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GROUND-WATER RESOURCES OF THE SOUTH PLATTE
RIVER BASIN IN WESTERN ADAMS AND SOUTI"WEST-
ERN WELD COUNTIES, COLORADO

By Rex O. SvarH, Pavn A. ScHNEIDER, JRr., and Lester R. PETRI

ABSTRACT

The area described in this report consists of about 970 square miles in western
Adams and southwestern Weld Counties in northeastern Colorado. It includes
that part of the South Platte River valley between Denver and Kvuer, Colo.,
all of Beebe Draw, and the lower part of the valley of Box Elder C-eek. The
stream-valley lowlands are separated by rolling uplands. The climate is semi-
arid, the normal annual precipitation being about 13 inches; thus, irrigation is
essential for stable agricultural development. The area contains about 220,000
acres of irrigated land in the stream valleys. Most of the remaining 400,000
acres of land is used for dry farming or grazing because it lacks irrigation water.
Most of the lowlands were brought under irrigation with surface water during
the early 1900’s, and now nearly all the surface water in the area is appropriated
for irrigation within and downstream from the area. Because the n2tural flow
of the streams is sometimes less than the demand for water, grourd water is
used to supplement the surface-water supply. Wells, drilled chiefly since 1930,
supply the supplemental water and in some places are the sole supply for
irrigation use.

Rocks exposed in the area are of sedimentary origin and range in age from
Late Cretaceous to Recent. Those that are consolidated, called “ledrock” in
this report, consist of the Fox Hills sandstone and the Laramie and Arapahoe
formations, all of Late Cretaceous age, and the Denver formation and
Dawson arkose of Late Cretaceous and Tertiary age. The surface of the
bedrock was shaped by ancestral streams, the valleys of which are reflected
by the present surface topography. Dune sand, slope wash, and thin upland
deposits of Quaternary age mantle the bedrock in the divide areas, and stream
deposits ranging in thickness from 0 to about 125 feet partly fill th~ ancestral
valleys. The valley-flll deposits consist of beds and lenses of clay, silt, sand,
gravel, cobbles, and boulders.

Abundant supplies of ground water for irrigation, municipal, an¢ industrial
use are obtained in the principal stream valleys from wells tappine valley-fill
deposits beneath the flood plain and bordering terraces. Many dcmestic and
stock wells obtain water from the unconsolidated deposits both on the uplands
and in the valleys. The ground water in the valley-fill deposits generally is
unconfined but in a few places is under slight artesian pressure. The bedrock
formations yield small to moderate supplies of water to municipal, industrial,
domestic, and stock wells, but the yields are not sufficient for irrigation.

Ground water in the South Platte River valley moves downstream and toward
the river and is discharged into the river. The direction of ground-vvater move-
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2 GROUND WATER, SOUTil PLATTE RIVER BASIN

ment in Beebe Draw and Box Elder Creek valley is nearly parallel to the
streams. Beebe Seep, the stream in Beebe Draw, gains water from the ground-
water reservoir in some reaches and loses water in others, but Box Elder Creek
loses water to the ground-water reservoir throughout its cours-, especially
during floods. The shape and slope of the water table are affected chiefly by the
permeability of the valley-flll deposits, the location and altitude of the areas of
recharge and discharge, and the conflguration of the underlying b~drock floor.
The depth to water in the South Platte River valley ranges from less than 1
foot beneath the flood plain to as much as 80 feet beneath the terraces. In
Beebe Draw the depth to water ranges from less than 1 foot to about 60 feet
and in Box Elder Creek valley from about 5 feet to about 40 feet. During the
period of record the annual fluctuation of water levels in wells in the area has
ranged from 2 to 13 feet. Precipitation within the area and inflltrating water
from irrigated tracts, reservoirs, canals, and streams are the principal sources
of recharge to the ground-water reservoir; some recharge results from under-
flow from outside the area. Ground water is discharged by evapotranspiration,
seepage into streams, springs, underflow out of the area, and by prmping from
wells. Evapotranspiration is especially great in areas where the water table
extends to the land surface or to the root zone of the vegetation.

The number of large-capacity wells tapping the valley-fill deposits increased
from about 700 in 1940 to about 1,700 by 1958. The yields that weve measured
by the U.S. Geological Survey ranged from 45 to 2,040 gpm (gallons per minute)
and averaged about 700 gpm. Measured drawdowns were within a range of 1
to 50 feet, and speciflc capacities ranged from 5 to about 300 gpm per ft of draw-
down. Aquifer tests indicate that the coefficient of transmissibility of the
valley-fill deposits ranges from 35,000 to 500,000 gpd per ft (gallons per day per
foot). The average coefficient of storage was determined to be abort 0.20. The
quantity of recoverable ground water in storage in the report area in November
1957 (the approximate quantity that could be withdrawn by pumping under ideal
conditions) was estimated to be about 2 million acre-ft. It is estimated that
about 250,000 acre-ft of ground water in 1956, a dry year, and about 100,000
acre-ft in 1957, a wet year, were pumped from the large-capacity wells in the
area. Probably the average, 175,000 acre-ft, would be pumped during a normal
Year under present conditions to irrigate 100,000 acres.

The chemical composition of the ground water was determined 7 analyzing
water samples from about 200 wells that tap the valley-flll deposits and from
12 wells that tap the bedrock.

In most of the report area the water in the valley-fill deposits has a specifle
conductance between 1,000 and 1,800 micromhos per cm and is of either the cal-
cium bicarbonate or the calcium sulfate type. In some places, however, the
water has a specific conductance of about 2,250 micromhos per cm and is of the
sodium sulfate type. Water of the calcium chloride type havinz a specific
conductance of more than 4,000 micromhos per cm indicates severe contamination
of the ground water in parts of T. 2 8., R. 67 W. The water in most of the
report area is of suitable quality for irrigation except that it has a high or very
high salinity hazard ; in some places the leaching requirements of the water are
80 high that special farming methods for salinity control are needed to prevent
accumulation of large amounts of salts in the root zone of the soil. Because the
water is very hard, it is of poor quality for public supply and domestic use.

The specific conductance and the chemical type of the water in the bedrock
differ widely from one stratigraphic unit to another and also wit®in some of
the units. Water from most of the units is of the sodium bicarborate type, is
soft, and has a relatively high concentration of fluoride. Water from bedrock
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aquifers is of poor quality for irrigation and is poor to good for pul‘ic supply
and domestic use.

Although the available data indicate that the ground-water rezources in
some parts of the report area are capable of additional development, it is clear
also that the data are insufficient to determine the quantity of additional ground
water that can be withdrawn without exceeding the safe perennisl yield or
to determine the effects of such withdrawal upon surface-water use. There-
fore, additional development should be preceded and accompanied by further
and more comprehensive water-resource studies. Such studies shov'd include
an evaluation of the sources and amounts of ground-water recharg~ and dis-
charge, a quantitative analysis of the relation between surface water and
ground water, and an evaluation of the effects of ground-water w'thdrawals
on the total water supply. Measurement of water levels, chemical analysis
of water samples from a network of observation wells, compilation of complete
records of additional large-capacity wells, and annual computation or estima-
tion of the total volume of withdrawals from the large-capacity wells should
be continued throughout the report area.

INTRODUCTION
PURPOSE AND SCOPE OF THE INVESTIGATION

The extensive use of ground water for irrigation, municipal, and
industrial supplies, intensified local development, and the continuing
. search for supplemental water have resulted in the need fcv a thor-

ough appraisal of the ground-water resources of the South Platte
River basin between Denver and Kuner, Colo. Irrigation, the prin-
cipal use of water in the area, depends on diversions from streams
and storage reservoirs and, to a rapidly increasing degree, on water
pumped from wells. Expanding municipalities and indus‘ries also
are turning to ground water for adequate water supplies. The
amount of ground water available for use in the area is governed by
the amount of water in storage in the ground-water reservoir, the
capacity of the reservoir to yield water to wells, and the rate of re-
charge to the reservoir. In some parts of the area, successful utiliza-
tion of ground water may be restricted by the adverse chemical
characteristics of the water. This report indicates existing and po-
tential problems; therefore, it will aid in planning the future devel-
opment of the area.

The purpose of the investigation was to appraise the grovnd-water
resources of the basin. Therefore, the character, thickness. and ex-
tent of the water-bearing formations were studied, and tl'~ origin,
quantity, movement, availability, and use of the ground w~ter were
determined. Also, the chemical composition of the water vias deter-
mined ; relations of the chemical composition to the geolog and hy-
drology of the area were studied, and the suitability of the water for
use was evaluated. Special consideration was given to areas in which
large-scale pumping is increasing or in which present or future
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ground-water withdrawals may exceed the safe perennial yield of the
aquifers,

The investigation is one of many being made by the U.S. Geological
Survey as part of the program of the Department of the Interior for
the conservation, development, and use of the water resorces of the
Missouri River basin; it was made at the request of the 1J.S. Bureau
- of Reclamation,

LOCATION AND EXTENT OF THE AREA

The area described in this report consists of about 970 square miles
in western Adams and southwestern Weld Counties, Colo. It in-
cludes the South Platte River valley between Denver and Kuner, Colo.,
all of Beebe Draw, and the lower part of the valley of Box Elder
Creek. The maximum north-south length of the area is 48 miles, and
the width ranges from 12 to 26 miles. The southern half of T. 6 N.,
Rs. 64 and 65 W. is not discussed in this report; it is included on the
maps only to show the location of aquifer-test sites and test. holes that
were pertinent to the study.

PREVIOUS INVESTIGATIONS

The geology of the report area is mentioned briefly by Hague and
Emmons (1877), King (1878), White (1878), and Eldridg= (1889) in
reports that covered large areas of the Western United States. A
detailed report by Emmons, Cross, and Eldridge (1896) on the
economic geology of the Denver basin contains useful data on early
ground-water development. Darton (1905) made the first general
ground-water investigation of the central Great Plains, which in-
cludes the South Platte River valley. Henderson (1920) described
the geology of the consolidated rock formations in part of the area,
with emphasis on paleontology. A report by Mather, Gilluly, and
Lusk (1928) on the oil and gas resources of the area contains many
useful geologic data. The Fox Hills sandstone is discussed in a report
by Lovering and others (1932), and reports on petroleurr investiga-
tions in the area were prepared by Rankin (1933), Dane and Pierce
(1936), and Van Tuyl and others (1988). Bryan and Pay (1940)
described the terrace deposits in the South Platte River valley and
discussed the Pleistocene and Recent history of the region. Two
reports by Code (1943, 1958) contain many useful data on water-table
fluctuations and the use of ground water for irrigation in the South
Platte River basin. Lovering and Goddard (1950) described the geol-
ogy and ore deposits of the Rocky Mountain Front Range in a report
that contains a generalized geologic map of the area. A report by
Hunt (1954) describes the Pleistocene and Recent mantle-rock de-
posits in the Denver area. Bjorklund and Brown (1957) made an
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extensive study of the geology and ground-water resources of the
South Platte River basin between Hardin, Colo., and Paxton, Nebr.,
which adjoins this report-area on the east; the ground-water problems
and some of the geologic units they described are similar to those
studied during this investigation.

FIELDWORK AND ACKNOWLEDGMENTS

The fieldwork on which this report is based was started in August
1955 and was under the supervision of T. G. McLaughlin, district
geologist of the Ground Water Branch of the U.S. Geologics] Survey
for Colorado. The quality-of-water phase of the work was begun
under the supervision of P. C. Benedict; regional engineer in charge of
- quality-of-water studies in the Missouri River basin and was com-
pleted under the supervision of D. M. Culbertson, district engineer of
the- Quality of Water Branch. The fieldwork for the investigation
was completed in March 1958.

During the investigation, records of 1,706 wells in the ¢rea were
obtained, including 1,677 wells of large capacity that were constructed
for irrigation, public supply, or industry, and 29 wells of small capac-
ity that were constructed for domestic, stock, or other uses At the
time of the investigation, 139 of the wells inventoried wer> unused.
The inventory included nearly all the wells of large capacity; the
wells of small capacity were inventoried only in areas whore addi-
tional information was needed. Well owners, tenants living on prop-
erty where wells are situated, and drillers were interviewed regarding
wells. Information regarding total depth, depth to water, geologic
source of water, rate of discharge, amount of water-level drawdown,
hours pumped, and acreage irrigated was collected for mcst of the
irrigation wells. An electric tape was used to measure the draw-
down, and a steel tape was used to measure the depth to vater and
the total depth of the wells. Measurements of discharge were made
principally with Hoff current meters, Parshall flumes, and pitot tubes.
Well records previously obtained by Mr. W. E. Code, irigation engi-
neer, Colorado State University, were studied and the wells were re-
visited. Aquifer tests were made.on 36 irrigation wells and on 5
municipal and industrial wells to determine the hydrologic properties
of the water-bearing materials.

A network of 32 observation wells was established ear'y in the
investigation for monthly measurement of the water level to deter-
mine the seasonal fluctuations of the water table. Water levels were
measured twice yearly by Mr. Code in additional observation wells
throughout the area, and long-term records for 12 of his vells were
selected for inclusion in this report as hydrographs. During the
first 2 weeks of November 1957 the depth to water was me~sured in
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350 wells throughout the area, including the observation wells, to
provide data for maps showing the depth to water, water-table con-
tours, and the thickness of the saturated valley-fill deposits. The
altitude above mean sea level of the measuring points of the wells
and test holes was determined by spirit leveling or from published
topographic maps.

A reconnaissance investigation was made of the geology of the
area with emphasis on the unconsolidated water-bearing rock ma-
terials. Information on the geology was supplemented by drilling
test holes; the drilling was supervised and the holes wero logged by
geologists of the U.S. Geological Survey. Some of the holes were
drilled by contractors and some by the staff of the Geological Survey
Hydrologic Laboratory in Denver. Drillers’ logs of wells were col-
lected from the Colorado Water Conservation Board, from drillers,
from well owners, and from other sources, and many of them were
selected for publication. In addition, logs of seismograph shotholes
were collected from oil companies. The logs of the test holes and
wells and of selected seismograph shotholes were used in the con-
struction of a bedrock-contour map, a geologic map, and 10 geologic
cross sections.

The records and logs of wells appear separately in Basic-Data
Report No. 9 (Schneider, 1962).

