has absorbed water. Under certain conditions of climate and upstream sediment contribution, a channel can completely refill with sediment.


Storage and movement of sediment

After initial incision, an arroyo typically displays an inner channel and adjoining terrace(s). When high-volume flow exceeds the capacity of the inner channel, then the terrace(s) flood, but their vegetative cover - which develops because flow occurs there less frequently than in the inner channel - slows the flow and causes sediment to fall out. What results is a contest in sediment balance between accumulation on the terrace surface and removal from the terrace wall. Scientists do not yet know the laws that govern rates of retreat of terrace walls; laws that govern sediment deposition on terrace surfaces are relatively better known, but are site specific and complex.

Four levels of terraces are seen here close to the inner channel. Deposition forms a smooth upper surface, then flow in the stream removes material from the terrace edge, typically leaving a small scarp. The cohesive, fine-grained sediments of the Rio Puerco cause scarps at all scales to be nearly vertical. During periods of low stream levels, the vertical walls degenerate into smoother slopes.


View of the Rio Puerco main stem just above the confluence of one of its major tributaries, the Arroyo Chico. The river is incised 3 m into the broad valley, and vegetated terraces have formed inside the arroyo. Terraces are sites of slow flows and sediment deposition when floods exceed the capacity of the unvegetated inner channel.


Upland Erosion 


Arroyos are dramatic features of the landscape, but their formation depends on the supply of sediment that comes into the valley from the less dramatic hill slopes, which cover more than 90% of the landscape. Scientists have installed simple instruments that catch water and sediment on hill slopes during precipitation events. After each event, scientists weigh the sediment and water produced by each small test area. They also monitor precipitation, streamflow, and sediment transport in nearby streams in order to better understand the magnitude of each event. These studies provide quantitative data on the supply of sediment from uplands into stream channels, and relationships between precipitation rates and rates of sediment movement. 


Preliminary results indicate that the amount of sediment moved by rainstorms of similar magnitude varies over a wide range. Random processes or unmeasured variables (raindrop size, for example) cause these variations. Measurements of numerous events will be required in order to develop reliable quantitative models of sediment movement. 


Upland studies have been designed to compare sediment production between areas that have been managed with differing levels of grazing. One study site has won awards for its protective range management practices, while another has numerous erosion features that are the result, in part, of sparse vegetation.

The Arroyo Chico just above its confluence with Rio Puerco is incised through 6 m of valley fill material and 2 m into bedrock. A vegetated terrace remnant is seen at left; it is likely that the terrace was substantially wider in the past, but its edges have been eroded during periods of high flow.





The cutbank of the Rio Puerco is only a few feet deep in this photo from 1884, near San Luis. The main channel can be seen in the distance just beyond several cottonwood trees, with Cabezon Peak in the background. (Photo by E. A. Bass, Courtesy of C. Gorbach)





After incision, the arroyo is approximately 40 feet deep, and hundreds of feet wide. Photo was taken near San Luis in 1977. (Photo by H. E.  Malde, Courtesy of C. Gorbach)





This ditch heading, suspended approximately 30 feet above the the bed of the river, was functional until 1951. Residents periodically built larger dams to keep up with the deepening channel, but maintenance of the diversion structures often became impossible, resulting in abandoned structures like this one.





Lower reach of the Rio Puerco, looking downstream from US 85 in 1996. The floodplain of the channel has aggraded and colonized with salt cedar (tamarisk). Floodplain aggradation and vegetation have caused the main channel to narrow and develop a single thread channel.(Photo by Jerry Wall, Courtesy of C. Gorbach)





Local precipitation has flowed through the valley-fill materials, creating voids through the process of piping. The void in this arroyo bank is more than 6 m high.





Photograph of a collapsing wall of the Rio Puerco arroyo. The wall is approximately 6m high. Thousands of similar collapses along all 


 sections of the arroyo place loose sediment directly in the stream channel. With such a constant supply, streams are fully saturated with 


       sediment. The muddy flows that result gave the Rio Puerco its name, which means "pig river" or "dirty river" in Spanish.








The Rio Puerco at the Interstate 40 crossing exhibits arroyo walls with slumps, vegetated terraces, and natural 


              levees along the margin of the inner channel. The slumping arroyo wall is approximately 6m high.








Detail view of a wall of the current arroyo. Here the river previously cut an arroyo into the sandstone (the blocks just below the man's hand) in a different path from the current one, depositing fist- to head-sized cobbles. That arroyo was then filled with fine-grained sediments prior to incision of the current arroyo.





The wall of this arroyo displays a small channel that was refilled prior to incision of the current arroyo (the old channel is where the layers of sediment appear to "sag" on the arroyo wall). Scientists can often find pieces of charcoal in these earlier channels (charcoal is the result of lighting-ignited wildfires) and use carbon-14 age determinations to gauge the history of incision and refilling at each site. The horizontal structure at the top of the channel fill indicates episodic deposition of fine-grained water-borne sediments. Episodic deposition was provided either by a series of low peak flows in this channel or by overflow from another channel. In either case, this channel was eventually abandoned in favor of another; such shifts occur frequently in sediment-laden streams. 








The junctions of the trunks and roots of trees on this terrace lie about 50 cm below the current terrace surface. These junctions were at the terrace surface when the trees began to grow, so 50 cm of sediment has been deposited on the terrace during the trees' lifetime; the ages of the trees have not been determined. During the same period, the margin of the terrace has retreated an unknown distance.





Scientists have constructed a small artificial wall to collect runoff and sediment moving on a hillside during precipitation events. The board at the bottom of the photo covers a collection trough; tubes connect the trough to collection buckets that provide capacity for large events (see next illustration).





Tubes from the collection trough (see prior illustration) carry excess water and sediment to collection buckets, which are weighed after each storm event in order to measure water and sediment production.
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