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ABSTRACT'

The Rio Grande Valley from South Fork to Del Norte, south-

central Colorado, comprises a distinct hydrologic system with reasonably

well-defined boundaries. The valley, located on the east flank of the

San Juan Mountains, contains a twelve and one-half mile reach of the Rio

Grande and has an area of 19,400 acres.

A hydrologic budget developed for the alluvial aquifer of the

valley for the period April 1, 1970, to March 31, 1971, indicates an

inflow of 75,000 acre-feet, no storage Change, and an outflow to the

Rio Grande of 25,000 acre-feet with a standard deviation of 5,000

acre-feet. The alluvial aquifer responds rapidly to a springtime re-

charge pulse and the water table rises from a minimum level at the end

of Mardi to a maximum in early July. A, hydrologic budget for this period

in 1970 indicates a Change of storage of 23,000 acre-feet and a storage

coefficient of 0.26.
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CHAPTER 1

INTRODUCTION

Effective water resource management depends upon knowledge of the

operation of the hydrologic system that is to be managed. The more a sys-

tem is bounded, the more accurately can the system operation be deter-

mined. The valley of the Rio Grande between South Fork and Del Norte,

Colorado, comprises a distinct hydrologic system with reasonably well -

defined boundaries.

The purposes of this thesis are to examine the hydrologic pro-

cesses operating on this system and to attempt to quantify these processes

with the objective of developing a hydrologic budget. The budget will

be developed for the aquifer of the system for the period, April 1, 1970,

to March 31, 1971. The extrapolation of the budget into earlier periods

is limited by the lack of conjunctive hydrologic data.

Location and Physiography 

The area of investigation is located in Rio Grande County, south-

central Colorado, at a latitude of 37 °40' N and a longitude of 106 ° 30' W.

The valley is situated on the east flank of the San Juan Mbuntains and

adjoins the west edge of the San Luis Valley (Figure 1).

The area of investigation is a twelve and one-half mile reach of

the Rio Grande Valley, bounded by bedrock outcrops, and has an area of

about 30 square miles or 19,400 acres. The elevation of the river is

1
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Figure I. Index Map.
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8140 feet above mean sea level at the west end of the area and 7840 at

the east end. The tributary watershed of the valley rises to an eleva-

tion of over 12,900 feet and has a drainage area of about 250 square

miles. The west end of the area of investigation is about 50 miles from

the headwaters of the Rio Grande. The river has a drainage area of

about 1200 square miles at that point. Figure 2 presents aerial views

of the valley.

The valley can be divided into three physiographic sections along

the east-west axis (Figure 1). The western section starts at the bedrock

narrows at Gerrard Bridge, two miles east of South Fork and extends to

Embargo Creek. In this section, the valley broadens from about 1000

feet at the narrows to about one and one-half miles at Embargo. The

river flood plain is very narrow with two terrace levels above the river

occupying most of the valley floor.

In the middle section, from Embargo Creek eastward for four

miles, the valley width is about two miles and the flood-plain width is

about one mile. The height and width of the terraces are decreased in

this section. North of the river, a compound alluvial fan formed by

several intermittent streams slopes gently up from the upper terrace.

At the east end of this section, bedrock hills, extending south to the

river, border the alluvial fan, and several buried hills protrude from

the valley floor.

In the eastern section, there is a very narrow flood plain north

of the river and the valley width is about one and one-half miles. South

of the river, the alluvial fan of Pinos Creek slopes gently up from the

river. The terraces are merged with the flood plain or covered by the
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Figure 2. Aerial Photographs of the Valley. -- Upper
photo, looking upstream from Del Norte,
lower photo, flood plain at Del Norte.



Figure 2--continued. Aerial Photographs of the
Valley. -- Upper photo, looking south-
west from Embargo Creek, lower photo,
looking south at Embargo Creek.
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Pinos Creek fan. At the west edge of Del Norte, the bedrock constricts

the valley width to about 3000 feet and _forms the east boundary of the

hydrologic unit. East of this bedrock narrows, the Rio Grande enters

the San Luis Valley, where it has formed an alluvial fan over 12 miles

long.

Methods 

Records of irrigation diversions, irrigated acreage, and stream

flow were obtained from the Colorado State Engineer and the United States

Geological Survey (1969). Precipitation and temperature records . for Del

Norte, Colorado, were obtained from published reports of the Environ-

mental Data Service (1970).

Field data collected included quarterly measurements of water

levels in about 50 observation wells from July, 1969, to August, 1970;

short-term aquifer performance tests of two irrigation wells; geologic

mapping; and a crop survey in July, 1970. Two series of gain-and-loss

measurements were made on the Rio Grande through the valley.

Climate 

The climate of the valley is essentially sub-alpine, charac-

terized by short, cool summers and long, cold winters. Records of

temperature and precipitation at Del Norte are available from 1924 to

the present (Environmental Data Service 1970).

The mean annual temperature at Del Norte is 43 ° F (6 ° C) and

the summer frost-free period averages about 100 days. Normal annual

precipitation depth at Del Norte is 8.65 inches (Environmental Data
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Service 1970) with the majority occurring from summer storms which form

over the San Juan Nbuntains and then move eastward over the valley.

Agriculture and Vegetation 

Agriculture in the valley is stable with four major crops --

hay, alfalfa, grain, and potatoes. A crop survey in July, 1970, was

conducted to determine the area of irrigated crops. Irrigated hay com-

prises the largest cropped area with 3600 acres. Another 5000 acres

of meadows which have a shallow water table produce pasture hay. Alfalfa

acreage is 1700 acres. The short growing season limits the forage crops

to only two cuttings per year. Yields are about two and one-half tons

of hay and three tons of alfalfa per acre. Most of the forage is used

for cattle grazing and feeding on the individual farms and is not

generally marketed.