The geologic and hydrologic field data were recordel on aerial
photographs and on topographs quadrangle maps, then transferred
to overlays made of a dimensionally stable transparent material. The
overlays were registered with a base map, which was prepared on
the same stable-base material from U.S. Geological Survey topo-
graphic maps. Wells were located within each section by inspection
of enlarged aerial photographs and by pacing; the locations are be-
lieved to be accurate within about 200 feet.

Samples of water were collected from 204 representative wells and
springs and from 5 streams. Chemical analyses of the samples were
made in the laboratories of the U.S. Geological Survey at Lincoln,
Nebr., and Denver, Colo.

The Colorado Water Conservation Board permitted a~cess to its
files on wells. Well owners in the area cooperated to the fullest
extent in supplying information about their wells and permitting
access for measurements. Information regarding public-soply wells
was given by city and town officials of Thornton, Brighton, Fort
Lupton, Platteville, LaSalle, Greeley, Kersey, Keenesburg, and Hud-
son. Mr. W. E. Code of the Colorado State University made avail-
able many data from his previous ground-water investigations within
the area. Electric-power data for irrigation pumps was fnrnished by
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the Public Service Co. of Colorado at Brighton and Denver, the Colo-
rado Central Power Co. at Fort Lupton, the Home Light ¢nd Power
Co. at Greeley, and the Rural Electric Association at Brighton, Fort
Collins, and Fort Morgan. Many well drillers and drilling companies
contributed logs of wells and test holes and supplied useful informa-
tion regarding depths to water and bedrock. The following oil com-
panies made available their logs of shotholes drilled during seismic
surveys: the Texas Co., the Continental Oil Co., and the Shell Oil Co.
Messrs. C. E. Davies and R. O. Kane, of the U.S. Departmert of Agri-
culture, permitted use of large-scale aerial photographs of the area.
Officials of the Rocky Mountain Arsenal at Derby, Colo., permitted
access to wells on Arsenal property and provided logs of test holes and
data on an aquifer test. Data on other aquifer tests were furnished
by the Northwest Utilities Co., Thornton ; the North Washington Wa-
ter and Sanitation District, Welby ; and Ebasco Services, In~., Denver.
The U.S. Air Force flew aerial photography missions anc provided
low-oblique aerial photographs of parts of the repert area. The as-
sistance of all these individuals and organizations is gratefully
acknowledged.

Many individuals in the Denver office of the Ground Water Branch
made substantial contributions to the report. The principal authors
were assisted in basic analyses, compilation of data, and preparation
of the principal maps and the geologic cross sections by E. 1. Jenkins,
W. W. Wilson, J. H. Irwin, W. G. Weist, Jr., L. A. Herchey, P. T.
Voegeli, Sr., D. L. Coffin, H. E. McGovern, and V. M. Burtis. The
manuscript of this report was reviewed critically by S. W. Lohman,
T. G. McLaughlin, G. H. Chase, and R. C. Scott. Lack of space
prohibits listing individually all the other personnel of the Ground
Water and Quality of Water Branches who provided assistance, both
in the field and in the office, but their contribution is no less

appreciated.
WELL-NUMBERING SYSTEM

Well numbers in this report are based on the Bureau of L.and Man-
agement’s system of land subdivision. The well number shows the
location of the well by township, range, section, and position within
the section. Figure 1 is a graphical illustration of this method of
well numbering. The capital letter indicates the quadrant of the
meridian and base-line system in which the well is located ; the quad-
rants are lettered beginning in the northeast quadrant with (A) and
proceeding counterclockwise. All wells in this area lie in the north-
west (B) or southwest (C) quadrant of the sixth principal meridian
and 40th parallel base-line system. The first segment c¢f the well
number indicates the townships, the second the range, and the third
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F1GURE 1.—Sketch showing well-numbering system.
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the section in which the well is located. The lowercase letters follow-
ing the section number locate the well within the section. The first
letter denotes the quarter section, the second the quarter-quarter
section, and the third the quarter-quarter-quarter section. Quarter
sections are lettered a, b, ¢, and d in counterclockwise order, from the
northeast quarter of each section. Within the quarter se-tions the
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.40-acre and the 10-acre tracts are lettered in the same manner. If
.more than one well is located in a 10-acre tract, consecutive numbers

* . beginning with 1 are added to the lowercase letters. For example,

well. B4-65-10cbd2 is the second well that was visited in SE1,NW1-
- SW1, sec. 10, T.4 N.,R. 65 W.

GEOGRAPHY
TOPOGRAPHY AND DRAINAGE

The part of the South Platte River basin that is described in this
report is in the Colorado Piedmont section of the Great Plains physio-
graphic province. It consists of stream-valley lowlands separated
by gently rolling uplands. The maximum local topographic relief
in the area is about 500 feet; the altitude above mean sea level ranges
from about 5,550 feet at the southern boundary of the report area to
about 4,550 feet at the northeastern boundary.

The overall surface drainage in the region is toward the northeast,
and all of the project area is drained by the South Platte River and its
tributaries. The South Platte River rises in the Rocky Mountains
southwest of Denver, enters the Piedmont section about 25 miles south-
southwest of Denver, and then flows in a general north-northeastward
direction to the vicinity of Greeley, where it swings toward the east.

The major perennial tributaries of the South Platte River in the
project area are Clear Creek, Big and Little Dry Creeks, St. Vrain
Creek, the Big Thompson River, the Cache la Poudre River, Lone Tree
Creek, and Crow Creek. Several intermittent streams also enter the
river. Of these, Beebe Seep (in Beebe Draw) and Box Elder Creek
are the major ones and drain most of the report area between the South
Platte River and the east boundary of the report area.

The flood plain of the South Platte River averages about a mile in
width and has an irregular surface that consists of swamps, oxbow
lakes, abandoned meander scars, and low, indistinct terraces. In most
places the flood plain is largely on the west and north sides of the
river and is bordered by two distinct terraces, which slope gently to-
ward the river. The terraces are separated from the flood plain of
the river and from each other by well-defined escarpments (fig. 2),
and both extend part way up the major western tributary valleys.
Bryan and Ray (1940, p. 25-26) named the lower of these the Kuner
terrace and the higher the Kersey terrace. The Kuner terrace is 10-
15 feet above the flood plain of the river and is discontinuous along
both sides of the valley. The Kersey terrace, a much broader, flat sur-
face, is 2040 feet above the flood plain and is one of the most promi-
nent features in the valley (fig. 3).
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FI1cURE 2.—West face of the Kersey terrace in (4) NEY SEYNEY sec. 30, T. 2 S., R. 67
W. and in (B) NWY%NE1,SEY sec. 7, T. 1 N, R. 66 W. In the foreground is the flood
plain of the South Platte River. Photographs by G. H. Chase.
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FIGURE 3.—A. Aerial view northeastward toward Greeley. The escarpment of the Fox Hills
sandstone and the Laramie formation is in the left foreground, the flood plain of the
South Platte River is in the center, and the wide, flat surface of the Kersey terrace is
on the right. B. Aerial view northward toward Platteville. The Kuner terrace is in
the left foreground, meander scars on the flood plain of the South Platte River are in
the center foreground, and the Kersey terrace is on the right. Photographs by the U.S.

Air Force.
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The Kersey terrace is.discontinuous along the west and north sides
of the valley but.continuous and much more extensive along the east
and south sides of the:valley. It widens to about 4 miles in the
vicinity of Gilcrest and forms the main agricultural area along the
South Platte River valley. In some places a gentle slope separates
the Kersey terrace- from the upland but in other places the upland
rises abruptly from the terrace and the break in slope is much more
conspicuous.

Along the east side of the South Platte River valley between Denver
and Brighton is a broad remnant of a terrace that was formed earlier
and is topographically higher than the Kersey terrace; erosion has
lowered and dissected this older terrace into a gently rolling surface.
On the upland divide along the western and northwestern sides of the
South Platte River valley are remnants of old pediments and terraces,
formed by ancestral streams that flowed at higher levels than the pres-
ent-day South Platte and its tributaries. These remnants probably
correlate with the features described by Bryan and Ray (1940, p.
20-25) and by Hunt (1954, p. 95-98).

In general, the erosional surface along the west side of the South
Platte River valley is steeper and higher than that east of the river;
in some places, notably between Welby and Brighton and between the
mouths of St. Vrain Creek.and the Big Thompson River, an escarp-
ment borders the west side of the flood plain (fig 4).

The divide areas that separate the main river valley from Beebe
Draw and the valley of Box Elder Creek are rolling uplands which
consist of many small hills and depressions.

The South Platte River valley is about 12 miles wide at the southern
boundary of the report area. It decreases to a width of about 6
miles at a bedrock spur in the vicinity of sec. 22, T. 2 S., R. 67 W.
and then increases at the south end of Barr Lake. The valley narrows
at Brighton and then averages about 214 miles in width all the way
north to the river’s confluence with St. Vrain Creek, where it in-
creases abruptly to about 5 miles. The broad segment of the valley
- extends northeastward to the vicinity of Greeley where the width is
again increased even more by the confluence of the South Platte and
the Cache la Poudre valleys. From Greeley southeastward, the
valley narrows gradually to a width of about 8 miles at Kuner.

The principal northward-trending valleys in the eastern part of
the project area, in order from west to east, are Beebe Draw and Box
Elder Creek valley. Beebe Draw is 14214 miles wide and about
30 miles long, whereas Box Elder Creek valley is 14 miles wide
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FIGURE 4.—A. Aerial view northwestward toward Thornton. The escarpment of the west
valley wall is in the background and the South Platte River and the Kersey terrace are
in the foreground; B. Aerial view of Wildcat Mound. The escarpment of the Fox Hills
sandstone and the Laramie formation is in the background and the Kersey terrace and
the flood plain of the South Platte River are in the foreground. Photographs by the
U.8. Air Force.
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and extends from the south boundary of the report area to the Seuth
Platte River valley near Kuner, a distance of about 40 miles. The
floors of both Beebe Draw and Box Elder Creek valley are irregular
surfaces that consist of small knolls and depressions. The valley
floors in both valleys consist in places of sand dunes. Stream terraces
are not evident in either valley. The valleys, which are roughly
parallel in the southern part of the area, merge immediately north of
Hudson and then separate again and continue northward.

CLIMATE

The South Platte River basin has moderately cold winters and
warm summers. The climate is favorable for the growing of hay and
grain and for the raising of livestock. The normal monthly precipi-
tation and temperature at three U.S. Weather Bureau stations are
shown graphically in figure 5, and the annual precipitation at the
same three stations is shown graphically in figure 6.

The annual precipitation in the project area during the period of
record ranged from a maximum of about 23 inches at the Denver city
weather station (1909) to a minimum of about 51 inches at Greeley
(1893). The normal annual precipitation at the three weather sta-
tions for the base period of record (1921-50) was about 13 inches;
two-thirds of that amount fell during the growing season. Precipi-
tation is least during the winter and greatest from April to July.
The spring and summer rains, occuring generally as thunderstorms,
are erratic and unevenly distributed. Strong winds and hail occasion-
ally accompany the storms. Precipitation is sufficient to support
native grasses and shrubs, hay, and some grains, but successful
growth of many crops depends on irrigation.

The normal monthly temperature ranges from 24° to 73°F at Gree-
ley, from 26° to 73°F at Fort Lupton, and from 31° to 74°F at the
Denver city weather station. The average length of the growing
season for the base period of record (1921-50) was about 140 days.
The prevailing wind is from the south and its velocity averages about
9.3 miles per hour.

AGRICULTURE AND INDUSTRY

The present agricultural economy of the South Platte River basin
is based on irrigation, dry farming, and stock raising. The principal
irrigated -corps are sugar beets, corn, alfalfa, potatoes, beans, and
truck-garden vegetables. Small grains, chiefly wheat, are the princi-
pal dry-farm crops. Most of the livestock are beef and dairy cattle,
- although some hogs, sheep, and poultry are raised.
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Several large canals, through which water for irrigation is diverted
from the major streams, were constructed in the latter half of the
1800’s. Water for irrigation is also diverted from sever~l reservoirs
constructed around 1900. Because shortages of surface water occur
during years of low runoff, irrigation wells have been drilled in the
valleys to supplement the surface-water supply. In some areas ground
water pumped from wells is the sole supply for irrigatior. Probably
less than 100 irrigation wells were constructed before 19°0, the prin-
cipal development of ground-water supplies occurring during succeed-
ing periods of drought. By the end of 1957 about 1,650 irrigation
wells had been drilled in the report area and the total area under irri-
gation was about 220,000 acres. Most of the towns and some industries
in the area also obtain water from wells. Although nearly all the
large-capacity wells are in the valleys, small-capacity comestic and
stock wells have been constructed both in the valleys and on the up-
lands since early settlement of the region. The upland areas that are
without adequate surface- or ground-water supplies for irrigation
total about 400,000 acres and are used largely for dry farming and for
grazing.

The principal industries in the area are related to the processing of
agricultural products; they include sugar-beet processing plants, can-
neries, alfalfa mills, vegetable warehouses, and creameries. A few
plants produce construction materials and fertilizers. Deposits of
sand and gravel are exploited for the fabrication of concrete products
and in building roads.

The area is served by a system of Federal and State highways and
improved county roads and by the main lines of the Chice.go, Burling-
ton and Quincy and the Union Pacific Railroads (fig. 7). U.S. High-
way 85 follows the valley of the South Platte River from Denver
through Greeley. U.S. Highways 6 and 34 also serve the area.

GENERAL GEOLOGY

A study of the geology of a region is an important part of a ground-
water investigation because the occurrence and movement of ground
water and its quantity and quality are directly related to the geology.
In this section, therefore, those rock units having the greatest sig-
nificance in relation to ground-water supplies for irrigation, municipal,
and industrial use are discussed in some detail. Brief summaries of
the geologic and physiographic history of the area also are given.
The thickness, physical character, and water-bearing proverties of the
stratigraphic units are summarized in table 1.

Rocks at the surface in the report area range in age from Late
Cretaceous to Recent. For simplicity, the rocks are divided here into
two groups, based on their geologic age, physical characteristics, and
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influence on the occurrence and movement of ground water. One
group consists of consolidated rock formations of Late Cretaceous and
Tertiary age, here collectively called “bedrock,” which cro» out in the
area at scattered places but are buried throughout the remainder of
the area beneath a thin mantle of unconsolidated rock material. The
other group consists of unconsolidated sediments that possibly are
partly of Tertiary age but are mostly of Quaternary age. These
unconsolidated sediments are mostly stream deposits and are thickest
where they partly fill valleys that had been cut into bed-ock by an-
cestral streams. Other unconsolidated deposits consist of dune sand,
slope wash, and upland deposits. The valley-fill deposits constitute
the most productive aquifer yielding abundant supplies of water to
most of the wells.

