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Thank you very much. First of all, I would like to
acknowledge my co-authors: James Hogan who works
at the University of Arizona and my graduate students
Liz Bastien and Suzanne Mills. I would also like to
acknowledge the funding through the Center for
Sustainability of Semi-Arid Hydrology and Riparian
Areas (SAHRA), which is funded by the National
Science Foundation. Here is the study area that I am
going to be discussing (Fig.1). It encompasses the Rio
Grande from its headwaters in Colorado basically down
to El Paso, really all the way down to Fort Quitman,
but I will not talk about that too much. This is a
geological feature that is formed by the Rio Grande
Rift, a long continental rift. It is subdivided into various
sedimentary basins that are outlined here. These play
a role in the story that I’ll talk about shortly.

What is the problem? This is the basic issue. This
graph shows the total dissolved solids (TDS) from the
headwaters of the Rio Grande down to below El Paso
(Fig. 2). There are data from 2000 and 2001. The
summer data are in red, winter 2000 data are in green,
and winter 2001 data are blue. We start out with about
40 mg/L TDS at the headwaters in Colorado, and as
we go down the river this progressively increases. Here
is the recommended drinking water limit, denoted by
the red dotted line. You can see that south of Elephant
Butte Reservoir, for at least a good part of the year,
the water is well above that limit. This is a tens of
millions of dollars level problem for agricultural,
municipalities, and industry in southern New Mexico
and in Texas. I am going to address two questions
today. Where is this salt coming into the river—what
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Figure 2. TDS of the Rio Grande

are its sources? Have the changes that people have
made in the river system over the past hundred years
acted to increase the salinization of the river?

So, where could salt be coming from? The main
sources are salts that come into the river through
precipitation and  weathering of rocks in the source
areas for the river. Another potential source is
wastewater discharge into the river. Then I have a
whole list of them here: riparian transpiration,
consumptive use in urban areas, open water
evaporation—such as from Elephant Butte, and
agricultural evapotranspiration. These are not really
sources of salt, but they all serve to concentrate salt
that it is in the water by putting quite a bit of water into
the atmosphere. The salt stays behind. Finally we have
subsurface sources, such as geothermal waters and
saline groundwater that we also have to consider.

This is not an easy problem. People have
recognized this issue for well over 100 years. It has
been studied, and various hypotheses have been put
forward. J.B. Lippincott, who was one of the most
noted agricultural engineers of the early 20th century,
felt that he had identified the source of the problem,
saying, “The increase in salinity of the waters of the
Rio Grande [is] due to their use and re-use [for
irrigation] in its long drainage basin...” (1939). In other
words, it is due to evapotranspirative concentration.
The United States Department of Agriculture restudied
the problem in the 1930s through the 1950s. Wilcox
who was the principal investigator in that study came
to the conclusion that “There is a relatively large
increase in the tonnage of both sodium and chloride
from the upper to the lower stations... [that can be]
attributed to the displacement of salty groundwater in
the course of irrigation and drainage operations” (1957).
He does not say where the salty groundwater came
from. It could be due to the evapotranspiration that
Lippincott mentioned, or it could be due to other
sources. He was not clear on that, but both of them
pretty much put the blame in the lap of agriculture.
Finally, the Rio Grande was part of a larger study done
by Van Denburgh and Feth in 1965. They noted that
only 4.2% of the chloride burden of the Rio Grande
originated from atmospheric deposition over the
catchment and attributed the remainder to “continental
solute erosion.” This is something different from
agriculture, but it is hard to know how useful this is.
What do they mean by continental solute erosion?

The traditional approach that all of these previous
studies used was to measure discharge and salt

Figure 1. Rio Grande Basin
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concentrations at gaging stations, and they compute
the salt burden based on that. We used a somewhat
different approach, which was to measure
environmental tracers at high spatial resolutions at the
river and to interpret those results using geochemical
fingerprinting and dynamic simulation modeling. This
just shows our sampling points along the river. These
are not all of our sample locations. For highest
resolution, we tried to sample every 10 kilometers down
the river.

