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INTRODUCTION

The Rio Grande has episodically become disconnected from the Elephant Butte Reservoir pool
in southern New Mexico after drought-induced periods of drastic reservoir recession, most
recently from 1998 to 2004. Relatively high sediment loads coupled with low water discharge
and a flat valley slope caused the river channel to lose form within the reservoir delta. Water and
sediment could not be effectively delivered to the reservoir pool due to the lack of an established
channel, which led to high evapotranspiration water loss within the delta area. Therefore, a
channel was constructed between 2000 and 2004 to reconnect the river to the reservoir pool.
Annually recurring adaptive maintenance of the excavated channel has been required to remove
accumulated sediment, clear vegetation, and repair spoil berms. Upstream of the delta area,
concerns have included sediment plugs that blocked the main channel and headcuts that caused
bank instability and habitat loss. These issues motivated an assessment of channel conditions and
dynamics within a geomorphic framework that considers the primary physical processes that
govern alluvial river morphology. A reach length of 60 miles was evaluated from Elephant Butte
Dam to the Highway 380 Bridge, with emphasis on the subreaches closest to the reservoir pool.

This reach of the Rio Grande is highly dynamic and behaves with a great deal of complexity. The
geomorphic drivers of water discharge and sediment load, coupled with the primary control of
downstream base level (reservoir pool) elevation, have varied significantly from the early 1900s
to the present. After a period of initial reservoir filling that followed dam construction in 1915,
the reservoir water surface has fluctuated over a vertical range of 150 feet (a shift in the
horizontal water surface of around 32 river miles) corresponding to wet and dry climatic periods.
Given that the Rio Grande’s water and sediment inputs are varying while the downstream control
is changing, it is clear that a complex series of responses should be expected. The river’s
planform, cross-sectional shape, slope, bed elevation, and other morphological characteristics are
continuously changing in response to alterations in water discharge, sediment load, base level,
and anthropogenic actions (Schumm, 1977; Watson et al., 2007).

The relationship between upstream geomorphic drivers and the downstream control often results
in a sediment imbalance upstream of the reservoir pool. An imbalance between sediment supply
and sediment transport capacity is the prevailing condition within this reach of the Rio Grande,
which causes frequent channel adjustments over both space and time. Analysis demonstrates that
the slope and bed elevation of the Rio Grande through this reach respond to a rising or falling
reservoir pool. Locations near the reservoir pool tend to adjust quickly, while channel response
further upstream occurs later in time and at a lesser rate. Backwater effects from the reservoir
may amplify or dampen channel adjustment to upstream water and sediment discharge. Although
periods of degradation have been initiated when a high flow event occurs while the reservoir
pool is low, aggradation is the most dominant characteristic of this reach.



Sediment balance implies a relative equality between the material made available to a stream
from a watershed (sediment supply) and the capacity of a stream to convey the available material
(sediment transport capacity). Sediment supply to a river is primarily a function of water
discharge and the quantity and characteristics of available sediment. Sediment transport capacity
is determined by the channel morphology and its interaction with flowing water. The
fundamental cause of most channel and floodplain adjustments is an imbalance between
sediment supply and transport capacity (Lane, 1955; Schumm, 1977). Figure 1 shows that the
rate of sediment transport in a river, or section of river, is governed by a limited sediment supply
(supply limited) or a limited transport capacity (capacity limited) (Julien, 1998). The relative
magnitude of these two variables determines the response of the river. Where an alluvial river
system has excess transport capacity, typical adjustments include channel incision, bank erosion,
and potential planform change from a braided sand bed channel to a single thread, mildly sinuous
channel with a coarser bed. Additionally, a reduction in sediment supply generally results in a
narrower, deeper channel with a flatter local slope and increased sinuosity. Where a river has
excess sediment supply and limited transport capacity, channel aggradation will occur.
Aggradation usually causes a wider, shallower channel with a steeper slope, decreased sinuosity,
and reduced flow capacity (Reclamation, 2012).
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Figure 1 Sediment transport and supply curves (after Julien, 1998).

Lane (1955) proposed a qualitative relationship for adjustment in alluvial streams as a function
of sediment supply and transport capacity. This relationship, known as Lane’s balance (Qsdso ~
QS), states that the river’s sediment load (Qs) and median sediment size (dso) are proportional to
the river’s water discharge (Q) and slope (S). Although the relationship is indeterminate, it
provides a conceptual framework for evaluating the direction of change that would restore
balance to a river system where one or more of the parameters have been altered. The concept of
Lane’s balance and sediment balance was first discussed by Davis (1895), who explained how
the gradient of a stream adjusts so that the capacity to do work (related to sediment transport
capacity) is equal to the work that must be done (related to sediment supply). Davis’s description
of work is essentially the river’s ability to effectively transport the available water and sediment.
The river morphology adjusts in an attempt to balance the energy of the flow with the sediment
regime.