The main cash crops of the valley are potatoes and Moravian bar-

ley for brewing. Barley yields are about 70 bushels per acre and pota-

to yields are about 275 hundredweight per acre. For many years prior

to 1950, the valley was noted for its production of lettuce. Atwood and

Mather (1932, p. 169) remarked about the extensive production of quality

lettuce. At the present time, there is no lettuce grown in the valley,

probably due to a change of markets.

Native Vegetation in the valley consists of phreatophytes and

hydrophytes in the flood plain and xerophytes on the upper terraces and

alluvial fans. Flood plain vegetation consists mostly of grasses and

sedges with cottonwood trees and alders along the river. The upland vege-

tation consists of rabbitbrush, sagebrush, and grasses.



CHAPTER 2

GEOLOGY

The valley is cut into the Tertiary volcanic rocks which make up

the San Juan Mountains and is filled with Quaternary alluvial sediments.

These sediments form the aquifer which was studied by this investigation.

A more detailed account of the geology of the San Juans is given by

Atwood and Mather (1932) and Larsen and Cross (1956).'

The boundary of the area of investigation as shown on Figure 1

is the contact between the alluvial sediments and  the Tertiary volcaaics.

The bedrock around the valley is composed of andesitic lava flows and

breccias of the Conejos Folmation of the Potosi Group which is of mid-

to late-Miocene age (Cross and Larsen 1935, p. 17). The Conejos Formation

is reported to be over 3000 feet thick (Atwood and Mather 1932, p. 18)

and was folmed during the peak of volcanic activity in the San Juan

Mountains.

Following the deposition of the Conejos Formation, volcanic activ-

ity lessened and finally ceased at the end of the Tertiary. In late

Tertiary or early Pleistocene time, the San Juan Mountains were domed up

and tilted to the east, resulting in dips of the formation of 6
0 to 15 °

toward the east (Cross and Larsen 1935, p. 17). During this orogenic

activity, major drainage systems developed along synclines in the domed

surface, and the Rio Grande was one of these.

8
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The uplift of the San Juans was counterbalanced by subsidence

of the San Luis Valley (Atwood and Mather 1932, P. 26). The Rio Grande

eroded the uplifted mountains and transported the material to fill the

San Luis Valley. The tilting of the east flank of the San Juans occurred

along a north-south hinge line located near Del Norte; as a result, the

valley was a transition area between strong erosion to the west and

deposition to the east (Atwood and Mather 1932, p. 26).

During the Pleistocene, three periods of glaciation occurred in

the San Juans (Atwood and Mather 1932, p. 28). Atwood and Mather

(1932, Plate I) show no glaciation in the valley itself; however, P. A.

Emery of the United States Geological Survey (oral communication 1969)

reported what appeared to be till in samples from a well on the east side

of Del Norte. There is no other physical evidence available to indicate

glaciation in the valley.

The outwash from the glaciation increased the erosion of the

mountains and produced the present terraces in the valley. Atwood and

Mather (1932, p. 49) describe these terraces and how they merge with the

flood plain near Del Norte. The transition from erosional to deposi-

tional conditions through the valley is the cause for the "drowned ap-

pearance" of the bedrock hills which protrude from the alluvium near Del

Norte. The glacial outwash and alluvium, which comprises the valley-

fill material and forms the aquifer of interest to this investigation,

consists of interbedded gravel, sand, and clay layers of Pleistocene to

Recent age. The only exposures of the material are in the riverbanks

where the Rio Grande is eroding into a terrace. These outcrops are
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generally less than six feet high and consist of thin beds of well-

rounded cobbles and gravel or silty sand.

Drillers' logs of wells in the valley generally group the lithol-

ogy of the formation into tens of feet of sand and gravel or clay and grav-

el. The best lithologic information obtained from these logs is the depth

to bedrock in the well. The thickness of the alluvial material ranges

from a feather edge at the contact with the Conejos Formation at the

edge of the valley to over 130 feet (Current 1943) at the valley outlet

near Del Norte. The average thickness of the alluvium in the valley is

about 70 feet.

Geologic cross-sections of the alluvium at the west and east ends

of the valley are shown on Figures 3 and 4. These cross-sections are

based on United States Bureau of Reclamation dam-site investigations

(Darnell 1947; Current 1943). Lithologic information in the valley is

not sufficient to map the thickness of the alluvium.
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Conejos Formation       

8050

300	 690

feet

Figure 3. Geologic Section at Gerrard—after Darnell, 1947.
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CHAPTER 3

HYDROLOGY

The hydrology of the valley is dominated by the Rio Grande. Com-

pared with the annual flow of the Rio Grande at the gaging station near

Del Norte, about 660,000 acre-feet per year (United States Geological

Survey 1969), only the groundwater stored in the aquifer is of the same

order of magnitude. However, due to the physical configuration of the

valley and the effects of man, the system can be analyzed without

directly considering the Rio Grande.

The water table contour map (Figure 5) indicates that the water

table gradient is toward the Rio Grande throughout the valley. Thus,

the river is not contributing water to the system, but is acting as a

drain for the system in its present state. For this reason, the assump-

tion that the flow of the Rio Grande can be disregarded from the anal-

ysis is justified.

Of the several uses of water in the valley, irrigation is the

largest and most important (Table 1). The water for irrigation is sup-

plied primarily by surface water diversions. Municipal, domestic and

livestock uses comprise the remainder of water use in the valley and

are supplied primarily by groundwater pumpage.