The surface distribution of the mappable rock units is shown on the
geologic map (pl. 1), and the subsurface distribution, thickness, and
lithology are given by the logs of test holes and wells and by geologic
cross sections based on data from the logs (pls. 2 and 3).

BEDROCK FORMATIONS

The report area is underlain by a great thickness of consolidated
sedimentary rocks that lie on crystalline rocks of Precambrian age.
The formations that do not crop out are not described in detail because
they lie at depths that are considered excessive for the present eco-
nomic development of ground water and because oil-well tests indicate
that the water in many of them is of unsuitable quality for general
use. The Fox Hills sandstone, the Laramie, Arapahoe, and Denver
formations, and the Dawson arkose crop out in the area. Although
these formations yield water to many small-capacity wells, they gen-
erally are incapable of yielding sufficient quantities for irrigation or
other large-scale uses.

The bedrock crops out in the valley walls at some plac»s along the
west side of the South Platte River and at various other scattered
localities in the report area. In most places, however, th> bedrock is
mantled by unconsolidated deposits that are called Quaternary upland
deposits but are not shown on the geologic map (pl. 1). The bedrock
surface, which was produced by erosion, consists of valleys and inter-
valley highlands. The relief on the bedrock surface is aknut 550 feet
locally and is reflected by the present land surface (pl. 4). Although
the bedrock surface slopes north-northeastward, the bedrock forma-
tions constituting it dip inward toward the north-south axis of the
report area, forming a structural basin. The following discussion of
the geology of the bedrock formations is based on a reconnaissance of
the principal outcrops in the area and on reports by previous
investigators.



TaBLE 1.—Stratigraphic units and their water-bearing properties

Thick-
System Series Subdivision ness Physical character Water-bearing properties
(feet)
Fineto medium sand and minor amounts of clay | Serves mainly as medium for recharge from pre-
Dune sand 0-50 and silt. cipitation. Locally yields small quantities of
water to domestic and stock wells.
Poorly sorted clay, silt, sand, and gravel; grades | Yields small to moderate quantities of water to
Slope wash 0-30+ into valley-ill deposits. dorlrllsestic and stock wells and to a few irrigation
wells.
Recent and Interbedded clay, silt, sand, and gravel that con- | The most important aquifer in the report area and
Pleistocene tains some cobbles and boulders and beds of the source of ground water for nearly all the
Quaternary altered voleanic ash. Underlies the flood large-capacity wells. Yield moderate to large
plain and terraces on the South Platte River quantities of water to many domestie, stock,
valley and underlie floor of Beebe Draw and irrigation, public-supply, and industrial wells.
Valley-fill deposits | 0-125+4 Box Elder Creek Valley. Include some slope
wash along the edges of Beebe Draw and Box
Elder Valley.
Deposits of sand, gravel, conglomerate, and | Topographically high and well drained. Not a
Pleistocene voleanic ash that mantle the bedrock in the known source of water for wells. Serve as
Upland deposits 0-15+ upland areas. Include colluvium, residuum, medium for recharge from precipitation.
and remnants of pediment and terrace de-
posits.
Varicolored clay, soft shale, and siltstone con- | Yields small quantities of | The Dawson ar-
: taining much carbonaceous material, inter- water to domestic and kose, strati-
Tertiary Paleocene bedded with lenticular poorly sorted generally stock wells in the southern gmpiﬁcany
moderately indurated yellowish-brown sand- part of the report area. equivalent to
stone and conglomerate. Locally contains art of the
8 Denver for- | 0-200% andesitic material and beds of weathered enver and
4 mation volcanic ash and bentonitic clay. Arapahoe for-
"; mations, yields
5 small to mod-
3 erate quantities
B of water to
a domestie, stock
Upper part (400 ft.): Soft predominantly blue or | Yields small to moderate pulglfic-?ux;p.lgl,
Cret gray sandy to clayey shale and clay and a few | quantitites of Wwafer fto | Z04 T o
Tetaceous Arapahoe 0-600= | _ Ienticular beds of sandstone. domestic, stock, public- | We S the
formation Lower part (200 ft.): White to yellow sand, | supply, and industrial | 30T7eBSiern
gravel, and conglomerate, variously indurated |  wells in the southern part | DT 01 bie Te-
and including minor amounts of shale and clay. |  of the report area. port area.
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Cretaceous

Upper Cretaceous

Laramie formation

Upper part (400 ft.): Chiefly olive-gray silfiy
shale and siltsone, and lenticular silty sand-
stone; contains numerous carbonaceous clay
beds and lignitic seams.

Lower part (200 ft.): At top, a sequence of thin
beds of blue-gray silty shale, sandstone, and
lignitic material. At hottom several rela-
tively thin beds of sandstone, fairly thick beds
of subbituminous coal, and several other
thinner sandstone units that locally coalesce
with the thick basal sandstone.

Some of the sandstone units in the upper part
yield small to moderate quantities of water to
domestie, stock, and industrial wells through-
out the report area.

The basal sandstones in the lower part yield
small to moderate quantities of water to domes-
tie, stock, public-supply, and industrial wells
throughout the area.

Fox Hills sand-
stone

0-250==

Uniformly hedded buff to pale-yellow friable
medium-grained sandstone interbedded with
gray to black silty shale and silty sandstone.
About 50-60 feet of massive sandstone at top.

Yields small to moderate quantities of water to
domestic, stock, public-supply, and industrial
wells throughout the report area.

XD0T0ED TVHIANTD
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The oldest formation cropping out in the -area is the Fox Hills
sandstone of Late Cretaceous age. 1t underlies the" entire report
area but is in direct contact with the unconsolidated rock fcrmations
only in T. 4 N., R. 67 W. (Mather and others, 1928, pl. 14). The for-
mation crops out at Wildcat Mound (secs. 23 and 26, T. 4 N., R. 67
W.) and along the northwest wall of the South Platte River valley
between the valleys of St. Vrain Creek and the Big Thompson River.

The Fox Hills sandstone consists mainly of marine sandstone inter-
bedded with sandy shale. The lower part of the formation consists of
a sequence of sandstone layers interbedded with gray to black car-
bonaceous silty shale. The sandstone is mostly medium grained, buff

“ to pale yellow, and poorly eonsolidated, and it contains calcar<ous and
ferruginous material. Some of the sandstone beds contain lerge hard
sandy -concretions. At several horizons are massive beds of fine-

.grained firmly cemented sandstone that range in color from white to
greenish- yellow. "One such bed, which forms the upper part of the
formation, is persistent and generally is about 50-60 feet thick.

The bottom and the top of the formation are not marked by sharp
‘breaks. Lovering and others (1982, p. 702-703) stated :

The base of the Fox Hills formation shall be considered as the hor‘zon below
which the section is predominantly gray marine clay shales and sandy shales of
Pierre age, and above which the section changes rapidly to a buff to brown
[marine] sandstone econtaining numerous large gray to brown, hard, sandy con-
cretions. This lower concretionary member is commonly overlain by a series
of light-gray to brown [marine] sandstones and sandy shales.

The top of the Fox Hills formation shall be considered as the hor‘zon above
which the section is composed predominantly of fresh- and brackish-water de-
posits accompanied by coals and lignitic shales, and. below which it is pre-
dominantly marine.

Mather, Gilluly, and Lusk (1928, p. 93-99) described measured
sections and fossils from the Fox Hills sandstone, and Lovering and
Goddard (1950, p. 40) considered its thickness to be about 250 feet.
In the western part of the report area the formation dips slightly
toward the east, but in the eastern part of the area it dips toward the
west.

Conformably-overlying the Fox Hills sandstone is a series of beds

. of fresh- and brackish-water shale, sandstone, and coal. Tl ese beds
constitute the Laramie formation of Late Cretaceous age. The con-
tact between the Fox Hills and the Laramie formations is a transition
zone of alternating marine and nonmarine strata. The Larsmie for-
mation underlies all the report area except the northwestern corner
where it has been removed by erosion; it is overlain by thin upland
deposits in most of the area north of the base lihe. Generally the
formation is poorly exposed in the report area because it is ccvered by
younger bedrock formations and by mantle rock throughout most of
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the area; it crops out at Wildcat Mound (fig. 8) and in secs. 12 and
13,T.2N.,R.65 W.

The Laramie formation consists of two parts, a lower part com-
posed predominantly of sandstone and an upper part composed
largely of shale. Both contain beds of coal, but the coal beds in only
the lower part are of economic importance. The formation contains
abundant plant remains throughout (Darton, 1905, p. 111).

-~
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Ficure 8.—Light-colored massive sandstone of the Laramie formation overlain by con-
glomerate at Wildeat Mound. The conglomerate is 3 feet thick and contains cobbles as
large as 5 inches in diameter. Wutcrop is in NEY, NE NW1, sec. 26, T. 4, N., R. 67 W.
Photograph by R. S. Cary, Jr.



24 GROUND WATER, SOUTH PLATTE RIVER BASIN

"The lower- 200 feet of the Laramie consists of beds of carbonaceous
blue-gray- silty ‘shale, fairly thick beds ef subbituminous. coal, and
buff to yellow or white loosely cemented beds of sandstone. The
sandstones predominate, especially near the base of ‘the lower part;
the most. persistent is a thick bed of medium-grained white quartzitic
sandstone, which is designated the “B” sandstone (Emmons and
others, 1896, p. 73-74). Locally, other thinner beds of white to
yellow sandstone coalesce with the B sandstone. Some of the sand-
stone contains ferruginous and calcareous material and large hard
concretions, and in some places beds of sandstone contain mollusk
shells. The shale and sandstone near the top of the lower part are
silty and contain some thin seams of lignite. _

The upper part is a series of beds of buff to olive-gray clay, shale,
and siltstone. - This series of beds contain lenses of sandstone and thin
beds of lignite. Many ironstone concretions and some seams of fissile
coal also are present in the upper division.

Owing to erosion, the thickness of the Laramie formation ranges
from 0 in places in the northwestern part of the area to about 600
feet in the southern part. In the western part of the area the for-
mation dips gently toward the east, but in the eastern part the dip is
reversed and is slightly toward the west. The top of the formation,
which is an uneven erosional surface, is overlain by unconsolidated
Quaternary deposits in the northern part of the area and by consoli-
dated rocks of Late Cretaceous and Tertiary age in the southern part.

The . Arapahoe formation of Late Cretaceous age and the Denver
formation of Late Cretaceous and Paleocene age overlie the Laramie
formation in the southern part of the report area (pl. 1). These for-
mations are of continental origin and include material derived from
the older formations in the area. Both formations contain abun-
dant fossils of plants and animals. A discussion of the age of the
formations based on fossil assemblages is given by Lovering and
Goddard (1950, p. 41). The eroded surface of both formations is
mantled by unconsolidated deposits in most places and both forma-
tions crop out at scattered places in the banks of streams and on
hilltops.

The lower 200 feet of the Arapahoe formation consists of white to
yellow sandstone and conglomerate and some thin local beds of shale
and clay. The sandstone and conglomerate are poorly to moderately
well indurated, and they are finer grained in the eastern part of the
area. The upper two-thirds of the formation differs markedly from
the lower third; consisting predominantly of beds of soft sandy blue
or gray shale and clay that contain a few lenses of sandstone and
concretions of ironstone. The thickness of the formation ranges
from 0 to about 600 feet in the report area. -
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The Denver formation unconformably overlies the Arapahoe for-
mation and has a smaller areal extent. It consists of light-gray,
bluish-gray, and brown clay, soft shale and siltstone interbedded with
poorly sorted generally moderately indurated yellowish-brown len-
ticular sandstone and conglomerate. The clay, shale, and siltstone
contain much carbonaceous material, and all the formation, especially
the lower part, contains tuffaceous material and fragments of ande-
sitic rocks. In some places a few beds of bentonitic clay are present.
Only the lower part of the formation, which ranges in thickness from
0 to about 200 feet, remains in the southwestern part of the report
area.

The Dawson arkose is more than 2,000 feet thick several miles south-
east of the project boundary. In the southern part of the project area
the Dawson arkose is intertongued with the Laramie an1 Arapahoe
formations. It is also intertongued with the Denver formation in the
southwestern part of the project area. Logs of wells and test holes
indicate that the Laramie and Arapahoe formations and the Dawson
arkose are intertongued along Box Elder Creek from the southern
boundary of the report area to the vicinity of Keenesbure. Accord-
ing to Lovering and Goddard (1950, p. 41), the lower part of the Daw-
son arkose contains flora and fauna of Cretaceous age ard the upper
part contains a Paleocene flora.

Stratigraphically, the Dawson arkose is equivalent to the Denver
and Arapahoe formations. The formation consists of hite to red
arkosic grit, sand, gravel, conglomerate, and micaceous sandstone with
interbedded gray, yellow, red, or green clay and shale. "he rocks in
outcrops generally are altered to white, yellow, or red by weathering.
The formation contains abundant amounts of andesi‘ic material
locally. Rhyolite flows, rhyolitic tuffs, and cobbles and beulders occur
in the upper part. Locally, the formation is well indurated, often
with ferruginous cement, but the degree of induration differs greatly
from place to place. The thickness of the formation in the report
area ranges from a few hundred to about 900 feet.

UNCONSOLIDATED DEPOSITS

In the report area the unconsolidated sediments of Quaternary age
include upland deposits, valley-fill deposits, slope wash, and dune
sand. Although these deposits mantle the bedrock in most places, the
areal distribution of only the principal valley-fill, dure-sand, and
slope-wash deposits is shown on plate 1. The valley-fill deposits are
the most important source of ground water for large-capacity wells.

The upland deposits of Quaternary age include remnarts of terrace
deposits, pediment veneer, colluvium, and residuum that are topo-
graphically higher than the terraces in the river valley. Because
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these deposits generally form only a relatively thin mantle on the
bedrock surface and in most places their boundaries are nct readily
delineated, they are not shown on plate 1. In a few places along the
west side of the river valley the mantle consists of a fev feet of
conglomerate. Figure 8 shows the conglomerate capping Wildcat
Mound. The origin of the upland deposits has been determined in a
general way but probably the terrace deposits and pediment veneer
were laid down by streams, the colluvium accumulated by the trans-
porting action-of gravity, and the residuum was formed by the dis-
integration of rock materials without subsequent transportation.
Hunt (1954, pl. 3) mapped and described these deposits in the vicinity
of Denver.