GEOMORPHIC DRIVERS

Sediment balance, or imbalance, is affected by two types of factors: drivers of channel
adjustment and controls on channel adjustment (Makar and AuBuchon, 2012). During a period
of years, decades, or centuries, the primary drivers that determine alluvial channel morphology
are the flow regime and sediment load (Schumm, 1977; Watson et al., 2007).

Flow Magnitude, Frequency, and Duration: On the Middle Rio Grande, flood and sediment
control dams have altered the hydrologic regime by reducing flood peaks. Natural climate cycles
have also affected streamflow characteristics. During dry periods from 1943-1978 and 1996-
present, most of the recorded peak flows are substantially less than 5,000 cfs and the annual flow
volume is typically less than one million acre-feet. Wetter cycles from 1903-1942 and 1979-
1995 resulted in peaks significantly greater than 5,000 cfs and annual flow volumes greater than
one million acre-feet. The sequencing, or relationship, between monsoon and spring runoff
events contributes to the sediment balance complexity because much of the sediment is supplied
to the river during monsoons and transported during spring runoff flows.

Figure 2 illustrates the total annual valley flow volume, as calculated by combining values from
the Rio Grande at San Marcial (USGS Gage 08358500), Rio Grande Floodway at San Marcial
(USGS Gage 08358400), and the Rio Grande Conveyance Channel at San Marcial (USGS Gage
08358300). The gage locations are combined in order to maintain consistency across the period
of record while accounting for operation of the Low Flow Conveyance Channel (LFCC) from
1952 to 1975 and 1983 to 1985. The annual flow volume incorporates both the magnitude and
duration of flow events so it is a good indication of the energy provided to the river. The channel
planform has narrowed and become more uniform as decreased peak flows have not reworked
the channel to the degree it had been in the past (Makar and AuBuchon, 2012). It is evident that
flows upstream of Elephant Butte are quite dynamic; the variability exists within wet-dry cycles
and across the entire period of record.
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Figure 2 Annual valley flow volume at San Marcial (1895-2012).



Sediment Supply: Sediment supply is coupled with water discharge as the primary drivers of
channel morphology and is also half of the sediment balance relationship. For an alluvial
channel, sediment particles at a given location must have been eroded from within the watershed
above the cross section and transported by flow from the place of erosion to the cross section
(Julien, 1998). The Rio Grande is a sediment-laden river with many sources contributing to the
total load including upland erosion (overland flow), tributaries (arroyo flow), and bed/bank
erosion (main channel flow). Sediment supply is difficult to quantify due to the highly spatially
and temporally variable physical processes that are not easily measured.

Sediment loads have been reduced on the Middle Rio Grande as a result of reduction of peak
flows, deposition in reservoirs, and other sediment control measures (Makar and AuBuchon,
2012). Figure 3 is a double mass curve of cumulative suspended sediment load versus water
discharge at San Marcial. It should be noted that suspended load is only a portion of the total
load and does not include coarser particles that are transported near the bed. A steeper slope on
the graph indicates that a greater volume of sediment is being carried for an equal discharge, as
compared to a flatter slope that represents a smaller volume of suspended sediment for the same
discharge. The figure shows a high concentration of sediment from 1955 to 1977, a slightly
lower concentration from 1978 to 1982, and an even lower concentration from 1983 to 1992.
Beginning in 1993, the concentration increased for a period through 2006, after which it
decreased again between 2007 and 2012. Data from future years may show if a true shift
occurred in 2007, or if the current period is statistically similar to 1993-2006.
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Figure 3 Cumulative suspended sediment load versus discharge at San Marcial Floodway Gage.



GEOMORPHIC CONTROLS

Controls can be defined as factors that limit or influence the effect that drivers have on channel
adjustment (Makar and AuBuchon, 2012). These factors are further characterized as channel and
floodplain controls or base level control.