Surface Water 

The majority of the irrigation supply, about 25,000 acre-feet

per year, is diverted from the Rio Grande. The irrigation season is

13
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EXPLANATION

.g132 Water table elevation in obser-
vation well in feet above mean
sea level.

g000 -- Line of equal elevation.
Contour interval 20 feet.

Direction of groundwater
movement.

37°40'

Base from Colorado Hwy Dept

0	 2
L_ 	 L 

Figure 5. Water Table Contour Map, July 2, 1970.
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from April 1 to November 1. The peak flow of the river occurs at the

time of snowmelt in the upper elevations of the watershed. This runoff

begins in April and peaks in late May or early June (Table 2). By

July the flow of the river is receding and is generally less than 1,500

cubic feet per second.

The water of the Rio Grande is distributed according to appropri-

ative water rights for this valley and also for the San Luis Valley.

The Rio Grande Compact (Rio Grande Compact Commission 1969) also allots

a portion of the flow at the Del Norte gaging station to the states of

New Mexico and Texas. As a result of the demands for water downstream

and the declining flow after July 1, the majority of water is diverted

in May and June.

The tributaries to the valley also have a peak flow in May due

to snowmelt and their waters are also diverted for irrigation (Table 1).

During the irrigation season, almost all of the flow of the tributaries

is diverted.

The irrigation water is distributed in unlined ditches and, as a

consequence, considerable seepage loss to the aquifer occurs. The quanti-

ty of water diverted is about  four feet per irrigated acre. This value

exceeds the consumptive use, due to distribution losses and over-

application.

Tributary Inflow

The two major tributaries to the valley, Pinos and Embargo Creeks,

provide most of the tributary inflow. The flow of Pinos Creek is gaged

but the flow of Embargo Creek is not. In order to estimate the annual
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TABLE 2 .

Monthly Discharge of the Rio Grande near
Del Norte, Colorado--in thousands of acre-
feet, from U. S. Geological Survey (1969)

Water
Year	 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total

1969-70 39 22 14 11 11 12 21 181 141 94 43 81 667

1968-69 19 13 11 12 11 12 44 175 144 105 47 34 628

1967-68 16 10 9 8 9 13 26 135 232 92 77 31 659

1966-67 15 11 11 8 8 14 23 98 109 37 40 26 401

1965-66 45 21 16 12 11 21 49 180 143 81 30 16 624

1964-65 14 9 7 7 7 9 57 198 268 180 76 47 880

1963-64 14 10 8 7 7 10 24 131 83 31 30 17 372

1962-63 20 14 10 9 9 16 40 118 50 19 17 20 341

1961-62 29 16 13 13 12 16 82 192 201 116 62 19 772

1960-61 15 10 9 7 9 12 37 151 139 33 28 28 478
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discharge of EAbargo Creek, the Channel geometry method of Hedman and

Moore (Jenkins and Hofstra 1970, p. 10) was used. This method is based

upon a relation between average annual discharge and the stream width and

depth in a meander. The relation is described by an equation of the

form
Qa oibpc

where . Qa is 
the mean annual discharge in acre-feet,

W is the Channel width in feet,

D is the mean Channel depth in feet,

a, b, c, are empirical_ coefficients.

For this analysis the relation used was mean annual discharge

and Channel cross-sectional area of the form

= aAb

where A is the channel area in square feet, the product of W and D.

Figure 6 shows the relation derived for five gaged streams in or near the

valley. The line on Figure 6 was fitted by eye_ La Ganta and Carnero

Creeks drain the area north of the valley and San Francisco and Rock

Creeks drain the area southeast of the valley. The annual discharge

values used are those published by the United States Geological Survey

(1969). Using the median value of five areas determined for Eiribargo

Creek, 9.4 square feet, the estimated mean annual discharge is 10,000

acre-feet.

Another method of estimating discharge from an ungaged watershed

is correlation with a nearby gaged watershed. The runoff per square mile

of the gaged watershed is assumed to be representative of the ungaged
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Figure 6. Mean Annual bischarge Versus Channel Area.
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watershed and the product of the runoff value and the watershed area is

the estimated annual discharge.

Table 3 contains a summary of the areas, discharges, and runoff

values for four of the streams used in the Channel-geometry method. Also

listed are the areas of ungaged watersheds in the valley. The runoff

value for La Ganta Creek, which is adjacent to the Embargo Creek water-

shed, should be representative for Embargo Creek. This value of 160 acre-

feet per square mile gives an estimated annual discharge of 11,000 acre-

feet for Embargo Creek.

The runoff value is a function primarily of precipitation, soils

and vegetation among many other watershed factors. The remainder of the

watershed of the valley is at a much lower elevation than Embargo or

Pinos Creeks and has a lower precipitation and, consequently, a lower

value of runoff per square mile. There is no accurate method of obtain-

ing a runoff value for this area. An approximation can be made by using

estimates for Old Woman Creek, located on the compound alluvial fan in

the middle section of the valley. The Channel-geometry curve gives an

estimation of mean annual flow of 250 acre-feet for a 13 square mile

watershed. The runoff value is about 20 acre-feet per square mile.

Multiplying this value by 120 square miles gives an estimated runoff of

2400 acre-feet per year; however, the error of this estimate could be 
as

much as 100 percent.

Tributary Outflow

During the irrigation season the majority of tributary flow is

diverted. However, during the rest of the year, both Embargo and Pinos



TABLE 3

DRAINAGE AREAS AND RUNOFF VALUES

Stream
Drainage Area
(Sq. Niles)

Annual
Recharge
(Acre-Feet)

Runoff

	

(Acre-Feet	 (Inches
	per Sq. Mi.)	 per Sq. Mi.)