The valley-fill deposits of Quaternary age underlie the following
topographic units in the South Platte River valley: (1) Ar old and
partly dissected terrace, (2) the Kersey terrace, (3) the Kuner ter-
race, and (4) the flood plain. In addition, valley-fill deposits underlie
the floor of both Beebe Draw and the Box Elder Creek valley.

The old terrace, which is immediately above the Kerse terrace
along the east side of the South Platte River valley, decreases in width
from about 10 miles at the southern boundary of the repor* area to
a wedgeout near Brighton. Erosion by ephemeral and intermittent
streams has dissected the surface into- a.gently rolling topography
and, in secs. 25, 35, and 36, T. 2 S., R. 67 W., the tops of bedrack hills
stand above the general level of the old terrace. The eastern bound-
ary of the terrace is indistinct because the valley-fill deposits under-
lying the terrace grade imperceptibly into slope-wash depo-its, into
the valley-fill deposits in the small tributary valleys in T. 2 S., R. 66
W., and into the valley-fill deposits in Beebe Draw. For thi~ reason,
the valley-fill deposits underlying the old terrace were not mapped
as a unit but were included in the material mapped as alluvium
(Qal on pl. 1). -The valley-fill deposits beneath the old terrace con-
sist of gravel and sand having a high percentage of clay and silt.
The material generally is fairly well sorted, except near the uplands
where it grades into the poorly sorted slope-wash deposits.

The unconsolidated material underlying the Kersey and Kuner ter-
races, the flood plain in the South Platte River valley, and tl e valley
floors of Beebe Draw and the Box Elder Creek valley constitutes the
principal valley-fill deposits. The Kersey and Kuner terrnces are
well developed throughout the river valley, especially along the east
side, and they extend up the western tributary valleys. Terraces be-
neath the level of the Kuner terrace border the flood plain of the river,
but they are so nearly the same height above the river as the flood
plain that they are barely distinguishable from it. Therefore, the
valley-fill deposits underlying the lower terraces and the flond plain
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were mapped as one unit (Qal). This unit includes also the valley-
fill deposits underlying the floor of Beebe Draw and the Box Elder
Creek valley. The valley-fill deposits consist mainly of sand and
gravel but contain lenses and beds of silt and clay and a lower bed
of cobbles and boulders; included in the valley-fill deposits are mis-
cellaneous rock types such as granite, quartzite, gneiss, schist, sand-
stone, and volcanic rocks. The sand and gravel particles generally
are well rounded to subrounded, and exposures in gravel pits and
steep slopes show crossbedding. In many places, the bodies of clay
are thick and extensive. Bryan and Ray (1940, p. 4849) and Hunt
(1954, p. 117-124) described fossils and artifacts that were found in
the valley-fill deposits in the South Platte River valley.

A bed of coarse material, which consists mainly of cobbles and
boulders, was found in the drilling of some wells and test holes in
Beebe Draw. The bed, which ranges in thickness from a few feet to
at least 85 feet, immediately overlies the bedrock and everywhere is
overlain by finer grained sediments. In Tps. 1 and 2 S., R. 66 W,
in the South Platte River valley, a bed of altered volcanic ash re-
vealed by microscopic examinations of test hole samples is interbedded
with a bed of coarse material. The coarse material and the volcanic
ash are believed to be of pre-Wisconsin age. The deposits underlying
the Kersey and Kuner terraces, however, are fluvioglacial outwash
that was deposited during the Wisconsin glacial stage. The deposits
beneath the terraces range in grain size from clay to medium gravel
and contain some coarse gravel. Directly underlying the flood plain
of the South Platte River to a.depth of about 10 feet is Recent al-
luvium consisting of material eroded from the upper end of the drain-
age basin of the river and -of reworked valley-fill material, all of
which ranges in grain size from clay to boulders.

In Beebe Draw, the lower beds of coarse-grained valley fill and the
altered volcanic ash are overlain by finer grained sediments. The
deposits that underlie the floor of the Box Elder Creek valley mainly
are fine to medium sand that contains beds and lenses of silt, clay, and
fine to medium gravel. These deposits, for the most part, are finer
grained than those in the valley fill in the South Platte Piver valley
and Beebe Draw, apparently because Box Elder Creek has never had
sufficient material-carrying competence to transport and deposit cob-
bles and boulders -as far downstream as the report area. Forma-
tions in the area drained by the headwaters of Box Elder Ceek contain
abundant cobbles and boulders.

Available data on physiography and petrology are irsufficient to
permit the correlation of the valley-fill deposits in Beeb» Draw and
the Box Elder Creek valley with those in the South Platte iver valley.
For this reason and because the upper part of the valley-fill deposits

695-928 0—64——3
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in Beebe Draw and in the valley of Box Elder Creek are of Recent
age, the deposits in these two tributary valleys are shown ar alluvium
on plate 1.

The contours on the surface of the bedrock (pl. 4) and tho geologic
cross sections (pls. 2 and 3) show the location, size, and shape of the
ancestral channels that contain the valley-fill material. In general,
the old channels conform to present drainage patterns. The approxi-
mate thickness of the fill in the valleys can be determined by subtract-
ing the altitude of the bedrock surface (pl. 4) from the altitude
of the land surface. In the South Platte River valley, the thick-
ness of the valley fill ranges from 0 along the edge of the valley
to as much as 125 feet in the thickest part. The valley-fill deposits
underlying the floor of Beebe Draw average about 85 feet in thickness
along the center part of the draw and thin to a featheredge along the
margins. The average thickness of the valley-fill deposits ir the axial
part of the Box Elder Creek valley is about 70 feet.

The slope-wash deposits that fringe the valley fill in the South
Platte River valley, Beebe Draw, and Box Elder Creek vall~y consist
of angular gravel and sand interbedded with clay and silt. They
feather out against the upland areas, but lap onto and are intertongued
with the rounded material in the stream-deposited valley fill and were
mapped as slope-wash deposits; however, along the sides of Beebe
Draw and the Box Elder Creek valley, where the slope wesh forms
long gentle slopes and grades imperceptibly into the valley-fill de-
posits, the slope wash was included in the unit mapped on plate 1 as
alluvium (Qal). In most places the slope wash and valley fill proba-
bly were deposited contemporaneously. The thickness of the slope
wash is indeterminate because the slope wash is intertongued with the
valley-fill deposits.

Dune sand of late Pleistocene and Recent age mantles the vally-fill
deposits and bedrock in many parts of the report area, but only the
most important and distinctive deposits are shown on plate 1. The
largest deposit is in the upland area north of Keenesburg, where the
sand dunes extend from the upland onto the valley floor of I'ox Elder
Creek. A well-defined deposit overlies the valley-fill deposits north
of Hudson where Beebe Draw and the Box Elder Creek valley merge;
another deposit mantles the valley-fill deposits in Beebe Draw im-
mediately north of Milton Reservoir. The dunes have a northwest-
erly trend paralleling the direction of the prevailing winds during
Late Pleistocene and Recent time. Older deposits of dune sand,
which commonly are more subdued in topographic form and covered
with vegetation, mantle the upland areas at many other places in the
eastern part of the report area. The dune sand in the report area is
fine to medium and in many places is mixed with clay and silt. The
maximum thickness of the sand deposits is not known but it may be as
much as 50 feet where the dunes are well developed.
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GEOLOGIC AND PHYSIOGRAPHIC HISTORY

The part of the South Platte River basin included in tl is study is
in the southern part of a large structural basin, the so-call~d Denver-
Julesburg basin, which extends from the vicinity of Pu~blo across
nertheastern Colorado into southwestern Nebraska and southeastern
Wyoming. Most of the consolidated sedimentary rocks underlying
but not cropping out in the report area are exposed along the east
side of the Front Range of the Rocky Mountains. The oldest for-
mation that crops out in the report area is the Fox Hills sandstone of
Late Cretaceous age. The events before Fox Hills time are discussed
only briefly in this report, whereas the events during anc after Fox
Hills time are emphasized. It was these later events that, produced
the principal geologic features that control the occurrence and move-
ment of ground water.

- The following discussion of the geologic and physiographic history
of the region is taken largely from reports by Bryan and Pay (1940),
McLaughlin (1946), Hunt (1954), and Bjorklund and Brown (1957)
but in part from field observations that were made during this investi-
gation. Data on the sedimentary rocks that underlie but do not crop
out in the report area are based on interpretations of the logs of deep
oil-test holes in and near the area (Blair, 1951) and on eraminations
of outcrops of these rocks in nearby areas. A generalized section of
the geologic formations exposed in the report area is given in table 1
and a geologic time scale is shown in table 2. Descriptions of the
stratigraphic units and their water-bearing properties are given in
table 1.

TABLE 2—Major stratigraphic and time divisions in use by the U.S. Geological Survey

[Prepared by the Geologic Names Committee, 1958. Terms designating time are in parertheses. Informal
time terms early, middle, and late may be used for the eras, and for periods where there is no formal sub-
division into Early, Middle, and Late, and for epochs. Informal rock terms lower, midd’e, and upper may
be used where there is no formal subdivision of a system or of a series]

Estimated ages of
Era System or period Series or epoch t'me boundaries in
millions of years !
Recent
- Quaternary
Pleistocene
1
. Pliocene
Cenozoic 10-
Miocene
25
Tertiary Oligocene
40
Eocene
60—
Paleocene

See footnote at end of table.
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TaBLE 2.—Major stravigraphic and time divisions in use by the U.S. Geological
Survey—Continued

Era System or period

Series or epoch

Estimated ages of
time boundaries in
millions of years 1

Cretaceous

Upper (Late)
Lower (Early)

Jurassic
Mesozoic

Upper (Late)
Middle (Middle)
Lower (Early)

Triassic

Upper (Late)
Middle (Middle)
Lower (Early)

150

Permian

180

Pennsylvanian

Upper (Late)
iddle (Middle)
Lower (Early)

205

systems

Mississippian

Carboniferous

Upper (Late)
Lower (Early)

Paleozoic Devonian

Upper (Late)
l\/ﬁgdle (Middle)
Lower (Early)

Silurian

Upper (Late)
Middle Middle)
Lower (Early)

Ordovician

Upper (Late)
Nggdle (Middle)
Lower (Early)

350

430

Cambrian

Upper (Late)
Middle (Middle)
Lower (Early)

. .
Precambrian

Tnformal subdivi-
sions such as upper,
middle, and lower,
or upper and lower,
or younger and
older may be used
locally

510

3, 000

1 Age values given are the Holmes “B”’ time scale points (Holmes, A., 1947, The construction of a geological
time scale: Geol. Soc. Glasgow, Trans. v. 21, pt. 1, p. 145). Dates are rounded to the nearest 5 million years.
The errors are unknown,’ but more recent age determinations by various physical methods are in general

agreement with these values.

PALEOZOIC AND MESOZOIC ERAS

Precambrian basement rocks in the report area are unconformably
overlain by marine deposits of coarse poorly sorted conglomerate,

arkosic sandstone, and silty to sandy shale.

These deposits were de-

rived from highlands to the west and were deposited in th» shallow
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basin that bordered the highlands during Pennsylvanian time. The
basin continued to subside and to receive additional sediments until
the end of Pennsylvanian time, when the sea withdrew. An arid cli-
mate then developed, and thick sequences-of red beds and evaporite
deposits were laid down during Permian time.

During the Triassic period, shallow lakes-and sluggish streams
were formed. These streams meandered over a large featureless plain
depositing their loads of sand and silt. Triassic time ended with
regional uplift and resulting erosion. This erosion continued into
the Jurassic period.

‘During the Jurassic period, continental conditions prevailed and
fresh-water sand, clay, and limestone were deposited. The abun-
dance of dinosaur-and other fossil remains indicate that animal life
flourished under a mild climate.

During -Early Cretaceous time, shallow-water sediments were de-
posited in a transgressing and regressing sea and in svamps and
lagoons (Dakota group). During much of Late Cretaceous time there
were widespread invasions of the sea and several thousend feet of
marine limestone, shale, and sandstone (Benton shale, Niobrara for-
mation, Pierre shale, and Fox Hills sandstone) were deposited. Near
the close of the Cretaceous period the area now occupied by the Rocky
Mountains began to rise, the shoreline of the sea alternatel advanced
and retreated, and the sandstone, shale, and coal of the lower part of
the Laramie formation were deposited. Then the Cre‘aceous sea
retreated and the area: was occupied by extensive bodies of brackish
and fresh water in which-were deposited the sandstone, shele, and car-
bonaceous material that compose the upper part of the Laramie for-
mation. The continued rise of the Rocky Mountains increased the
gradients of streams and the beds of coarse clastic materials that
compose the lower part of the Arapahoe formation and the Dawson
arkose were deposited. Subsequently, when stream gradients were
decreased and lakes and swamps formed in the Denver are~, the sand-
stone, shale, and clay of the middle part of the Dawson arkose and
the upper part of the Arapahoe formation were depositec. Near the
close of Cretaceous time, uplift again was accelerated ¢nd streams
of increased gradient deposited the coarse sediments that compose the
lower part of the Denver formation. The Cretaceous poriod ended
with extensive mountain building.

CENOZOIC ERA
TERTIARY PERIOD

During Early Tertiary time the Rocky Mountain reg'on was up-
lifted and eroded repeatedly. During Paleocene time the predomi-
nantly clastic material composing the upper part of the Denver
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formation and the Dawson arkose was derived from the Rocky Moun-
tains to the west and deposited by streams and in lakes. The sedi-
ments consisted of conglomerate, arkosic sandstone, siltstcne, shale,
and volcanic debris from the extensive volcanism in the region. Dur-
ing Middle and Late Tertiary time, sheetlike beds of clay, silt, sand,
and gravel were deposited over most of the region. Tl ose beds,
which compose the White River group and the Ogallala formation,
probably extended over much of the report area in Late Tertiary
time. At the end of Tertiary time and during Early Quaternary
time, the area was extensively eroded and, in the report area, the
entire White River group and the Ogallala formation and the upper
part of the underlying formations were removed.