Channel and Floodplain: The channel boundary consists of the stream bed and stream banks;
the material composition of these features significantly affects channel planform and cross-
sectional geometry. Bed and banks that are erodible allow the river to freely shift shape, position
or pattern. The relative stability and roughness of the bed and banks often determines whether
the channel will adjust laterally or vertically. When sediment transport capacity exceeds supply,
a channel with an erodible bed and resistant banks will tend to incise. Over time, the bed material
may coarsen and incision may continue below the vegetative root mass elevation, thus stabilizing
the bed and destabilizing the banks. At this time, lateral erosion of the banks will occur as
described in the Channel Evolution Model (Schumm et al, 1984; Watson et al., 2007). Coarser
bed and bank material typically provide enhanced stability, but fine-grained cohesive sediments
may also be relatively erosion resistant. The presence of clay layers has been well documented
within the study area (Hilldale, 2003; Bauer, 2007). Cohesive silt and clay are usually most
prominent on bars and floodplain surfaces, although there have been observations of clay
spanning the entire width of the riverbed. Existing clay layers may have been deposited long ago
in former overbank or reservoir pool areas, but there is also a significant amount of cohesive
material deposited annually by arroyo flows. Bed material grain size is classified as fine sand
(0.125-0.25 mm) for the majority of the study reach and medium sand (0.25-0.5 mm) for the
most upstream 10-20 miles. Coarsening has occurred during the previous 40 years, a trend that is
consistent with other reaches throughout the Middle Rio Grande (Makar and AuBuchon, 2012).

Floodplain characteristics also act as a control on channel adjustment. A well-connected
floodplain where overbanking flows frequently occur provides a negative feedback mechanism
that dissipates energy during large floods. A positive feedback loop occurs in channels with a
disconnected floodplain as the energy is confined to the channel and increasing velocity and
shear stress are amplified. Floodplain confinement is a control that limits lateral migration and
the width of overbanking flow due to natural geologic outcrops or artificial levees. Lateral
constraints confine sediment-carrying flood waters and may increase the depth of deposition
because the available area is reduced. Deposition across a river and floodplain cross section is
not uniform, owing to the vertical sediment concentration profile and local site conditions. Many
cross sections within this reach show a channel perched above the floodplain, and a floodplain
perched above the valley. Overbanking flows within these areas are often separated from main
channel flows, thereby reducing channel sediment transport capacity and contributing to
sediment imbalance. A perched system is indicative of disequilibrium and increases the
probability of channel avulsions or levee breaches.

Base Level: Base level, the downstream limit of the stream network and origin of the thalweg
profile, controls the longitudinal water surface profile for typical alluvial rivers. Changes in base
level have the potential to initiate instability within the river system (Watson et al., 2007). Table
1 distinguishes the primary causes of bed elevation change that progresses downstream from that



of an upstream progression. Base level lowering, such as a drop in reservoir pool elevation,
locally increases slope at the channel outlet (e.g., reservoir delta) thus increasing sediment
transport capacity. If the increased capacity exceeds sediment supply, the abrupt break of slope
(headcut or knickpoint) migrates upstream through the system. The peak rate of degradation is
dependent on discharge and usually occurs fairly quickly and then slows over time, while also
declining at further distances upstream. Incision may trigger bank instability that generates
lateral erosion and channel widening. Bank erosion provides additional sediment input to the
stream and the system oscillates through a series of adjustments to the new base level until
relative stability is restored. (Stability may never be restored if the base level continues to
fluctuate and there is not a balance between sediment supply and transport capacity.) In the
absence of a geologic control, the final gradient resembles the same form as the original slope,
but at a lower bed elevation throughout the affected reach (Knighton, 1998; Watson et al., 2007).

Table 1 Main Causes of Streambed Elevation Change (adapted from Knighton, 1998).

Type of Bed Upstream Driver: Cause of Downstream Control: Cause of
Elevation Change Downstream Progression Upstream Progression

water discharge increase;
sediment supply decrease
water discharge decrease;
sediment supply increase

Degradation base level fall

base level rise

Aggradation

Conversely, a rise in base level reduces local transport capacity at the river/pool interface and
initiates or increases deposition. Lai and Capart (2008) conducted physical and numerical
modeling to examine longitudinal delta profile evolutions over time for a constant base level and
a steadily rising base level. For both cases, the greatest amount of aggradation occurred at the
intersection of the pool water surface and the riverbed, while the rate of aggradation decreased
further upstream. The rising base level models showed that the zone of greatest aggradation
moved upstream in response to the advancing reservoir pool shoreline. At a constant location
significantly upstream of the reservoir pool, there was more aggradation during the rising base
level experiment than the steady base level experiment.