La Ganta Cr. 60 9400 160 3.0

Carnero Cr. 30 8200 280 5.3

Rock Cr. 33 8000 240 4.6

Pinos Cr. 50 17600 360 6.7

Embargo Cr. 70

Old Woman Cr. 13

Remainder of
Watershed of
Valley 120

21
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Creek flow into the Rio Grande. Miscellaneous discharge measurements

made by W. H. Sweet (written communication 1970) at the mouth of Embargo

Creek in March and November, 1970, indicate discharges of 9 and 14 cfs

(cubic feet per second) and at the mouth of Pinos Creek in March and

August, 1970, indicate discharges of 17 and 9 cfs. Based upon these

measurements, it is estimated that the discharge into the Rio Grande from

Embargo Creek is about 5,000 acre-feet per year and from Pinos Creek is

about 7,000 acre-feet per year. Another 3,000 acre-feet of water from

Pinos Creek was used for out-of-valley irrigation in 1970. This is also

an outflow from the hydrologic system.

Precipitation 

Precipitation on the valley is assumed to be the same as that

recorded at Del Norte. While the actual precipitation depth does vary

over the valley, there is no quantitative data to indicate the distribu-

tion; therefore, the Del Norte precipitation will be used as an average

for the valley.

As indicated in Table 4, the majority of precipitation occurs

during the summer months, due to thunderstorm over the valley. The an-

nual variability of precipitation is quite large. For the ten-year

record on Table 4, the annual total ranged from 5.39 inches to 16.85

inches. This variability is also evident in the monthly totals. The

depth and frequency of rainfall during the growing season is unpredict-

able and not sufficient to support crops, so the current agriculture is

based on irrigation.
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TABLE 4

Precipitation at Del Norte, Colorado,
1961-1970--in inches, from Environ-
mental Data Service (1970).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann

1970 .13 .00 1.11 .26 .23 .85 .61 1.35 1.90 1.84 .24 .13 8.65

1969 .14 .36 .42 .27 1.13 3.53 2.97 2.43 2.28 2.70 .11 .51 16.85

1968 .12 .28 .84 .69 1.00 .00 4.45 2.16 .46 .18 .44 .37 10.99

1967 .01 .28 .64 .00 1.37 1.79 2.02 3.73 .90 .23 .00 2.54 13.51

1966 .05 .35 .00 .10 .46 .51 .67 1.62 .19 .51 .79 .14 5.39

1965 .34 .86 1.04 1.89 .53 .58 3.42 1.11 1.63 .67 .39 1.52 13.98

1964 .17 1.44 .86 .53 .30 .48 .98 2.55 1.71 .02 1.06 1.21 11.31

1963 .43 .65 .54 .18 .10 .52 .70 2.00 .40 .41 .46 .08 6.47

1962 .12 .45 .77 .25 .00 .42 1.87 .66 1.18 .90 .76 .14 7.52

1961 .08 .24 1.00 .64 .04 .27 .80 3.94 1.17 2.46 .88 .42 11.94

Mean .16 .49 .72 .48 .52 .90 1.85 2.16 1.18 .99 .51 .71 10.66

1931-
1960
Normal .46 .29 .50 .77 .87 .59 1.19 1.57 .88 .82 .37 .34 8.65
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Freezing conditions in the valley are usually well established

by November 1 and continue into the following March. Precipitation

during this period is assumed to be held as ice or STLOW and released at

the end of March. The precipitation total for 1970 is the sum of monthly

precipitation from November 1, 1969, to October 31, 1970. This depth,

8.90 inches or 0.74 feet times the valley area, 19,400 acres, equals the

1970 precipitation inflow of 14,400 acre-feet.

Groundwater 

Groundwater in the alluvial aquifer of the valley comprises the

largest volume of water in the valley. Assuming an average saturated

thickness of 60 feet and a specific yield of 0.20, the estimated recov-

erable groundwater in storage is about 230,000 acre-feet.

As described in Chapter 2, the aquifer is constricted at the east

and west ends of the valley by bedrock narrows, wIliCh almost completely

isolate the aquifer. The geologic cross-sections shown on Figures 3 and

4 indicate the small area of subsurface connection of the aquifer to the

hydrologic systems upstream and downstream.

A basic assumption in the analysis of the hydrologic system of

the valley is that there is no exchange of groundwater across the contact

between the alluvium and the Conejos Formation. There is no apparent

jointing or faulting visible in the outcrops of the Conejos Formation,

and therefore the hydraulic conductivity is considered to be much less

than that of the alluvium. This difference of conductivities is the ba-

sis of the assumptions of a closed subsurface system, except for flow

through the alluvial sections at the ends of the valley.
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The distribution of hydraulic conductivity of the alluvial aqui-

fer has not been determined. An estimate of the conductivity can be

made based uponshort-term recovery tests of two irrigation wells in the

valley (Figure 7). The transmissivity for each well was calculated

using the modified Theis recovery equation (Theis 1935):

T = 35.3 --log t'

where T is transndssivity in feet
2 per day,

Q is discharge in gallons per minute,

s' is residual drawdawn,

t = time since pumping started, and

t' is time since pumping stopped.

From the calculated transmissivity value, the hydraulic conductivity (K) can

be calculated by dividing T by the saturated thickness (b) of the aquifer.

The K values for. the two wells are 100 and 60 feet per day. The average

value for the entire aquifer is estimated to be about 100 feet per day.

Multiplying this conductivity by the estimated saturated thickness of 60

feet gives an estimated transmissivity of 6,000 feet 2 per day (45,000

gallons per day per foot) for the aquifer.