QUATERNARY PERIOD

During Early Pleistocene time, the continued uplift of the Rocky
Mountains and an increase in precipitation rejuvenated the s‘reams in
the region. A succession of pediment surfaces were formed, and then
the pediments and the underlying consolidated rock formations were
extensively eroded, and deep valleys were formed (Bryan and Ray,
1940, p. 20-27). Studies by Hunt (1954, p. 131) indicate that by
Middle Pleistocene time a drainage system, which mainly conforms
to the present drainage pattern, was well established and the main
valleys were cut into the bedrock about as deep as they are today. The
location, size, and areal extent of the ancestral valleys are shown on
plate 4 by contour lines that depict the surface of the bedrock.

During a period of downcutting in the high mountain areas to the
west, fluvioglacial materials were deposited in the valleys of the report
area. Deposits composed predominantly of cobbles and boulders
form the bottom part of the valley fill in Beebe Draw. The physical
character of these deposits and the drainage pattern shown on the
bedrock contour map suggest that during Middle Pleistocene time the
ancestral South Platte River flowed through the valley now occupied
by Beebe Draw. Although the material in the upper part of.the
valley fill in Beebe Draw is fine grained, the lower part is coarse
grained and consists of rock types that were derived from tl'~ Rocky
Mountains. The coarse-grained material is interbedded with altered
volcanic ash and it may have been deposited contemporaneously with
similar deposits of Kansan age in the Denver area. Had Be-be Seep
drained only the small area that it now drains, the valley-fill s»diments
would be finer grained and would be composed only of material de-
rived from the consolidated rocks of Cretaceous and Tertiary age in
its present drainage basin.

The South Platte River abandoned its course through Beehe Draw
when it was captured by a tributary of the ancestral Cache le. Poudre
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River. The small low-gradient tributary was able to capture the
large high-gradient stream, which was coming from the Rocky Moun-
tains, by headward erosion in the relatively soft shale and sandstone
of the Laramie and Fox Hills formations. After the change in course,
the South Platte River eroded the deep valley it now occupies.

The history of the Box Elder Creek valley is not well known.
Apparently the reach south of Hudson was a tributary of the ancestral
South Platte River during Early or Middle Pleistocene time, and
after the capture of the river, Box Elder Creek continued to flow
through the lower reach of Beebe Draw. Probably a heac ward-erod-
ing tributary from the north captured Box Elder Creek near Hudson
and diverted the stream from Beebe Draw into the valley it now
occupies. The absence of cobbles and boulders in the velley-fill de-
posits in the lower reach of the Box Elder Creek valley indicate that
the stream piracy occured after the deposition of the coarse materials
in Beebe Draw.

After a period of downcutting, the South Platte River valley was
partly filled with coarse fluvioglacial material derived from the Rocky
Mountains. These sediments, which form the lower part of the valley-
fill deposits, consist of gravel containing abundant cobbles and boul-
ders; they are of post-Kansan to Early Wisconsin age (Hunt, 1954,
p-98-101) and are overlain by younger deposits.

During subsequent glacial and interglacial stages in the Rocky
Mountains, cycles of deposition and downcutting by the streams left
the terrace deposits that now extend down the valley of the South
Platte River and part way up the valleys of its western tributaries.
Glaciation during Wisconsin time is reflected by the Kersey and the
Kuner terraces, which are remnants of a valley fill that was built to
a much higher level than the present bed of the river, and which were
partly dissected when the river cut down. The reason for the posi-
tion of the river and its flood plain along the western side of the valley
fill is not known.

Erosion of the uplands, local deposition of slope wash and alluvium,
and reworking of the flood-plain alluvium have been the principal
active geologic processes during Recent time. There "were several
periods of minor alluviation and downcutting in the South Platte
River valley during which low terraces were formed, broad alluvial
fans were built in some places over the older terraces, and arroyos
were cut through the older deposits by some of the tributary streams.
During Late Pleistocene and Recent time the valleys of Beebe Draw
and Box Elder Creek were not eroded significantly. Instead, the
meandering trunk streams and small tributary streams covered the
valley-fill deposits of Early Pleistocene age with a layer of relatively
fine grained alluvium. Deposition of the slope wash that borders the
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South Platte River valley probably has been continuous dur‘ng Pleis-
tocene and Recent time. Logs of the test holes and wells drilled in
the slope wash (pls. 2 and 3) show that fine-grained material in the
slope wash extends into the Pleistocene and Recent valley-fill deposits.

The dune sand and silt that mantle much of the area were deposited
during Late Pleistocene and Recent time (Hunt, 1954, p. 108 and 182).
The eolian material was derived from the flood plains of th» streams
and exposed consolidated rock formations; the alinement of the dunes
suggests that the prevailing winds were from the northwest. In most
places the dunes are covered with vegetation and are no longer
migrating.

GROUND WATER

Only a general discussion of the characteristics of ground-water
behavior and the definitions of ground-water terms is given in this
section. More detailed discussions are given in succeeding sections on
“Hydrologic properties of water-bearing formations” and “Ground-
water conditions and utilization in the valleys.”

Because the unconsolidated valley-fill deposits contain the most
abundant supply of ground water for large-capacity wells, they are
emphasized in this discussion.

GENERAL FEATURES OF OCCURRENCE

The ultimate source of all ground water in the South Platte River
basin is precipitation. Part of the snowmelt and rain is cerried off
by the streams, part evaporates, and the remainder infiltrates the
ground. The water that is not consumed by vegetation or held by
molecular attraction moveé downward and is added to the zone of
saturation (the zone saturated with water under hydrostatic pressure)
in the soil or rocks. Water in the zone of saturation percolates later-
ally through the more permeable consolidated rock formations and
through the unconsolidated rock materials that overlie the bedrock,
ultimately discharging at the surface through wells, seeps, and springs
or by evapotranspiration. The principal bodies of ground water with-
in the report area are recharged chiefly by subsuface inflow though
the unconsolidated rock materials, by seepage from streams, reservoirs,
canals, and irrigated tracts, and by infiltration of precipitation falling
directly on the basin. The underflow from adjacent consolidated
rocks may contribute minor amounts of recharge. Ground water is
discharged naturally from the report area through springs and seeps,
by evapotranspiration, by subsurface outflow and, artificially, from
wells. In general, during a long period of years, if ground water is
not being depleted by overpumping, the quantity of discharge is equal
to the quantity of recharge.
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Where ground water is confined under pressure between two im-
permeable formations, it is termed “confined” or “artesian” ground
water. If a well is drilled through the upper impermeable layer and
any unconfined water above that impermeable layer is cased out,
water will rise in the well to a height corresponding to th= pressure
head of the confined ground water. The pressure head depends on
the difference in altitude between the intake and discharge areas on
the loss of head caused by friction as the water moves through the
aquifer. Where the pressure is sufficient to raise the water in the well
above the land surface, the well will flow and is termed a “flowing
artesian well.” The pressure head of a body of confired ground
water defines a regional imaginary surface, the “piezowetric sur-
face,” which is analogous to a regional water table but whose level
may be greatly different from that of the water table in the same
area. The difference in water levels is especially signifi~ant if the
confined aquifer is recharged in a distant outcrop area. In areas
where ground water generally is under water-table ccnditions, a
relatively impermeable layer of small areal extent, such as a bed of
clay, may cause the ground water to be confined locally.

The amount of water that can be stored in a formation depends
upon the porosity of the rock material. Porosity is exprossed as the
ratio of the aggregate volume of the open spaces to the total volume
of the rock material. Although the capacity of a rock material to
store water is determined by its porosity its capacity to transmit and
yield water-is-dependent upen its permeability. The permeability
of a rock material may be defined as its capacity for transmitting
water under hydraulic head, and it is measured by the rate at which
the material will transmit water through a given cross section under a
unit difference of head per unit of distance. Deposits of sand and
gravel and porous consolidated rocks are permeable if the open spaces
in them are connected and are large enough to allow water to move
relatively freely through them under the force of gravity.

Although deposits such as dense silt or clay commonly have a high
porosity, they transmit water slowly because of the small size of the
open spaces.

THE WATER TABLE

‘SHAPE AND SLOPE

The regional water table in an area is defined by water levels in
wells tapping unconfined (water-table) aquifers. A water-table
contour map (pl. 5) was prepared from records of water-level meas-
urements made in 350 wells during the first part of November 1957.
The contour lines pass through points of equal elevation on the water
table and show the position and configuration of the water table at
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the time the measurements were made. In general, the direction of
ground-water movement is downgradient at a right angle to the con-
tour lines. The water moves from points or areas of recharye toward
points or areas of discharge. The gradient of the water table is
governed by the rate of flow, the thickness and permeability of the
rock materials through which the water moves, and the configuration
of the surface of the underlying bedrock formations. The gradient
needed to move a given amount of water from a point of recharge to
a point of discharge is greater in materials of low permeatility than
in materials of high permeabilty.

Irregularities in the shape and slope of the water table may be
caused by any of the following: local differences in gain to or loss
from the ground-water reservoir, differences in the thiclmess and
permeability of the rock materials, and irregularities in the shape of
the bedrock floor. Heavy pumping for irrigation, municipal, and
industrial water supplies may create local depressions in the water
table, and transpiration by vegetation may lower the weter table
throughout an area of shallow ground water. On the other hand,
the water table generally is mounded where streams, lakes, canals, or
reservoirs are losing water to the ground-water reservoir. A thinner
section or less permeable material is indicated where the gradient
steepens. Where the saturated materials are thin the underlying
bedrock floor has considerable influence upon the configuration of the
water table, as its shape conforms roughly to the configuration of the
relatively impermeable bedrock surface. Many local irregularities in
the shape of the water table are too small or short lived to be shown
on the water-table contour map.

Although small hills and depressions on the land surfac» are not
reflected in the shape of the water table, the configuration of the water
table conforms, in general, to the configuration of the land surface.
The overall slope of the water table is, therefore, in a downstream
direction. The movement of ground water toward the South Platte
River indicates that the river is gaining water from the ground-water
reservoir. Ground water also moves in a downstream direction to-
ward Beebe Seep and sustains its flow. Box Elder Creek, however,
is a losing stream during flood stages and contributes to the ground-
water reservoir. The water-table contours indicate that the creek
was dry throughout most of its length at the time the water-level
measurements were made.

DEPTH TO WATER

The depth to the unconfined ground water in the main valleys in the
report area generally is related to the configuration of the land sur-
face; generally the depth is greater where the land surface is high
and least where the land surface is low. The depth to water, which
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ranges from 0 to 80-feet, is shown on plate 6. The boundaries of the
areas of different depths to water were delineated by superimposing a
topographic base map on the map showing the configuration of the
water table and connecting the points of equal differences in altitutde
where the contour lines crossed.

On the flood plain of the South Platte River, the depth to water is
generally less than 10 feet; in many places it is less than 5 feet, and
the zone of continuous capillary rise (the capillary fringe) extends
either to the land surface or to the root zone of the vegetation. The
water table intersects the land surface in some places and forms
swampy areas in which the rate of evapotranspiration is high. On
the Kuner terrace the depth to water ranges from less than 10 to about
20 feet, and on the Kersey terrace it ranges from about 10 to about
40 feet. In areas immediately upstream from the three reservoirs in
Beebe Draw, the depth to water is less than 5 feet; elsewhere in Beebe
Draw the depth to water is less than 60 feet. In the Box Illder Creek
valley the depth to water is generally less than 40 feet.

Because the water table rises and falls in response to the varying
ratio of recharge to discharge, the depth to water is not constant and
so may differ from time to time from that shown on plate 6.

FLUCTUATIONS

The ground-water reservoirs in the valleys in the report area have
. rather definite basal and lateral limits because of the prersure of the
relatively impermeable bedrock floor and walls, but they generally
-have no confining upper boundary. Consequently, any cl ange in the
volume of stored water is reflected by a change in the elevation of
the water table in' much the same manner as the water level in a sur-
face reservoir indicates the amount of water in storage in the reservoir.
In-a ground-water reservoir, however, the water level may be falling
in one locality, whereas it is rising in another; these differences cause
mounds and depressions on the water table. Water-level fluctuations
indicate the changes in storage that result from recharge to or dis-
charge from the ground-water reservoir during a given period. Be-
cause the movement of ground water within the reservcir is slowed
by friction in passing through the relatively small openings in the
roek and soil material, the fluctuations of the water table are not as
sudden as water-level changes in bodies of surface water. However,
because only part of the volume of a ground-water reservoir is occu-
pied by water, the magnitude of fluctuation is greater in a ground-
water reservoir than in a surface-water reservoir if equal quantities
of water are added to or withdrawn from both.

During years of low precipitation and surface-water runoff, pump-
ing of ground water from wells is generally increased and the water
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table declines, especially in areas where recharge to the ground-water
reservoir is small. Conversely, during periods of high pre-ipitation
and abundant recharge to the ground-water reservoir, withdrawal of
ground water by pumping is reduced and the water table r'ses. The
decline of the water table during a dry period does not nocessarily
mean that an excessive amount of ground water has beer pumped
from wells; instead, the pumped water may, in effect, have been
water that otherwise would have been discharged by natural proc-
esses. Because natural discharge from an aquifer is continuous, or
almost continuous, water levels tend to decline continuously in the
absence of recharge. Water levels rise only during the intermittent
periods when the rate of recharge exceeds discharge. During a period
of several years, if ground water is not being depleted by overpump-
ing, the quantity of discharge is about equal to the quantity of re-
charge and the water table remains relatively stable.

The locations of 44 observation wells are shown in figure 9 and the
fluctuations of water levels in the wells are shown graplically in
figures 10-13.

For purposes of comparison with the water-level fluctu~tions in
the wells, graphs of the annual discharge of the South Platte River
at three stream-gaging stations and of precipitation at three weather
stations are included in the figures.

RECHARGE
PRECIPITATION

Much of the recharge to the ground-water reservoir occurs by direct
infiltration of precipitation. Part of the precipitation leaves the area
by direct (overland) runoff, part evaporates, and part replaces prev-
iously depleted soil moisture and is returned to the atmosphere by
plants. The remainder, if any, infiltrates to the water takle. The
amount of recharge is dependent upon the duration and intensity of
the precipitation, the topography, the type of vegetation, the rate
of evaporation, the permeability of the soil and rock materals, and
vegetal withdrawal of moisture from the soil. Areas where the
surficial materials are sandy are excellent for recharge from precipita-
tion.