Reservoir and Riverbed Elevation Analysis: Construction of Elephant Butte Dam began in
1908 and was completed in 1916, with water storage operations beginning in 1915. The dam’s
spillway is an uncontrolled ogee crest weir and has a crest elevation of 44525 feet in the
NAVD88 datum (Ferrari, 2008). The reservoir pool filled fairly rapidly between 1915 and 1920,
and then declined slightly until large floods in 1941 and 1942 completely filled the reservoir.
Between 1942 and 1951, the average annual pool elevation dropped 114 feet. The reservoir pool
stayed fairly low through the end of the dry period in 1978 and then increased 101 feet to full
pool elevation in 1986 due to large flows in the 1980s. The reservoir was essentially full between
1985 and 1995 before declining slightly through 1998. Between 1998 and 2004, the average pool
elevation dropped 90 feet. A moderate increase of 35-40 feet occurred between 2004 and 2009
prior to a similar decrease of 30—40 feet through 2012.

Figure 4 shows a time series plot of the pool water surface elevation compared to the riverbed
elevation at San Marcial. San Marcial is about 42 miles upstream of Elephant Butte Dam, 31
miles upstream of the average 2012 pool elevation, and 5 miles upstream of the full pool



elevation. The largest rates of aggradation (1920-1948 and 1978-1995) have occurred during
periods of increasing or full reservoir pool elevations. Periods of riverbed degradation (1949-
1972 and 2005-2011) correspond to low or decreasing reservoir pool elevations. The periods of
degradation began during large spring runoff events of 1949 and 2005, both about 7 years after
the reservoir pool started to lower. Bed elevation stabilized briefly from 1950 to 1956, before
large flows in 1957 and 1958 initiated a more constant degradational trend through about 1972.
The 1949-1972 degradation rate was only about one half to one third that of the recent rate, most
likely due to the substantially higher historical sediment load (Figure 3). Short-term degradation
during 1937 (Happ, 1948), 1991, and 1995 was caused by avulsions or sediment plugs that
reduced upstream sediment supply. A sediment plug also occurred in 2005, but the degradational
effect persisted over a longer period of time because of the lowered reservoir pool. All three of
the primary degradation causes (Table 1) were present during the 2005 spring runoff: water
supply increase, sediment supply decrease, and a lowered base level. Although degradation has
occurred during the identified periods, the overall dominant historic trend is aggradational. The
average riverbed elevation at San Marcial has increased by about 21 feet since 1895 and by about
18 feet since Elephant Butte water storage began in 1915.
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Figure 4 Elevation changes of the USGS San Marcial gage and Elephant Butte Reservoir pool
over time (modified from Makar 2013, pers. comm.).

It is instructive to consider the various geographic locations of the reservoir pool shoreline in the
context of the river and reservoir longitudinal profiles. Figure 5 overlays six different pool



elevations on surveyed profiles from 1915, 1988, 1999, and 2007. The two most apparent
observations from the graph are the sediment deposition along the length of the profile and the
tremendous range in horizontal and vertical reservoir pool locations. It is evident that the original
1915 slope was fairly uniform from the dam upstream to EB-10 (near San Marcial). The more
recent profiles show a break in slope (pivot point or knickpoint) at the Narrows where the
greatest amount of historical aggradation has occurred. This is also the historical average pool
elevation, corroborating the model results of Lai and Capart (2008). Degradation at the Narrows
and locations further upstream can be observed in the profiles between 1999 and 2007,
corresponding to a decline in reservoir pool elevation. Strand and Pemberton (1982) describe the
development of a topset slope and foreset slope during the delta formation process. They found
that, on average, the topset slope is half of the original channel slope and the foreset slope is 6.5
times steeper than the topset slope. The grade break between the two slopes is known as the pivot
point, which becomes a knickpoint or headcut within the river channel after the pool water
surface lowers. This process sets up conditions that promote upstream migration of riverbed
degradation after a period of reservoir lowering.
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Comparing the 1999 and 2004 reservoir water surfaces within the context of the longitudinal
profiles also shows why channel excavation was needed to maintain a connection from the river
to the reservoir pool. The flat slope in many areas combined with low flows and relatively high
sediment loads did not provide enough energy for the river to carve its own channel through
several miles of delta. After initial construction was completed in 2004, the channel has required
annual maintenance to adapt to the dynamic nature of the delta area. Concerns were expressed
that the recurring maintenance may cause reach-wide riverbed degradation, which led to a more
detailed analysis of the constructed channel during the maintenance period. Figure 6
demonstrates that during recurring maintenance, the average thalweg elevation responded
directly to the reservoir pool: aggradation occurred between 2004 and 2010 as the pool elevation
increased and degradation occurred between 2010 and 2012 while the pool receded. In this
dynamic and complex system, geomorphic effects that may have been caused by maintenance
actions are not discernable compared to the significant effects from the geomorphic drivers and
the primary control of base level elevation.
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(between EB-28 and EB-50) during recurring channel maintenance.