The coefficient of storage of the aquifer is the ratio of volume

of water released or taken in per unit volume of the aquifer and was not

determined from the aquifer tests due to a lack of observation wells.

From personal experience, expected values of the storage coefficient for

an alluvial aquifer range from about 0.15 to .25 with the higher values

in the better-sorted materials. One objective of the hydrologic budget

is to estimate the value of the storage coefficient.
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As stated in the beginning of the Chapter, the water table con-

tours (Figure 5) indicate that the groundwater movement is toward the

Rio Grande. The spacing of the contours in the figure also gives an

indication of Changes in transmdssivity within the aquifer. The spacing

between contours is directly proportional to the transmissivity; where T

values are low, the contours will be close together; where T values are

high, the contours are widely spaced. This variation is most apparent

south of EAbargo Creek and on the Pinos Creek fan. The higher T values

and wide contour spacing occur along the Rio Grande where the aquifer is

thickest.

The distribvtion of depth to water below land surface is shown

on Figure 8 for July 2, 1970 measurements. The shallowest depths occur

along the Rio Grande in the flood plain where an area of about 5,200

acres has a depth to water of less than two feet. Large portions of the

flood plain are marshy, with areas of standing water which support hydro-

phyte growth and limit use of these areas for agriculture. The depth to

water increases rapidly away from the river and is usually greater than

six feet under the terraces. The maximum depth observed was 47 feet in

the upper part of the compound alluvial fan north of the river.

The practice of applying large amounts of surface water on irri-

gated fields causes large annual fluctuations in water lévels in the

aquifer. These fluctuations are shown in the hydrographs of two wells

in the middle section of the valley (Figure 9). These hydrographs show

that the lowest water levels occur at the end of March, then rise to a

maximum in July or August due to large amounts of excess irrigation

water. The hydrographs (Figure 9) indicate that after the peak in July



Depth to water below land
surface, in feet.

Line of equal depth to water.
Contour interval 2 feet.

37°4d-,
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Figure 8. Depth-to-Water Map, July 2, 1970.
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the water table declines to a minimum level at the end of March of the

following year. This pattern of water level Change indicates that the

water year of the aquifer coincides with the current irrigation water

year of April 1 to Mardi 31.

The areal distribution of water level Changes due to the recharge

pulse is shown on Figure 10. The maximum Changes occur on the flanks of

the middle section of the valley where irrigation is concentrated. The

Change interval areas on this map were planimetered and. rultiplied by the

average water level change in each interval to obtain the total change

in saturated volume between April 1 and July 2, 1970 (Table 5). This

volume change totals 88,000 acre-feet. The saturated volume Change times

the storage coefficient is equal to the volume of water put into storage

for the period. This amount will be determined in the hydrologic budget.

Use of groundwater in the valley is for domestic, livestock, and

municipal supplies and limited supplemental irrigation. The largest

groundwater use is for the town of Del Norte, which receives about SO

percent of its annual supply from a well located in the southwest quarter

of section 30,T.40 N., R.6E. Average annual pumpage for 1967, 1968, and

1969 was 370 acre-feet, which is transported out of the valley. Domes-

tic use in the valley for about 75 families is estimated at 30 acre-

feet per year, most of wiliCh is returned to the aquifer by septic tanks.

Livestock use is estimated to be about the same magnitude as domestic

use. Supplemental irrigation use is limited to two farms of about SOO

acres total and is estimated to be not more than 500 acre-feet per year.
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TABLES

Areas and Volumes of Water Table Changes
April 1 - July 2, 1970

Change
Interval
(Feet)

Area
(Acres)

Average
Depth
(Feet)

Change
Volume

(Acre-Feet)

0- 3 10,400 1.5 15,600

3- 6 3,200 4.5 14,400

6- 9 2,400 7.5 18,000

9-12 2,200 10.5 23,000

12-15 1,000 13.5 13,500

15-18 200 16.5 3,300

19,400 88,000
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Groundwater . Inflow and Outflow

Estimates of the annual ground water flow through the alluvial

sections at the east and west ends of the valley (Figures 3 and 4) can

be made by - using the modified Darcy equation of flow through porous

media,

Q = .0081 KEA

where Q is the discharge in acre-feet per year,

K is the hydraulic conductivity in feet per day,

I is the hydraulic gradient in feet per mile, and

A is the cross-sectional area in feet
2 .

For the inflow at Gerrard, using K of 100 feet per day, I of

15 feet per mile, and A of 38,000 square feet, Q is equal to 90 acre-feet

per year. This volume can be considered negligible for the budget analy-

sis.

For the outflow at Del Norte, with K of 100, I of 20 feet per

mile, and A of 330,000 square feet, Q is equal to 1000 acre-feet per

year.

Evaporation and Transpiration 

The evaporation from water surfaces, soil, and the water table

and transpiration of water by plants will be considered as one process in

this analysis and will be lumped as evapotranspiration. Two methods of

estimating the evapotranspiration component will be used, one for the

irrigated areas and the other for the rest of the valley.

The consumptive use, or evapotranspiration, of water by irrigated

crops can be estimated by many methods. One of the most widely used is
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the Blaney-Criddle method (Blaney and Criddle,1950). This method assumes

that the consumptive use is proportional to a factor of mean monthly

temperature and the percentage of daytime hours for the growing season

of the crop provided there is sufficient water available. The formula is

U = K EPT100

where U is evapotranspiration in inches,

K is a crop coefficient,

p is monthly percent of daytime hours,

T is mean monthly temperature in degrees Fahrenheit.