Figure 3 depicts the geochemical fingerprinting
approach, using samples taken from the river. I show
two tracers here: chloride and the chloride/bromide
ratio. Chloride and bromide are both halides that
operate almost identically geochemically. I plotted this
ratio against the concentration of chloride,  going from
low to high concentration. Here is the sort of
fingerprinting. Meteoric waters, which mean just
basically precipitation and runoff, have low values of
chloride concentration. As we see, it is less than 100
mg/L certainly. It also has low values of the chloride/
bromide ratio. Geothermal waters have fairly low
chloride concentrations and a somewhat higher chloride/
bromide ratio. We see sedimentary brines are high on
both of these. The reasons why these things have these
patterns are well known. I am not going to take the
time to go into it today. Notice we have a star here
which represents a particular sedimentary brine of
which I will give you the origin in a minute.

If Lippincott’s hypothesis is right and it is just
evaporation that is working, we would see this meteoric
ratio in the headwaters of the river stay the same, but

the chloride concentrations would increase. On the
other hand, we could have increases in salts through
the mixing process (this is a mathematically computed
mixing line), in which case we would expect the
sedimentary brine concentrations to follow along this
line and the geothermal concentrations to fall in between
those. What do the actual data do? Here is what they
do. This is going from the headwaters of the Rio Grande
down through El Paso. We see that they fall quite close
to this mixing line.

Figure 4 shows a somewhat different set of tracers.
Again, the chloride/bromide ratio, but now we have
chlorine-36 which is a radioactive isotope of chlorine,
over chlorine itself. We have a double ratio type of
plot here. On this type of plot, the headwaters have
high chlorine-36, which is from production of this
isotope in the atmosphere. Geothermal waters have
much lower chlorine-36 and also a relatively low
chloride/bromide ratio. Sedimentary brine waters have
low chlorine-36, but a high chloride/bromide ratio. They
are quite distinct on this plot. On this one, if Lippincott’s
hypothesis is right, all of the samples will fall over here
because neither one of these ratios will be affected by
evaporation. On the other hand, mixing will cause them
to fall along the line like this. Mixing with the
geothermal water will cause it to fall along a line like
that. What do the actual data do? They fall very nicely
along the mixing line from the headwaters down through
El Paso. We can come to a pretty firm conclusion.

Our preliminary or interim conclusion is that a large
part of salinization in the Rio Grande is due to seepage
of deep brines that are basically of sedimentary origin.

Figure 4. Geochemical fingerprinting using chlorine-
36/chlorine and chloride/bromide
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Where are these brines that are in the Rio Grande? Is
there a pattern here? Here is a plot of the chloride/
bromide ratio as a function of flow distance with various
points along the Rio Grande identified. You can see a
general trend and increase. Let us look a little bit more
closely at this trend of increase. It looks kind of smooth
if you just look at it overall. If you look at it in detail,
you see that from the headwaters up to somewhere in
between the state line and Albuquerque, there is a
pretty constant ratio and then there is a jump upward.
That jump upward is somewhere close to Albuquerque.
It turns out that this particular jump is due to the
Albuquerque wastewater treatment plant. Then,
following Albuquerque, there is another fairly flat trend
and a jump upward close to San Acacia. From San
Acacia it is flat for awhile, then at Elephant Butte
Reservoir it rises again. From Elephant Butte it is flat
again, rises a bit at Seldon Canyon, and finally south of
Seldon Canyon it is flat for awhile and jumps up at El
Paso. It is really sort of a stepwise increase, not
continuous input.