Data are not adequate to determine the total quantity of water
recharged to the ground-water reservoir from precipitaticn. The
amount of recharge, however, can be estimated from records at the
three weather stations (fig. 6), which are assumed to be rerresenta-
tive for the whole area. The normal annual precipitation is about 13
inches and the total report area is about 970 square miles; thus, the
yearly volume of precipitation is approximately 670,000 acre-feet.
The part that becomes recharge probably is less than 10 pevcent of
the total, or less than 67,000 acre-feet.
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FI1GUrE 9.—Map of the South Platte River basin in western Adems and
southwestern Weld Counties, Colo., showing the locations of observation

wells.

39



40 GROUND WATER, SOUTH PLATTE RIVER BASIN

5 S .
[ SOUTH PLATTE VALL b
Wb BN L—Bs-ss-zsbcc :20
VAT ~ 1

j - B4-66-15ccc ]
PR . 25
E N 7 T 1
N Y \/—’\ :
15 30
£ B4-66-31dcc—| B ]
by ~
Tt , o ]
20} . oy — — /_35
25} - /
B2-66-20bcc— /]
i A ]
e 15
B «—B1-66-7dd 1w
w o et o ] 18
b — C1-67-13dbd— P 120 &
g S N e RN -
2 A ~ 125 o
o P——— =
2 < C2-67-2ded 1 3
e N A
'a' BOX ELDER CREEK VALLEY '5 (4]
m e ™
i L . S ey ;w w
z ~ 1" %
= E 103
o le B3_G4- \ i )
g s B3-64-17ccd _ Jis 3
1) r e - N 1 =
= [: - \\ ] «
& 10f+ 20 @
T -
L B2-64-30chc— -]
15 - = r___“m’_‘_\ T\ 10
) «Bl-Ss-»?fcdc = . 120
SR ' = ;
op - C2-65-35dbb—| /
o . PR 1s
B = 71
L ~ e —
» ;, = 20
: |
20} L | — 7128
- r ENVER CITY WéATHER STATION 1
z L r- 1 [
=3 m ¥ . J 1
E 5 15 — % 7.,44_,\\,_.4, 7/ .
gz | T Vo
EE 10+ e Y B : i
o i \/'
u l 1 1940 L I L . n 19‘54 L J;Llsso I 1 1 1 1955

Frevrs 10.—Long-term water-level fluctuations of 12 wells, and precipitation at
the Denver city weather station. (Water levels measured by W. E. Code, Colo-
rado State University.)



RECHARGE
RRERETR R L S5 ) S U S e == i ) ) S - TT 1V rri 11117 T T T T T
: N\ ]
= L‘_‘* J “~=— €3-65-2dcc ]
1f :
- -4 e -
o [C1-67-38ddC eeee | oo™ //\;/\ 3
w = ; -
Q r /“ C1-66-30cdc
<
w 15
3 r -
2 E S \/J /K_ ]
o
g | *\/ﬁ\t\ /8N
§ 2520 -
w = C2—67-llccd B
o - ’\——/—\/r-\
b | €2-67-10ccd =
@ - ../w—l //\ | C2-67-20cd4 -
2 § L __/')r’"‘“—\/\_f,__ 3
z © ‘ =
a E €2-67-17bac “’*‘»‘\\/"\“ ]
> - N*.-"‘/\t‘—\ 4
§ou b
-4 r m
;‘-J - WK\\/\\\V ‘-CZ 68-36cbb ]
< 45
4 C :
50 1 PN ) L -
f Ca-67-4bbb e |~ T" ) | 1
- P =
= u e ya ..
Ini ‘ ~C1-67-36bdb |
e F N 7 \\,\/F*\ -
w _ —a L i
& 150,000 ! i ]
< E | 1
z ‘ |
100000 ]r\ i
2 F | E
- ] | 3
2 50.000 <5 GTh PLATTE - \ " T ==
o [ RIVER AT
- HENDERSON \ 1
o 0 a
ww | ‘
T |
2 s | s |
=z DENVER CITY WEATHER % i
= STATION ?
2 %
g o |
E 7
2 7.7,
a %?
8 .
& i

1955

41

15

25

34

25

WATER LEVEL, IN FEET BELOW LAND SURFACE

46

51

56

Ficure 11.—Short-term water-level fluctuations in 11 wells ; discharge of the South Platte
River at Henderson; and precipitation at the Denver city weather station.



42

GROUND WATER, SOUTH PLATTE RIVER BASIN

SEEPAGE FROM IRRIGATED TRACTS, RESERVOIRS, CANALS,
AND STREAMS

Both surface water and ground water are used for irrigation in
the report area. The surface water is either diverted directly from
the streams or released from the storage reservoirs and the ground
water is pumped from many wells that tap the valley fill. The loca-
tions of nearly all the irrigation wells in the area are shown on plate
7. Most of the irrigated land is underlain by permeable unconsoli-
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dated deposits and a large amount of recharge results from the perco-
lation of water that is spread for irrigation.
recharge is apparent from the hydrographs of wells Bf-65-24dad
(fig. 18) and C1-66-18cdc (fig. 11), which are in the center of a large
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- irrigated area and not close to a stream. The water level ris>s sharply
in these wells immediately after irrigation starts. Computation of
the amount of recharge from irrigation is beyond the scope of this

- study, but it is estimated that about 40 percent of the water spread
forirrigation infiltrates to the ground-water reservoir.

Most of the reservoirs, canals, and laterals in the basin are above
the water table and are sources of a large amount of ground-water
recharge. Because most of these structures are unlined, seepage from
them occurs whenever they contain water. Local authorities estimate
that the average loss of water from the main canals and laterals is
about 85 percent of the water that is diverted from the river. Part
of the loss from the canals and laterals is consumed by evapotrans-
piration, but this component of the loss is assumed to be small in
comparison to the part of the loss due to seepage. Although the
seepage losses from the reservoirs have not been estimated, the steep-
ness of the contours on the water table immediately downstream from
the reservoirs and the fluctuations of water levels in wells near the
reservoirs indicate that the quantity is appreciable.

Intermittent streams, such as First, Second, Third, and Pox Elder
Creeks, and numerous other small tributaries in the area are above the
local water table along most of their courses and, hence, loss water to
the ground-water reservoir. For this reason, they are called “in-
fluent,” or “losing” streams. The permeable beds of these losing
streams are dry most of the time, but cloudbursts and prolonged heavy
rains have caused them to flood, and much of the floodwater recharges
the underlying ground-water reservoir. The amount of recharge de-
pends on the magnitude and duration of the flood, the gradient and
permeability of the streambed, and the degree to which the streams
meander. In a stream having a relatively straight course and steep
gradient the water runs off rapidly, but in a stream having a meander-
ing course the floodwater is impeded and is allowed a greater time in
which to infiltrate into the streambed.

The South Platte River is a gaining stream and much of its flowy is
derived from the ground-water reservoir. In some places, however,
where wells near the river are pumped heavily, the direction of ground-
water movement may be reversed and recharge from the river tempo-
rarily induced.

SUBSURFACE INFLOW

Part of the recharge to the ground-water reservoir in the revort area
is derived from underflow through the valley fill in the larger valleys,
such as those of the South Platte and Cache la Poudr> Rivers.
Ground water moves into the area through other tributary valleys
also; the amount is small however, owing to the relatively low trans-
missibility and the comparatively small cross-sectional area of the
deposits.
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Data from the aquifer tests, the water-table contour map, and the
geologic cross sections were used to estimate the yearly amount of
underflow through the valley-fill deposits (table 3). The estimates
were made by applying a modified form of Darcy’s law, which may be
written as:

Q= P;[A (cosine )
in which—¢@ = quantity of water passing the valley cross section, in
gallons per day
P;=field coefficient of permeability, in gallons per day per
square foot at the prevailing ground-water temper-
ature
I=Thydraulic gradient of the water table, in fest per mile
A =cross-sectional area through which the water moves,
in mile-feet
and— a—angle between the cross section through which the
underflow is being determined and a cross section
perpendicular to the main axis of the valley.

For example: acquifer tests in the South Platte River valley near
the western part of line A-A’ indicate that the field coefficient of per-
meability of the saturated valley fill is about 5,500 gpd (gallons per
day) per mile-foot for each foot per mile of gradient. The down-
valley gradient of the water table averages 19 feet per mile in the
western part, as shown in table 3, and the cross-sectional area of the
saturated part of the valley-fill deposits is about 44 mile-feet. It is
not necessary to introduce a value for o here because lire A-A4" is
perpendicular to the trend of the valley. On the basis of these com-
putations, the underflow into the area through the valley-fill deposits
in the western part of the South Platte River valley is estimated to
be about 4,600,000 gpd, or about 5,200 acre-ft per yr. Al‘hough the
direction of underflow through the higher terrace depo-its in the
eastern part of the river valley is to the northwest, the downvalley
gradient beneath line A-A’ is about 7 ft per mile. Underflow be-
neath this part of line 1 was estimated in a similar manner to be about
4,400 acre-ft per yr. Thus, the total underflow in the South Platte
River valley beneath line A-A4’ is about 9,600 acre-ft per yr.

The underflow into the report area through the valley-fill deposits
in the valleys of the Cache la Poudre River and Box Elder Creek were
estimated in the same manner. The yearly underflow beneath line /-7
in the valley of the Cache la Poudre River is about 5,700 acre-ft and
beneath line A-4’ in Box Elder Creek valley is about 2,100 acre-ft.

Sufficient data are not available to estimate the underflow into the
report area through the valleys of the Big Thompson River, St. Vrain
Creek, Big and Little Dry Creeks, and the small valleys that enter
from the north. The combined yearly subsurface inflow through
them, however, probably does not exceed 3,000 acre-ft.



TaBLE 3.—Rate of underflow through the valley-fill deposits

Field Pf coeffi- I A Underflow
cient of Fer- QGradient Area
Line t Valley meability (feet per | (mile-feet) a Cosine a
(gpd per sq ft) mile) Million gal-| Cubic feet | Acre-feet | Acre-feet -
lons per day| per second | per day per year
A-A' . South Platte River valley (west part).____.._.__.__ 5, 500 19 44 0 1 4.6 7 14 5,200
A-A' South Platte River valley (east part) 2, 500 7 220 0 1 3.9 6 12 4, 400
B-B.______ South Platte River valley..._...__. 5, 500 11 77 0 1 4.7 7 14 5,300
d 7, 600 10 56 0 1 3.9 6 12 4, 400
6, 500 i1 74 0 1 5.3 8 16 5, 900
4,300 11 138 0 1 6.5 10 20 7,300
&, 500 7 168 0 1 6.5 10 20 7,300
4, 500 7 230 0 1 7.2 11 22 8,100
3,400 7 270 0 1 6.4 10 20 7,200
Cache La Poudre River valley. 5, 000 614 158 0 1 5.1 8 16 5, 700
-| South Platte River valley..._. 7, 500 255 25 .01 10.0 16 32 12,000
Beebe Draw_______.___ 8, 000 18 50 25 .01 6.6 10 20 7,400
8, 000 14 37 0 1 4.1 6 12 4, 600
J 2, 600 14 121 0 1 4.4 7 14 4, 900
Beebe Draw ... ... 4, 500 16 0 1 4.7 7 14 5,300
Box Elder Creek valley...__._.._._.... 1, 500 28 46 0 1 1.9 3 6 2,100
Box Elder Creek and Horse Creek valleys. 1, 500 20 60 0 1 1.8 3 6 2,000
Box Elder Creek valley .. .. ........._ 2, 000 17 47 0 1 1.6 2% 5 1, 800
..... Ao . e 2, 500 20 28 0 1 1.4 2 4 1, 600

1 Letter refers to lines of cross sections on pls. 1-3.
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The ground-water reservoir is recharged to some extent by lateral
underflow from the sand-dune deposits and soil that mantle the up-
lands around the boundary of the area. The average saturated thick-
ness of these deposits is small, however, and their total recharge to
the area by underflow is small in comparison to underflov from the
other sources.

DISCHARGE

EVAPOTRANSPIRATION

Ground water is discharged naturally by evaporation and tran-
spiration. Ground water evaporates directly from the ground-water
reservoir where the zone of saturation extends to the floor of the
stream valleys especially on the flood plain of the South Platte River
and near the surface-water reservoirs in Beebe Draw. If the zone
of saturation extends near to but not entirely to the lard surface,
some water evaporates directly from the capillary fringe, but the
transpiration of water from plants probably accounts for most of
the ground-water discharge by evapotranspiration. Water may be
transpired both by native water-loving plants and by cultivated
plants. The depths from which plants will lift ground water differs
greatly with the type of plants. Most of the ground-water discharge
by transpiration occurs in areas where the depth to water is less than
20 feet. The roots of sorne plants, however, are long enough to reach
the water table at depths of several tens of feet.

This investigation did not include a study of evapotrenspiration
(consumptive use) ; nevertheless, the evapotranspiration in part of
the project area was estimated from data collected during this study
together with evapotranspiration data compiled in similar areas.
Lowry and Johnson (1942, p. 1243-1266) computed the consumptive
use for the stream-valley lowlands in the Garland Division of the
Shoshone project, Wyoming; the North Platte River valley, Wyo-
ming and Nebraska ; the Mason Creek area of the Boise projact, Idaho;
and the Uncompahgre Valley, Colo. The climate, length of growing
season, irrigation practices, types of crops, and types of soils in the
four areas are similar to those in this report area; therefore, the annual
consumptive-use values for the four areas were averaged, and the
result, 2.11 acre-ft-per acre per yr (rounded to 2 acre-ft per acre),
was assumed to be reasonable for the area described in this report.
Lowry and Johnson did not compute consumptive use for the non-
irrigated uplands in their areas. They computed consumptive use
only for the stream-valley lowlands, which included s~vampland,
irrigated land, and areas of natural vegetation adjacent to irrigated
areas. In this report area, the boundaries of the stream-valley low-
lands were assumed to coincide approximately with the valley-fill
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deposits; the area was determined by planimetering the contact be-
tween the valley-fill deposits and the bedrock on the geologic map
(pl. 1). The nonirrigated uplands, the areas of dune sand, and a
nonirrigated area immediately east of Derby were excluded from the
computations because sufficient data were not available. Tle lowland
area was determined to be about 220,000 acres and, on the basis of a
consumptive-use rate of 2 acre-ft per acre per yr, the toal annual
discharge of water by evapotranspiration was estimated to be about
440,000 acre-ft. Of this amount an estimated 50,000 acre-ft is direct
withdrawal from the ground-water reservoir beneath the flood plain.
The 440,000 acre-ft is necessarily a rough estimate because the actual
consumptive-use rate may vary widely from the assumed rate used
here and because the acreage used is an approximation.