Tables 6 and 7 contain_ a summary of the monthly factors for the valley

for 1970 and values of U for the four crops -- potatoes, grain, alfalfa

and native hay. The K and p values used are from Blaney and Criddle

(1950). The consumptive use (Cu = U x area) is also listed for each crop,

both for the entire growing season and prior to July 1. These values are

14,000 and 7,000 acre-feet per year for all of the irrigated acreage.

The method used to estimate evapotranspiration (ET) for the re-

mainder of the valley is based upon work by Emery (1970) for the San Luis

Valley. Using the Blaney-Criddle method and the results of evaporimeter

studies performed by the United States Bureau of Rêclamation in the San

Luis Valley, he derived an empirical relation of evapotranspiration to

depth to water (Emery 1970, p. 6).

The relation used for this study (Figure 11) is a modification of

Emery's method. The maximum value of evapotranspiration at zero depth is

based upon the relationship (Sellers 1965, p. 89),
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TABLE 6

Blaney Criddle Coefficients for 1970

Month
	

Mean	 Percent
Temperature	 Daytime Hrs.

(F ° )

April
	

38.1
	

8.90
	

3.39
May	 52.4
	

9.92
	

5.20
June
	

56.9
	

9.95
	

5.66
July
	

63.1
	

10.10
	

6.37
August
	

63.5
	

9.47
	

6.01
September
	

53.1
	

8.38
	

4.45
October
	

41.5
	

7.80
	

3.24

TABLE 7

Evapotranspiration from Irrigated Areas 1970

Crop	 .Season
	 Area

Entire Growing Season (Feet) (Acres)	 (Acre-feet)  

Potatoes June-Aug. 18.0 .75 1.1 140 150
Grain May-Aug. 23.2 .75 1.4 940 1400
Alfalfa Apr.-Oct. 34.3 .80 2.3 1700 3900
Native Hay Apr.-Oct. 34.3 .80 2.3 3600 8200

TOTAL

figoril 1 to July 2

13700

Potatoes June 5.7 .75 0.4 140 50
Grain May-June 10.9 .75 0.7 940 640
Alfalfa Apr.-June 14.2 .80 1.2 1700 2000
Native Hay Apr.-June 14.2 .80 1.2 3600 4300

TOTAL TOU
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o )

where E0 is potential evapotranspiration in centimeters per year,

R
b 

is the net radiation at the ground in kilolangleys (kly)

per year, and

L is the heat of vaporization of water in calories per gram.

Using an R
0 

value of 48 kIy per year (Sellers, oral comunication 1971)

for the valley and an L of 593 calories per gram at 42° F, the value of

E
o' 

or maximum evapotranspiration, is 81 centimeters or 2.75 feet per

year. The minimum evapotranspiration at a depth to water of 14 
feet is

assumed to be equal to the annual precipitation of 0.7 feet.

Table 8 contains a summary of the evapotranspiration estimates

for the non-irrigated portion of the valley. The depth-interval areas

were planimetered on the depth-to-water map (Figure 8) and the 
evapotrans-

piration values are from Figure 11. The estimated annual evapotranspira-

tion for the non-irrigated portion of the 
valley is 20,000 acre-feet.

Adding the evapotranspiration from the irrigated acreage, 
the total an-

nual evapotranspiration is 34,000 acre-feet.

Outflow to the Rio Grande 

The accretion to the Rio Grande from the hydrologic system is 
a

difficult component to measure in the field. The determination requires

a series of measurements along a reach of the river and 
measurements

of all visible inflows and outflows in 
that reach. These are commonly

called gain-and-loss measurements.
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TABLE 8

Evapotranspiration from Non-Irrigated Area,
1970

Depth to
Water Area ET Annual ET

(Feet) (Acres) (Feet) (Acre-feet)

0-2 5200 2.2 11400

2-4 3200 1.5 4800

4-6 1400 1.2 1700

> 6 3200 0.7 2200

Totals 13000 20000
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River conditions for reasonably accurate gain-and-loss measure-

ments are very exact. The discharge of-the river through the section

should not vary with time during the measurement and the discharge

volume should be small enough that measurement errors of 5 to 10 per-

cent do not exceed the magnitude of the gain or loss. These river condi-

tions seldom occur on this section of the Rio Grande. During fall and

early spring, the discharge is low enough, below 250 cfs, but there is a

strong diurnal fluctuation in discharge which hinders measurement.

Two sets of gain-and-loss measurements of the Rio Grande through

the valley were made; one by the author on August 15, 1970, and one 
by

W. H. Sweet on November 10, 1970 (written communication, 1970). These

measurements indicate a gain of 27 and 23 cfs, respectively, between the

Gerrard narrows and the gaging station at the west edge of section 29,

T.40N., R.5 E. The August measurement indicafes a gain of 47 cfs 
from

the gaging station to the east end of the valley below 
the mouth of

Pinos Creek. The downstream measurement in November was 
made one mile

into the San Luis Valley and indicates a loss of 12 cfs. 
Since the

reaches measured were different, the differing results are probably due

to losses downstream from the east end of the valley.

Water Quality 

The chemical quality of water in the valley is generally excel-

lent for all purposes. Table 9 
presents selected chemical analyses

from unpublished records of the United States Geological Survey for

three groundwater samples and for high and low flow conditions on the

Rio Grande. The specific conductance of the groundwater averages about
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330 micromhos per centimeter. The specific conductance of the river

water ranges from 46 micromhos at high flow to 124 at low flow. There

is presently no water quality problem in the valley even with the shal-

low depth to water. There appears to be sufficient leaching of the

system to remove any salt concentration.



CHAPTER 4

HYDROLOGIC BUDGET

The budget of a hydrologic system is based upon the concept of

conservation of mass. In its simplest form, the concept states that for

a given time period the inflow (I) to a system minus the outflow (0) is

equal to the change of storage (A.S) in the system. The simple budget

equation is I - 0 = AS.