So where are the points of those steps? Figure 5 is
a similar diagram to the last one I showed you; it has
been somewhat expanded. You can see where the salt
is coming in. If we look at the first place that we have
a big jump in the salt concentration, it is at San Acacia.
Here is that jump, and we see San Acacia identified
there. Then, here is the next jump, which is down at
the Elephant Butte area. Another one at the Seldon
Canyon area right there, and finally El Paso itself down
there. If we look at that in terms of the structural
geology of the Rio Grande Rift, what we see is quite
interesting. Here are the basins identified. You see that
north of the Albuquerque basin you do not see those
kinds of jumps, but south of the Albuquerque basin the
jumps occur at the southern end of each one of these
basins that form the Rio Grande Rift. Is there a logical
hydrogeologic explanation? Yes, there is. Figure 6 is a
cartoon of these various sedimentary basins. You see
the water flows down at the north end of the basin,
upward at the south end, and out, and that is where
each one of those stars happens. It looks like it is the
natural basin dynamics that are forcing out these saline
fluids at the south ends of the basins.

Have we actually caught these brines seeping out?
The answer is yes we have. First of all, we are going
to look at the south end of the Albuquerque basin where
you see the circled point here. We started poking
around there and came up with this saline pool, which
is right at the very southern end of the basin. It has

Figure 5. Points of salt addition; rraction Cl added vs
flow distance
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chloride at a concentration of 32,000 mg/L, which is
pretty briny. It was the point that formed the star on
the previous diagram. It is right in the sedimentary brine
field.

Next, I am going to look at this point right here,
which is at the El Paso narrows. This isn’t work that
we actually did. I am going to report some very
interesting work done by the Interstate Stream
Commission. They decided to test our hypothesis and
see if these brines were going to appear where
predicted. They went to the southern end of the Mesilla
Basin. Figure 7 is the outline of the Mesilla Basin, and
here are the El Paso narrows where the Rio Grande
cuts through the structural end of the basin. Right there,
they drilled a well, which they named ISC-4. This is a
cross-sectional view of the same thing. This is north,
and this is south. El Paso is down here. Mesilla is up
here. The Rio Grande obviously flows from north to
south. This is the basin discharge that we infer is
happening. This is the bedrock. Here is the basin fill.
It is stepping up here. They put their well right there
where it would intercept that basin discharge if it were
really coming out.

What did they find? Figure 8 is the same plot I
showed you before, but I have expanded the scale a
bit. Here is the result: they have about 18,000 mg/L of
chloride and a TDS of 30,000 mg/L, which is certainly
within the sedimentary brine area. It was very
gratifying to see it on the first try of where someone is
going to go look for the brine. It is indeed there. The
sites of the brine leakage are along structurally defined
pathways, and they can clearly be defined. They are
not just hypothetical. You can go out and sample; you
can drill; and you can find them.

An NSF Science and Technology CenSAHRA

Ciudad Juarez

El Paso

El Paso Narrows

Mesilla Basin

ISC-4 well

Figure 7. The Mesilla Basin

What about the role of agriculture? Lippincott and
Wilcox and all those people pointed the finger at
agriculture. How big of a role does it play? This is the
chloride/bromide ratio here, and this is the chloride
concentration. This is the same kind of plot as earlier.
In fact these are the same data points. It has just been
expanded so you can see them better. They are color
coded so they go from blue at the headwaters of the
river to red at El Paso. The blue here is the San Louis
basin. All of these here are simply analyses of the Rio
Grande itself. You see this progressive increase in the
chloride/bromide ratio as chloride goes up and
sedimentary salt is added in. What I am going to show
you now are the drains coming out of these agricultural
areas in purple. First, we will look at the San Louis
basin drains. Here are the drains. They are right in the
field with the water. That says that the drain water is

Figure 6. Basin groundwater systems
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pretty much the same composition as the water that is
coming in. We are not seeing a lot of added salt coming
in. Next, we look at the Albuquerque basin. The drain
waters are right in the river waters, no big difference
there. Next is the Socorro basin in green. What we
see is that most of the water from the drains is pretty
much the same as the river water, with one bad apple
right here. Next, we have the Palomas basin in orange.
Now, we start to see something different. The waters
that are coming in are considerably higher in chloride
and chloride/bromide than the river. Finally, the Mesilla
Basin is in red. Once again, these data points are way
out here. For most of the river, the drains are simply
returning water of similar quality to the river. It is only
when we get to the Palomas and Mesilla basin that
these drains begin to tap into the deep geological fluids
that are seeping up.