STREAMS, SPRINGS, AND SEEPS

The flow of the South Platte River and Beebe Seep cons’sts partly
of ground water discharged directly into the stream channels; the
water-table contours indicate that both are gaining strezms along
most of their course. Some ground water is discharged irto drains,
which have been constructed on the floor of Beebe Draw and on the
flood plain of the river; and the flow from these drains comtributes
to the streamflow.

Numerous springs and seeps issue from near the toe of the terraces
that border the flood plain of the South Platte River, and some of the
water flows into the channel of the river or into irrigation canals.
Most of the springs issue at the top of beds of clay within the valley-
fill deposits.

SUBSURFACE OUTFLOW

A considerable quantity of ground water moves out of the report
area through the valley-fill deposits in the valleys that cross the eastern
boundary of the area. In order to estimate the amount of underflow
in the South Platte River valley, Darcy’s law was again spplied to
the data in table 8. On the basis of these data about 12,000 acre-ft of
ground water is estimated to leave the area yearly by underflow through
the valley fill. Underflow through the valley-fill deposits in the Box
Elder Creek valley beneath the test-hole line H-H’ was estimated to
be about 1,600 acre-ft yearly. The gain to and loss from the ground-
water reservoir between test-hole line A-H’ and the eastern boundary
of the report area are believed to be about equal. An undetermined
quantity of ground water leaves the area by underflow in the valley
immediately below Prospect Reservoir. A detailed local investiga-
tion would be required to determine the exact amount, but it probably
is small.
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WELLS

As of 1958 there were approximately 1,700 irrigation, municipal,
and industrial wells of large capacity in the report area, most, of which
were in the stream valleys. More water is pumped for irrigation use
than for all other uses combined. Domestic and stock wells are dis-
tributed over both the upland areas and the stream-valley lands. The
total withdrawal of ground water from the valley-fill deposits through
these small-capacity wells is small compared to that from the large-
capacity wells. As shown in tables 4 and 7, pumpage from wells is a
large component of ground-water discharge.

TYPES OF WELLS

Most of the irrigation, municipal, and industrial wells tl'at tap the
valley-fill deposits are either drilled wells cased with perforated metal
(iron or steel) casing that ranges in diameter from 10 to 48 inches,
or dug wells lined with perforated concrete casing that rang-s in diam-
eter from 2 to 4 feet. The casing in most of the metal-cased wells is
either 18 or 24 inches in diameter. A few of the old wells have metal
casing 48 inches in diameter, but it is not known whether they were
drilled or dug. Most of the dug wells have a concrete casinig either 3
or 4 feet in diameter. Some of the old dug wells near Brighton and
Fort Lupton have a concrete casing that is 10 feet in diameter at the
surface. Below the bottom of the large hole one or more holes of
smaller diameter extend deeper. The deeper holes are cased with
perforated metal or concrete casing. A few of the dug wells are
cribbed with brick, tile, or wood. The domestic and stock wells are of
a variety of types. They include the types just mentioned as well as
driven, augered, and jetted wells; most are lined with motal casing
having a diameter of 8 inches or less. Many are drilled irto bedrock
aquifers.

METHODS OF DRILLING

Many of the small-diameter wells and most of the deep wells in the
area have been drilled by the standard hydraulic-rotary method ; the
holes generally range from about 4 to 8 inches in diameter. This
method is fundamentally the same as that used to drill oil wells, but
the drilling rigs used to drill water wells are much smaller than those
used to drill oil wells. Drilling is done by rotating the string of
drilling pipe to which is attached a rock bit. As drilling progresses,
drilling fluid consisting of a mixture of water and mud, clay, or some
manufactured product is pumped downward through the rotating
drill stem out through the bit, and up the hole to the land surface
where it is channeled into a sump pit. The drilling fluid tl'en is taken
from the pit by the pump and recirculated in the hole. This very
viscous fluid not only lifts the drill cuttings to the surface but also seals
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the walls of the hole, thus preventing caving and the lors of fluid
pressure by seepage into permeable materials. Holes can be drilled
to great depths by the standard hydraulic-rotary method; the maxi-
mum depth of water wells drilled by this method in the report area
is about 2,000 feet.

Many of the large-diameter wells have been drilled by a relatively
new method—the reverse-rotary method. The name “reverre rotary”
is derived from the fact that the direction of flow of the drilling fluid
is reversed from that of the standard hydraulic-rotary method. Dur-
ing a reverse-rotary operation, a slowly rotating bit at the lower end
of a drill stem cuts material loose from the bottom of the Iole. The
drill hole is kept constantly full of water so that the hydrostatic
pressure prevents caving. The water and drill cuttings are pumped
up the hollow drill steam and discharged into a settling pit. The
drill cuttings remain in the pit but the water overflow runs back
into the drill hole by gravity. Generally, a hole drillel by this
method is 24-60 inches in diameter. When the desired depth has
been reached, a perforated casing of smaller size is placed in the
hole and the annular space around the casing is packed with sorted
gravel. The reverse-rotary method is very successful for drilling
wells in unconsolidated deposits and in some consolidated sedimentary
rocks. Two wells in the Denver area were drilled by this method
to a depth of about 800 feet in consolidated sedimentary rocks.

The orange-peel bucket has been used to dig many of the large-
diameter wells in the report area, especially in the southern part
of the South Platte River valley. The heavy metal bucket used in
excavating the hole is fitted with four steel jaws, or leaves, which
open outward from its bottom; hence, the name “orange peel.” The
bucket is suspended from a swinging boom by a system of cables, and
with the jaws open, it is dropped into the hole. The weight of the
bucket digs the jaws into the material at the bottom of the Fole. The
jaws then are closed on a load of the material, the bucket is with-
drawn, and the material is dumped beside the hole. As the digging
proceeds, sections of concrete. casing, which generally are either 3
or 4 feet in diameter and as much as-4 feet long, are installed in
the hole. One end of each section of easing is recessed so that the
sections fit snugly together; the weight of the concrete, or of added
sandbags, forces the string. of casing into the hole. Most wells dug
by the orange-peel bucket are not gravel packed. Because the bucket
will not penetrate consolidated rock, this method is limitel to dig-
ging wells in unconsolidated materials.

In the cable-tool method of drilling (sometimes called the “per-
cussion” or “churn-drill” method), a string of heavy drilling tools
with a cutting bit at the bottom end is suspended on the end of a
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cable from a derrick; the string of tools is lifted and dropped regu-
larly to produce a cutting or drilling action at the bottom of the
hole. The drill cuttings are removed from the bottom of the hole
by means of a bailer or sand bucket. Usually a metal casing is driven
into the hole as the drilling proceeds, and the drilling tools and bailer
are lowered and withdrawn through the casing. In some instances,
however, when it is desirable to gravel pack a well, a temporary metal
casing of large diameter is forced into the hole; then, when the
drilling is complete, a perforated casing 18 or 24 inches ir. diameter
is placed within the temporary casing, the annular spac» between
the casings is packed with sorted gravel, and the temporary casing
isremoved. Both unconsolidated and consolidated rock can be drilled
by the cable-tool method.

METHODS OF CONSTRUCTION AND DEVELOPMENT

The most permeable water-bearing zones in the alluvium generally
are located by drilling test holes of small diameter with » standard
hydraulic-rotary drilling rig, a cable-tool rig, or a power auger. Test
drilling is especially advisable when wells of large capacity are de-
sired or when a well is to be drilled in a place where subsurface in-
formation is not available.

Wells tapping unconsolidated material are cased the full length of
the hole to prevent caving. Generally the casing is perforated, but
in some of the older wells of large diameter, the casing is not per-
forated and water can enter the well only through the.open end of
the casing.

Most of the recently drilled irrigation, municipal, and industrial
wells have been gravel packed. A large hole (24-60 in. ir diam.) is
put down through the water-bearing formation, then a perforated
metal casing or a well screen (generally 18 or 24 in. in diam.) is placed
in the center of the large hole, and the annular space around the casing
or screen is packed with clean gravel of uniform grain size. Some-
times a string of concrete casing, generally 36 or 48 inches in diameter,
is installed in the hole and gravel packed. The perforstions in a
metal casing are punched or torch-cut slots, whereas those in a concrete
casing generally are rectangular openings. Well screens generally
have rectangular openings. The size of the casing perforations or of
the well-screen apertures is an important factor in the construction
of wells, especially large-capacity wells. The openings should be
slightly smaller than the grain size of the gravel pack, and the grain
size of the gravel pack should be slightly larger than the grain size
of the water-bearing material. Care should be taken not to gravel
pack a well with material that is less permeable than the water-
bearing material.
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Some wells.are not gravel packed and the perforated parts of the
casing are placed below the water table at positions that correspond
to the more permeable zones in the water-bearing formation; blank
casing generally is placed opposite zones of clay, silt, or fine sand.
If a perforation size that will pass the finer grained part of the water-
bearing material is selected, a natural gravel packing of the coarser
part of the materials is formed around the perforated casing during
development of the well. If the perforations are too small, they may
become clogged by fine grains or by minerals precipitated from the
water.

A well in unconsolidated material should be developed upon com-
pletion; that is, the fine-grained material should be removed from
the aquifer around the well by pumping or surging and from the
bottom of the well by bailing. Removal of the fine-graine1 material
not only will greatly increase the effective diameter of the well and,
hence, its yield but also will extend the life of the well. Furthermore,
if most of the fine material is not removed during development, it
may continue to be pumped from the well and may cause undue wear
of the pump. Wells may be developed by installing a turbine pump
and pumping the well at alternating high and low rates until the
water being discharged contains no sediment. Some wells are
developed by plunging a close-fitting surge plate up and down in the
casing below the water table; the sediment that accumulates in the
bottom of the well then is bailed out.

Wells tapping aquifers in the consolidated rocks are completed by
several methods. Some wells, especially the older ones, are cased only
in those parts where caving is likely, where prevention of leakage from
one artesian aquifer to another is desired, or where the entry of
chemically poor water should be prevented. In recent years, however,
it has been common practice to case the entire hole and to place perfo-
rated casing or well screen opposite only the zones that will yield
water of acceptable quality. Many of the wells recently drilled into
bedrock aquifers are gravel packed. Most are developed as soon as the
casing and gravel pack have been installed, especially if a quantity of
water sufficient for municipal or industrial use is desired.

PUMPS AND POWER

Most large-capacity wells in the area are equipped with turbine
pumps; a few older ones are equipped with centrifugal suction pumps.
Because its impellers are submerged below the ‘depth of maximum
drawdown, a turbine pump does not require priming before operation.
Power is transmitted directly to the impellers by a vertical shaft with-
in the water-column pipe of the pump. When the shaft and impellers
are rotated by an electric motor, a gear head, or a pulley at the top of
the pump, water is forced directly up the pump column and out the dis-
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charge pipe. The turbine pumps are lubricated either by oil or by
water, and the diameter of the discharge pipe ranges from 4 to 12
inches; most of those in the report area are 6, 8, or 10 inches in
diameter.

Centrifugal pumps of two types, the horizontal-shaft ty»e and the
vertical-shaft type, are used in some of the older large-capscity wells.
The horizontal-shaft type is mounted above the water table, some in
a pit or in the casing and some at the top of the casing. Vertical-shaft
centrifugal pumps are submerged below the depth of maximum draw-
down. Power is transmitted to the impellers in both types by a
system of shafts and pulleys. Water is sucked into the pumps through
an intake suction pipe and pumped out through a discharge pipe.
The horizontal-shaft type generally requires priming before operation
and will fail to pump water if the drawdown exceeds the snction lift
of the pump. The discharge opening of nearly all these pumps gen-
erally is 4-12 inches in diameter.

About 95 percent of the pumps in large-capacity wells are driven
by electric motors and the remainder are driven by internal-combus-
tion engines that use diesel oil, gasoline, or bottled gas for fuel. Most
power units for pumps are stationary, but farm-tractor engines are
used to operate a few pumps. Electric power is supplied by the
Union Rural Electric Assoc., the Public Service Co. of Colorado, the
Colorado Central Power Co., and the Home Light and Power Co. In
areas where the pumping lift is less than 20 feet, motors of 714-, 10- or
15-horsepower generally are sufficient, but where the pumping lift
ranges from 20 to 80 feet, 15- to 25-horsepower motors are required.
The horsepower of the electric motors averages 1215. Sprinkler ir-
rigation systems generally require about twice as much rower as is
needed for gravity systems.

The small-capacity wells in the area are equipped wi‘h lift (or
cylinder), jet, small turbine, submersible, or centrifugal pumps. The
lift pumps are operated principally by windmills and the others
largely by electric motors; a few pumps are operated by internal-
combustion engines or by hand. Most electrically powered domestic
units are equipped with pumps that force the water into pressure
systems.

YIELDS

The yields of nearly all the irrigation wells in the area were meas-
ured with a Hoff current meter, a Parshall flume, or a pitot tube.
Because most of the municipal and industrial pumping units are
sealed systems, the discharge could be measured in only the few
units having flow meters in the discharge system. The discharge of
large-capacity wells was determined principally with a Hoff current
meter, which was used to measure the velocity of flow in th~ discharge
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pipe of the pump (fig. 14) or in a concrete-lined ditch. The number
of revelutions of the current-meter propeller was timed with a stop-
watch and the rate of discharge was computed by applying the basic
formula (Rohwer, 1942, p. 9) :

@= (419 A-5)V
in which—¢ =discharge of the pump, in gallons per minute
A =cross-sectional area of the discharge opening, in square
feet
V=average integrated velocity. of the discharg'ng water,
in feet per second.

This formula was modified for each individual current meter by a
rating factor that was determined each time the meter was rated.

The discharge of some wells could not be measured with a Hoff
current meter because the water surged badly or the discharge pipe
was obstructed by an alfalfa valve or a metal plate; in-tead, the
discharge was measured by placing a Parshall flume in & ditch in
such a way that all the water ran through it. By measuring the height
of the water in a flume, the rate of discharge may be resd from a
standard table. In sprinkler irrigation systems, the rate of discharge
was measured by inserting a pitot tube.and pressure gage into equally
spaced sprinkler heads. The pressure in each sprinkler he~d can be
converted to gallons per minute by the use of standard takles in the
manufacturer’s handbook, and the total yield of the pumping unit
can be determined by averaging the discharge rates and mmltiplying
this average by the total number of sprinkler heads. The yield of
some wells that discharge less than 100 gpm was measured by clocking

~the interval of time required for the discharging water to fill a con-
tainer of known capacity.