For a simple system, only two of the three variables must be

known to balance the equation. However, for a real system such as a

watershed or an aquifer, each of the variables is really a summation of

several hydrologic components all determined with varying degrees of ac-

curacy. As the complexity of the system increases, the balance of the

budget equation becomes exceedingly more difficult and usually necessi-

tates the use of simplifying assumptions to reach a solution. These as-

sumptions may be explicitly stated or implied in the methods of analysis

used.

As evidenced by Chapter 3, the valley of the Rio Grande between

South Fork and Del Norte contains a complex, open hydrologic system. The

presence of a low-permeability geologic boundary of the aquifer permits

the budget analysis.

In the following budget analysis, two time periods will be exam-

ined. The first period, from April 1 to July 2, 1970, will be used to

obtain an estimate of the storage coefficient of the aquifer. The second

42
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period, from April 1, 1970, to March 31, 1971, will be used to obtain an

estimate of the annual balance. A schematic diagram of the hydrologic

budget is presented in Figure 12.

Assumptions

Of the many assumptions, explicit or implicit, in the budget anal-

ysi, the following are considered to be the most important.

1. No groundwater flow crosses the alluvium -- Conejos Formation

contact.

2. There is no significant change of soil-moisture storage

during the two time periods.

3. The Del Norte precipitation depth can be used as an average

for the whole valley.

4. The aquifer system-response can be approximated by a triangu-

lar hydrograph, beginning April 1, reaching a maximum in

early July, and declining to base level by the end of the

following March.

April 1 to July 2 Budget 

For the April to July 2, 1970, period, the excess of inflow over

outflow results in the Change of saturated volume indicated by the water

table change map (Figure 10). The inflow variable is the sum of the

surface water diversion (Isw), tributary (I tr) and groundwater (I) in-gw

,flow, and precipitation (I r) variables for the period. The outflow

variable is the sum of evapotranspiration from irrigated areas (consump-

tive,use, Ocu), evapotranspiration from non-irrigated areas
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tributary outflow (Otr), and groundwater outflow (Op). The Change of

storage is equal to the change of saturated volume (AV) indicated by

Figure 10 times the storage coefficient (S). The budget equation is

I	 +I	 +I	 +I -0-0-0-0= SAVsw	 tr	 gw	 r	 cu	 et	 tr	 gw

For this time period, the storage coefficient is the only unknown, so

solution of the budget will provide an estimate of the storage coef-

ficient of the aquifer. The magnitude of the groundwater inflow term

is only 90 acre-feet per year and therefore can be considered negligible.

The inflow values for the period are the annual surface water

diversion times the percent of Rio Grande flow for the period (61 per

cent); the sum of tributary inflow minus diversions times the percent of

Pinos Creek Flow for the period (63 percent); and the precipitation for

the period November 1, 1969; to July 2, 1970.

The outflow values are the crop consumptive use for the period;

the annual non-irrigated area evapotranspiration times the Blaney-

Griddle "f" percentage for the period (42 percent); the sum of ground-

water outflow and Del Norte pumpage for three months; and the tributary

outflow for three months. The summation of the hydrologic budget is

given in Table 10. Solving the equation for the storage coefficient (S)

gives a value of 0.26.

April 1, 1970, to March 31, 1971 Budget 

For the annual budget, the assumption is made that the annual

change of ground-water storage is zero. The hydrographs of the two wells

in Figure 9 indicate that April 1, 1971, mater levels in the areas of
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TABLE 10

Hydrologic Budget for April 1 to July 2, 1970

Component Acre-feet

Inflow

22,000

11,000

2,400

- 11,000

-	 3,300

-	 1,900

42,000 x .61

19,100 x .63

3.2

25,600

12,000

5,200

sw

I tr Pinos Creek

Embargo

All others

Ir

Outflow

(5,000

(1,000

+ 7,000

19,400 x	 12

20,000 x .42

+	 370)x .25

+	 3,000)x .25

88,000 S

42,800

7,000

8,400

300

3,800

OCu

0et

ogw
0tr

Change of Storage

19,500

23,300SAV
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maximum water level Change are approximately equal to those of April 1,

1970, justifying the assumption. The hydrologic budget now becomes in-

flow equals outflow or

I +1 +1 +1 = 0+0
et 
+0 +0 +0sw	 r	 cu	 trgw	 gw	 sw

In this equation, the term 0sw' the 
outflow to the Rio Grande

from the system, is the only unknown, so the budget will be solved for

this term. Table 11 gives the summary of the annual budget. As men-

tioned above, the ground-water inflow term is negligible. Solving the

equation, the outflow to the Rio Grande is 25,000 acre-feet per year or

an average of 35 cfs.

TABLE 11

Hydrologic Budget for
April 1, 1970, to March 31, 1971

Inflow Acre-feet Outflow Acre-feet

Isw
42,000 0cu

14,000

I tr
19,100 0

et
20,000

I r
14,400 0tr

15,000

0gw
1,400

Totals 75,500 50,400

Analysis of Errors 

The majority of hydrologic budget analyses are deterministic and

no discussion is presented of time variation of component values or error
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of component estimates. The usefulness of a budget analysis is its ap-

plicability for management decision-making, which requires the hydrologist

to attempt some analysis of the errors inherent to the budget and the re-

sulting uncertainty of the derived component values.