Let us look at that one point for the Socorro basin
that I showed you before. The green points are ones
with ordinary groundwater quality. The red points are
ones that are characteristic of these brines. The big
one in the Socorro basin is the one that is right there
near the little town of Luis Lopez. This shows a
schematic of the water system in the Socorro area.
Figure 9 shows the San Acacia diversion dam, the Rio
Grande. Here is the Socorro main canal. It receives
water from the Luis Lopez lateral drain that goes in
here. The whole system drains into the Elmendorff
drain. That in turn goes into the main channel. The
chloride in the Rio Grande appears to be about 300
ppm. It flows down here, and it gets water from the
Luis Lopez drain, and it is about 1,200 ppm. Below the
junction, it goes from about 300 to 545 ppm. The
conveyance channel goes from 336 ppm to 413 ppm
above and below here. Above the conveyance channel,
the Rio Grande has about 306 ppm and chloride 30
ppm and chloride/bromide 306 ppm. Below the
conveyance channel, the Rio Grande has 386 ppm,
chloride 66 ppm, and chloride/bromide 376 ppm. We
see that chloride doubles, and the chloride/bromide ratio
increases by about 30 percent, where this one source
comes in. It is clear that relatively small, discrete
sources can have a significant impact on the chloride
and the salt burden of the entire river system.

Here is a summary of our results that I have
discussed so far. Salt addition occurs in a stepwise
pattern. Salt is added at San Acacia, Elephant Butte,
Selden Canyon, and the El Paso narrows. Also the
T or C hot springs plays some role. Salt is either connate
fluid—that is, ones that were there when rock was

1200 ppm

TDS = 306 ppm; Cl = 30 ppm; Cl/Br = 306

TDS = 386 ppm; Cl  = 66 ppm; Cl/Br = 376

413 ppm

346 ppm

545 ppm

Cl doubles; Cl/Br increases 30%

Rio Grande

Figure 9. Drains pick up deep-basin salts

deposited in the ocean—or from long-term rock/water
interaction.

I want to make a couple of quick points here.
Wastewater does play an important role, especially in
the Albuquerque and El Paso wastewater treatment
plants. They are a significant component of the salt
burden in the Rio Grande. What about the influence of
long-term climate patterns? These are data from the
Rio Grande from the headwaters down to El Paso.
The blue points here are nondrought years. The ones
that are in red and green are drought years. You see a
very distinct difference between TDS concentrations
of the river for those different time periods. It is clear
that we have continued issues with prolonged drought.
The water quality problems are going to get significantly
worse.

One of the problems that we face is that chloride
concentrations and loads are highly variable in time
and in space. In order to overcome that, we use the
dynamic modeling tool, called Powersim, to understand
these budgets and variability of the solutes. This is a
schematic of the model. I do not really have time to go
through it. This is a water model. This is the chloride
model. Figure 10 shows the output from the model.
This is the chloride burden at San Acacia. The red line
is the actual data. The dark blue line is the model result.
It matches really very nicely. I was very pleased about
the simulation. Here is the chloride budget of Elephant
Butte Reservoir with the same color scheme. Again,
really quite a good match over quite a long period. We
feel that the model performs really well. I put Figure
11 together to summarize the results of the model. This
is the average annual chloride burden in tons of chloride
per month. These are various locations. Here is the
mainstem input, above Lobatos when the river is coming
out of Colorado. Here is the contribution to the chloride
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budget from tributary inflows. What we see here is
basically the Rio Jemez and the Rio Puerco and the
Rio Salado. Below the Rio Salado, there is not much
tributary inflow, anyway. This is input from wastewater
treatment plants. The big ones here are the
Albuquerque wastewater treatment plant and the El
Paso wastewater treatment plant. Finally, here is the
input from subsurface brines. These are cumulative.
Each one of these is built on the next one. Deep brines
plus tributary inflows, which are basically the same
kind of salt, account for about two-thirds of the chloride
increase in the Rio Grande down through El Paso.