Reservoir and Riverbed Slope Analysis: River slope is one of the best indicators of the river’s
ability to do morphological work (Watson et al., 2007) and, as discussed earlier, slope directly
affects the transport capacity and sediment balance of a river system. An increase or decrease in
the river slope over time provides insight regarding the river’s response to changes in upstream
drivers (water and sediment discharge) and downstream control (base level). Changes in slope
are a measure of the relative bed adjustment between the upper and lower sections of a reach; if
all cross sections aggraded or degraded equally the slope would not change. A steeper slope that
provides increased transport capacity would result from aggradation at the upper portion of a
reach and/or degradation at the lower end. A flatter slope that provides reduced transport



capacity could be created by degradation at the upstream section of a reach and/or aggradation
downstream. Figure 7 presents thalweg profiles of the Rio Grande from the Highway 380 Bridge
to the Narrows between 1999 and 2012. The pivot point corresponding to the reservoir pool
elevation and the upstream depositional wedge are clearly evident in the 1999 profile. Little
change occurred during the 1999-2004 low flow years before upstream headcut migration
occurred during the 2005 spring runoff. The 2005 profile also shows the sediment plug near RM
72 and the deposition between RM 46-50 of material eroded from upstream. Finally, there is a
zone of convergence between RM 74-78 where the profiles are relatively constant for all years.
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Figure 7 Thalweg profiles from Highway 380 Bridge to the Narrows.

Figure 8 shows the relationship between channel slope and reservoir pool elevation, and also
channel slope over time for different Rio Grande subreaches upstream of the reservoir pool. The
upper subreach contains 9 miles, measured along the thalweg, from near RM 68 to near RM 60
(EB-10 to EB-24A) and the lower subreach contains 9 miles, from near RM 60 to near RM 52
(EB-24A to EB-38). Results for the entire 18-mile reach are also shown for comparison.
Subreach and reach lengths, in addition to longitudinal profile stationing, were measured along
the 2010 thalweg. The lower subreach was partially inundated by the reservoir pool in 1999 and
includes the transition into the channel construction work area that began in 2000. The lower
subreach also includes the 1999 pivot point at EB-30 and is assumed to be the critical subreach
in which transport capacity must exceed sediment supply for a headcut to migrate upstream of
RM 60. Downstream of the lower subreach, the section between EB-38 and EB-50 was not
included because data were not always available, and it should also be noted that this area is
flatter as the Rio Grande enters the Narrows. The figure illustrates the highly variable slope over



time as the river attempts to adjust to changes in downstream base level or upstream drivers. The
lower subreach is particularly sensitive to the reservoir pool and the river slope trend closely
follows the pool elevation. Although the response is not as dramatic, the slope adjustment of the
overall reach is also in sequence with the reservoir pool elevation, steepening when the pool
elevation drops and flattening when the pool elevation rises. For the upper subreach, the change
in slope is out of phase with changes to the pool elevation. This indicates a delayed response in
which the upper subreach adjusts to changes in the lower subreach. Note that lines connecting
discrete slope values in the graphic illustrate trends over time (direction of slope change), and
actual channel slope values are labeled on the reversed y-axes (steeper slopes are near bottom of
graph).
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Figure 8 Changes to channel slope and reservoir pool elevation over time (1999-2012).

Using a constant water surface elevation in the reservoir at the average 2008 level, mobile bed
modeling results predict that the stable slope between RM 78 and RM 46 is flatter than the
existing slope. This means that a combination of aggradation in the lower portion of the modeled
reach (~RM 62-46) and degradation in the upper portion of the modeled reach (~RM 62-78) is
expected for the given hydrology, sediment, and base level conditions (Reclamation, 2012). As
part of a sensitivity analysis, Reclamation (2012) also found that for some discharge scenarios
this reach did not achieve equilibrium even after 120 years of simulation. The model results
support the empirical conclusion that the Rio Grande upstream of Elephant Butte Reservoir is

inherently unstable and terms such as equilibrium or stable slope do not apply for timescales less
than about 100 years.
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