Without reasonably large samples of the time dependent nature of

a component, a rigorous statistical analysis is not justified. There-

fore, the following error analysis is based upon subjective estimates

of errors by the author. The estimated errors given will be the percent-

age interval about the component estimate in which the true value is be-

lieved to occur. These intervals about the estimated mean values form

uniform distributions. This type of error distribution is conwnn in

engineering measurements and has been treated in several methods.

One method is to consider that the absolute error (percentage

error tiffes the mean) of the sum of variables is equal to the sum of the

absolute error of each variable or E -= E E. (McCracken and Dorn,
sum i=1

1964, p. 53). This method will produce the maximum probable error.

Barry (1964, p. 50) states that the error of the sum is more likely to

be the square root of the sum of the squares of the absolute errors or

has been shown by Benjamin and Cornell (1970, p.
sum 1-1
250) that the distribution of the sum of several uniform distributions

approaches a noimal distribution for more than four variables. The er-

ror estimates for the components are summarized in Table 12. The most

accurately determined components of the analysis are the measured sur-

face water values for the irrigation diversions and the discharge of

Pinos Creek. The estimated error of these values is ± 10 percent. The
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TABLE 12

Estimated Errors of Hydrologic Components

Component
Magnitude
(Acre-feet)

Percentage
Error

Absolute
Error

(Acre-feet)

Surface water
diversion (I)sw 42,000 ±10 ± 4,200

Tributary
inflow (I tr) 19,100 ±25 ± 4,800

Precipitation (I r) 14,400 ±20 ± 2,900

Inflow total (I) 75,500 ±15 ±11,000

Consumptive use (Ocu) 14,000 ±15 ± 2,100

Evapotranspiration (Oet) 20,000 ±20 ± 4,000

Tributary outflow (Otr) 15,000 ±20 ± 3,000

Groundwater outflow (Ogw) 1,400 ±20 ±	 280

Outflow subtotal (0) 50,400 ±18 ± 9,000

Outflow to Rio
Grande (Osw) 25,000 ±80 ±20,000
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estimated error of Embargo Creek discharge is ± 40 percent and from the

runoff from the remainder of the watershed is -25 to +100 percent. The

discharge weighted average error of Itr is ± 25 percent. The estimated

error of precipitation depth for the valley is + 20 percent. The

weighted average error of the inflow variable I is + 15 percent. The

weighted average error of the outflow variable excluding Osw is ± 18

percent.

The sum of errors of the inflow and outflow for the annual bud-

get gives a maximum probable error of ± 20,000 acre-feet or ± 80 per-

cent for the outflow to the Rio Grande. By assuming that this error is

nolfflally distributed and truncated at + 4 standard deviations, the mag-

nitude of the 0 sw	
mterm is 25,000 + 5,000 acre-feet. Furthelore, the

probability is 0.95 that the true outflow occurs in the interval

25,000 ± 10,000 acre-feet.

For the April 1 to July budget, the maximum probable error of

the storage coefficient can be determined to be the quotient of the

change in storage plus or minus its absolute error and the Change of

saturated volume plus or minus its absolute error, which is + 18,000

acre-feet. The equation is	
AS ± E

equotient	 AV ± Ev

This operation is non-linear; therefore, the error distribution of the

storage coefficient will be skewed toward the positive errors. Solving

the equation, the percentage error of the storage coefficient is -SO

to +80 percent. The true value of the storage coefficient is estimated

to be between 0.13 and 0.46.
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SUMMARY AND CONCLUSIONS

The hydrologic budget of the Rio Grande valley between South

Fork and Del Norte, Colorado, was analyzed for two periods, April 1 to

July 2, 1970, and April 1, 1970, to March 31, 1971. The former period

is the time interval from minimum to maximum annual water table eleva-

tions. The rapid water-level change is due to a spring recharge pulse

combined with considerable artificial recharge from the application of

large volumes of water diverted from the Rio Grande. The latter period

is the water year of the alluvial aquifer of the valley.

The budget equation, I - O = AS, has values of the inflow vari-

able of 43,000 and 76,000 acre-feet for the to periods. The outflow

values are 20,000 and 76,000 acre-feet. The change of storage is 23,000

acre-feet for the first period and was assumed to be zero for the second

period. For the first period, the budget was solved for the storage

coefficie	 of the aquifer. The computed value is 0.26. For the annual

period, the budget was solved for the magnitude of the outflow to the

Rio Grande from the aquifer. The computed value is 25,000 acre-feet.

An error analysis of the budget variables indicates that the

true values of the inflow and outflow variables were estimated to occur

within ± 15 percent of the mean values. The estimated maximum probable

error of the computed value of the outflow to the Rio Grande is ± 80

51
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percent and is -50 to +80 percent for the storage coefficient. The er-

ror analysis indicates that efforts to improve the accuracy of the bud-

get should be concentrated on the .components with the larger absolute

errors. These components are the tributary inflow and outflow and the

evapotranspiration from the non-irrigated areas. Field determinations of

the aquifer storage coefficient would also increase the accuracy of the

budget analysis.

Two of the hydrologic components of the system are of special

importance for water-resource management. These are the outflow to the

Rio Grande and the evapotranspiration from the non-irrigated areas. The

outflow to the Rio Grande is a return flow from the system and should be

considered in the administration of water rights. The evapotranspira-

tion is water which is lost from the system. While part of this 20,000

acre-feet is used beneficially by pasture grasses, the remainder is

wasted by non-beneficial vegetation. Recovery of part of this water

through improved drainage would constitute a new source of water which

could be put to beneficial use.

Efficient water resource management requires a knowledge of the

operation of the hydrologic system to be managed. The budget analysis

of this study presents an estimate of the operation of the system for

the 1970 water year. This analysis could form the input for more ad-

vanced management modeling of the hydrologic system of the valley.
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