The last question here: are modern practices
responsible for worsening water quality, perhaps by
increasing brine inflow? In order to answer that
question, I am going to look at two studies: the study
by Wilcox done from 1934-1950 and a study by the
USGS hydrologist Stabler from 1905-1907. He
measured water quality at San Marcial and El Paso
for that time period. Figure 12 is the summary of
Wilcox’s dataset, in comparison with modern data. This
is again the average monthly chloride burden, and these
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Figure 10. Model results with brine inflows: Cl burden

are the different sites for which the monitoring was
done. The 1935-1950 dataset is in blue. The modern
period is in the dark color. What you see is that in all of
the stages, the 1935-1950 chloride burden is higher
than that for the more recent period. We could
hypothesize and go on about possible explanations for
this, but it is clear that the processes over the 20th
century time period have not acted to increase the
chloride burden of the Rio Grande.

Next I will look at the Stabler dataset. This is a
really valuable dataset, because this was taken before
Elephant Butte dam was constructed. I am going to
show you this in terms of monthly chloride
concentrations. This is at San Marcial. Here is the
concentration in mg/L. Here is the modern monthly
value. It is low during spring runoff in April and May,
high in the winter. Here is what Stabler found. I was
struck when I compared these two initially by how
similar Stabler’s data are to the modern data. I would
have expected a lot more change. The main difference
is that there are lower concentrations in spring runoff,
which of course was much larger back then and higher
concentrations in the fall.

Now let’s look at El Paso (Fig. 13). This is the
modern pattern at El Paso. Here it is again low when
the water is released from Elephant Butte Reservoir
in the spring and summer and high in the winter when
the gates are closed at Elephant Butte. Here is what
Stabler found. Very interesting. It is lower in the spring
part of the year when there was much more runoff
coming through. The flows were much higher then.
But during the period from July through November the
concentrations were much higher. The water quality
was in fact significantly worse during that time period.
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I had Heather, my student, run her model with
Elephant Butte and all of the additional agriculture since
1960 removed. Here is what she found. This is the
model. You can see that during the early part of the
year, it matches beautifully. In this autumn part of the
year, the match is very poor. Why is the match very
poor? It is because she did not include the brine input
in this model. If we add in the brine input, that is
basically that difference. It is clear that this major brine
inflow was happening back in 1905.

About two-thirds of the chloride in the Rio Grande
is from some form of geologic salt, either brine leakage
or tributaries. Brine leakage is localized along structural
features, faults that are at the southern end of these
basins. It is not just a diffuse seepage coming up. That
means that it is possible to conceive of putting in wells
and pumping that brine and disposing of it somehow,
thereby improving the water quality of the Rio Grande.
The brine leakage predates development of the river
by people and may actually have decreased during the
20th century. Finally, although agriculture certainly does
contribute to the salinization of the Rio Grande, it
probably does not have a primary role in doing that,
contrary to the inferences of Lippincott and Wilcox.
Thank you very much.

Question: Have you looked at sulfate? It would appear
that as you are going from the upper part of the Rio
Grande all the way down to El Paso that you are looking
at the flow of the basin from north to south rather than
laterally from mouth-front recharge zones primarily in
the eastern part of the basins. Can you clarify that?

Fred: In answer to the first question, we are looking at
sulfate and other reactive solutes in the river system.
However, it is a much more complex problem than
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Figure 13. El Paso chloride

chloride which has the simplest geochemistry. We have
not analyzed all of that data and modeled it yet. In
answer to the second question, the model basically looks
at the solute budget by modeling all of the known and
quantifiable inputs and transport of chloride and then
looks at the residual that cannot be explained from the
deep processes. It is not distinguishing between lateral
inflow and inflow that comes in parallel to the river. It
is not a spatially distributed model.
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