Measured yields of 886 irrigation wells in the area ranged from 45
to 2,040 gpm and averaged about 700 gpm, and the drawdown of the
water level in the wells ranged from about 1 to 50 feet. Bec~use most
of the measurements were made about 15 minutes after the pumps
were started, thé measured - yields generally were- greater and the
measured drawdowns less than the average seasonal yields and draw-
downs. Such a short period of pumping does not allow sufficient
time for the yield of a well and the drawdown to become stable or
nearly to reach equilibrium. In some heavily pumped sreas, the
progressive decline of the water table during the pumping season
causes a reduction in the yield of wells and an increase in the draw-
down. Conversely, in areas where recharge from surface-water irri-
‘gation causes the water table to rise progressively during the irriga-
tion season, the yield of wells increases and the drawdown i reduced.
Most of the measured yields and drawdowns, however, are believed
to be within 10 percent of the average seasonal yields and drewdowns.
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The specific capacity (the number of gallons per minute discharged
for each foot of drawdown) of the 668 irrigation wells for which
both yield and drawdown data were obtained ranged from 5 to 295.
Differences in the permeability and thickness of the water-bearing
formations, in methods of well construction, and in the degree of well
development cause the wide differences in specific capacities. A com-
parison of specific capacities, however, is useful in estimating the
relative efficiency of wells and the transmissibility (permeability
times thickness) of the producing formations.

FIGURE 14.—Rate of discharge from an irrigation well being measured with a Hoff current
meter. Photograph by A. I. Johnson.
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. The amount of water pumped during 1956 and 1957 was computed
from the following formula for each electrically powered irrigation
well for which the necessary data were available:

_ HQ

where—

A=amount of water pumped from well during the year, in acre-feet
. H=duration, of pumping, in hours per year

¢ =rate of discharge, in gallons per minute.

The duration of pumping during the year (H) was calculated by
dividing the total amount of power consumed during the year (deter-
mined from power-consumption records supplied by the power com-
panies) by rate of power input to the motors (measured by clocking
the electric watt-hour meters with a stopwatch). The rate of dis-
charge- (€) was measured by ene of the methods described on page
54. By averaging the total amounts of water pumped from the
individual wells and applying that average to the large-capacity wells
for which the necessary data were not available, the total quantity of
water pumped from all the large-capacity wells could be estimated.
An average of about 100 kilowatt hours of energy was required to
lift 1 acre-foot of ground water to the land surface.

The acreage irrigated with water from individual wells was

reported by the well owners or operators when the wells were
inventoried.

TaBLE 4.—Estimaled quantity of water pumped from large-capacity irrigation wells
and acreage irrigated

1956 1957
Approximate number of wells pumped_____________ 1, 700 1, 700
Estimated pumpage in area, in acre-feet___________ 250, 000 100, 000
Average pumpage per well, in acre-feet____________ 150 60
Total area irrigated with ground water, in acres. _ .. 100, 000 100, 000
Estimated pumpage per acre, in acre-feet__________ 2.5 1.0

The results of the computations and estimates are given in table 4.
The estimates are only approximate, because several factors affect their
aceuracy : (1) ‘The yield of most of the irrigation wells in the area

~changes during the pumping season, owing to seasonal fluctuations of
the water table (discharge measurements made early and late in the
pumping season may differ by as much as 10 percent) ; (2) the yields
of wells, which were measured after only a short period of pumping
- and before. the discharge had become stable, decrease after a longer
period of pumping; (8) some values for irrigated acreage may be too
- large; because for some farms the same acreage may have been reported
for each of several wells that discharge into a common irrigation sys-
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tem; (4) some well owners may have reported the possible maximum
acreage that a well can irrigate rather than the actual acreage that
was irrigated; (5) some well owners may have included acreage
irrigated by surface water; and (6) the yields of only part of the
wells were measured. The total quantity of water pumped in the
area also changes considerably from year to year, owing to changes
in the amount of precipitation and in the available supply of surface
water. Because 1956 was a very dry year and 1957 was an extremely
wet one, the average, 175,000 acre-ft, is believed to be about the
quantity that is pumped for irrigation, municipal, and industrial use
during a normal year.

The total amount of water pumped per year from the small-capacity
domestic and stock wells that tap unconsolidated materials is esti-
mated to be not more than 500 acre-ft.

GROUND WATER IN THE STRATIGRAPHIC UNITS
BEDROCK FORMATIONS

The Fox Hills sandstone generally does not yield water in sufficient
quantities for irrigation use, but it yields small quantities of water to
some of the domestic and stock wells in the area. It also supplies
small to moderate quantities of water to community, municipal, and
industrial wells in the Denver area. The upper sandstone unit is the
principal aquifer; the lower part of the formation is not an important
source of water because it has a low permeability. Water enters the
formation in the areas of outcrop and from overlying formations in
the region between the Rocky Mountain Front Range and the western
boundary of the report area. Eastward from this region of recharge,
the ground water is confined in the sandstone strata under artesian
pressure, which in places is sufficient to cause the water tc flow from
wells at the land surface. The small-diameter domestic and stock
wells tapping the Fox Hills sandstone generally yield only a few
gallons per minute, but the larger diameter wells in the I >nver area
yield as much as 75 gpm. Wells near the area of outcrop of the for-
mation (pl. 1) may obtain water at relatively shallow dep*hs, but the
depth of wells increases southward as the thickness of the overlying
formations increases. Some wells that tap the formation in the Den-
ver area are as much as 2,000 feet deep.

The Laramie formation supplies small quantities of water to domes-
tic, stock, municipal, and industrial wells throughout the area. Water
in sufficient quantities for irrigation use generally is not available in
the formation. The principal aquifers are the basal sandstone beds,
although lenticular bodies of sandstone in the upper part contain
some water. Most of the recharge to the permeable beds occurs by
direct penetration of precipitation in the outcrop area west of the
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project area, but some recharge occurs throughout the area by the
downward percolation of water from overlying formations. The
water-bearing beds contain water under artesian pressure where they
are confined between relatively impermeable beds. The water gen-
erally is not under sufficient pressure in the project area to cause it to
flow from wells at the land surface. However, the average yield of
wells in the Laramie formation is about 15 gpm, but properly con-
structed wells that penetrate the basal sandstone beds in the Denver
area may yield as much as 50 gpm. The depths of the wells that tap
the formation differ widely. Many of the wells are less than 100 feet
deep, but in the Denver area some wells that tap the basal sandstone
beds are 1,000-1,500 feet deep.

Throughout most of the report area the upper sandstone member
of the Fox Hills sandstone and the basal sandstone beds of tl = Laramie
formation may be considered a single water-bearing zone that is con-
fined between relatively impermeable strata. This zone contains the
most productive aquifers in the two formations, and some wells that
penetrate this zone in the southern part of the report area have a
sustained yield of about 75 gpm.

The Arapahoe and Denver formations supply water tc domestic,
stock, municipal, and industrial wells in the southern part of the
project area. Although the yields generally are small, 5-50 gpm,

-some wells that tap the basal part of the Arapahoe formation in the
Denver area yield as much as 150 gpm. Beds of sandstone and con-
glomerate are the most important aquifers and, locally, the ground

* water is confined under pressure. Water enters the formations where

they crop out, mainly in the area surrounding and within Denver,
and from the overlying unconsolidated rock materials. The depths
of wells in the two formations range from a few hundred feet to about

700 feet.

The Dawson arkose yields small quantities of water to domestic and
stock wells 1n the extreme southeastern part of the report area and in
the area along both sides of the Box Elder Creek valley between test-
hole line 4-4" and Keenesburg, where the formation is intertongued
with the Laramie and Arapahoe formations. Wells tapping the for-
mation in these areas generally discharge less than 20 gpm; the maxi-
mum depth of the wells is about 500 feet.

UNCONSOLIDATED DEPOSITS

The deposits of sand and gravel that mantle the uplands as a thin
veneer, or in scattered patches, generally are topographically high
and, therefore, are well drained. Although they are not a known
source of water for wells, these deposits are hydrologically important
because they absorb and transmit precipitation to underlying forma-
tions.
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The deposits that underlie the older partly dissected terrace in the
South Platte River valley between the southern boundary of the report
area and Brighton are the source of water for domestic, s‘ock, and
irrigation wells. The irrigation wells on the older terrace generally
have only moderate yields because the deposits that underlie the terrace
contain many zones of relatively low permeability.

The valley-fill deposits that underlie the Kersey and Kuner terraces
and the flood plain in the South Platte River valley and that underlie
the valley floors of Beebe Draw and the Box Elder Creek valley are
the most widely developed and important source of ground water for
wells in the report area. The geologic map (pl. 1), the geologic cross
sections (pls. 2 and 8), and the map of saturated thickness (pl. 8)
indicate the large volume of these unconsolidated materials. Because
they are highly permeable, these deposits yield water to wells of all
types, many of which are used for irrigation. They are recharged
freely by infiltrating precipitation,.seepage from surfece water
(streams, canals, and irrigated tracts), and by underflow from outside
the-area. They form an almost continuous aquifer in the main valleys
and their thickness and permeability generally are sufficient to permit
the development of large supplies of water. However, the ifferences
in thickness, permeability, well construction, volume of pumpage, and
- spacing of wells cause the yields: from wells to range from moderate

to large. Ground water in the deposits is unconfined, excert in some
- places where relatively impermeable beds locally confine small bodies
.of ground water under pressure.

" The deposits of slope wash that fringe the main valleys are relatively
unimportant as aquifers in the report area. They, or interbedded de-
- posits of valley fill, yield water to domestic and stock wells and, in a
few places, to small-capacity irrigation wells.

Most of the dune-sand deposits in the area are above the water table

-and, hence, are not a source of water for wells. They .are an ideal
medium of recharge to the underlying formations, however, because
the sand absorbs precipitation rapidly and allows little or no runoff.
Locally, shallow domestic and stock wells may obtain small quantities
of water from bodies that are held up in the dune sand by relatively
impermeable materials below.

HYDROLOGIC PROPERTIES OF WATER-BEARING MATIERIALS
By.E. D. JENKINS and W. W, WILSON '

The capacity of a rock to yield water to wells and to transmit water
under pressure. is called permeability. The field coefficient- of per-
meability of a water-bearing material (P;) is expressed as the num-
ber of gallons of water that will percolate in 1 day, at the prevailing

695-928 0—64——5
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water temperature, through a vertical section of that material 1 ft
high and 1 mile wide for each foot per mile of hydraulic gradient.

The capacity of an aquifer as a whole to transmit water is called
transmissibility. The coefficient of transmissibility of a weter-bearing
material is expressed as the number of gallons of water that will
percolate in 1 day, at the prevailing water temperature through a
1-mile-wide vertical section of the full saturated thickress of that
material for each foot per mile of hydraulic gradient. Hence, the
coefficient of transmissibility is the field coefficient of permeability,
as defined above, multiplied by the saturated thickness of the aquifer,
in feet.

Part of the water in any deposit will not drain into a well by gravity
because it is held against the force of gravity by molecular attrac-
tion—that is, by the cohesion of the molecules of water and by their
adhesion to the walls of the pores. The ratio of the volure of water
that a rock will yield by gravity, after being saturated, to its own
volume is known as the specific yield of the rock and i generally
expressed as a percentage. The ratio of the volume of water that
a rock will retain against the force of gravity, after being saturated,
to its own volume is known as the specific retention. The specific
yield plus the specific retention equals the porosity of the rock. Thus,
if 100 cubic feet of a saturated formation will yield 20 cubic feet
of water and retain 15 cubic feet of water, when drained by gravity,
the specific yield is 0.20, or 20 percent; the specific retention is 0.15,
or 15 percent; and the porosity is 0.35, or 35 percent.

The volume of water an aquifer releases from or takes into storage
per unit surface area of the aquifer per unit change in the com-
ponent of head normal to that surface is called the ccefficient of
storage. If the aquifer is unconfined, the water released from or
taken into storage in response to a change in head is du= partly to
gravity drainage or to refilling of the zone through whicl the water
table falls or rises, and partly to compressibility of the water and
aquifer material in the saturated zone. As the volume of water
attributable to compressibility generally is a negligible part of the
total volume, the storage coefficient of an unconfined aquifer is, for
practical purposes equal to the specific yield. If the aquifer is con-
fined, the water released from or taken into storage in response to
a change in heads is due solely to compressibility of the aquifer ma-
terial and of the water. The coefficient of storage of a confined
aquifer is, therefore, exceedingly small in comparison to the specific
yield of an unconfined aquifer having the same coefficient of trans-
missibility, generally 0.00001-0.001 for a confined aquifer ar compared
with a range from a percent or two to 30 percent or more for an un-
confined aquifer.
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BEHAVIOR OF GROUND WATER IN THE VICINITY C¥
. DISCHARGING WELLS
The following discussion of the behavior of ground water in the
vicinity of discharging wells has been adapted largely from Wenzel
(1942, p. 98-101), and the reader is referred to his report for a more
. detailed discussion of the subject.

*As.soon as a pump begins discharging water froem a well that pene-
~trates a water-bearing formation under water-table conditions, a
- hydraulic. gradient is established from all directions toward the well

and-the water table is lowered around the well (fig. 15). The water
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F1eure 15.—Profile of the water table near a discharging well.

table soon assumes a form comparable to an inverted cone, although
it is not a true cone. Where the water-bearing material is homo-
geneous, this cone of depression will be circular if the initial or static
water table is horizontal, but somewhat elliptical if the initial water
tableis sloping. Some water-bearing material will be unwatered by the
decline of the water table, and the water drained from this material
will percolate to the pumped well. Thus, for a short time after pump-
“ing begins, most of the water that is pumped from a well comes from
the unwatered rocks.comparatively close to the pumped well and,
- temporarily, very-little water may be drawn teward the well from
- greater distances. ASs.pumping continues, however, a hydraulic
gradient. that is virtually an equilibrium gradient is established close
to the pumped well, and water is transmitted to the well tk rough the
water-bearing material in .approximately the amount that is being
pumped. The decline of the water table and, hence, the unwatering of
material in the cone of depression will then be much slower, with the
result that more water percolates toward the well from greater dis-



62 GROUND WATER, SOUTH PLATTE RIVER BASIN

tances, the cone of depression expands, and water-bearing materials
are drained at increasing distances from the pumped well. Thus, as
pumping continues, more of the formation will gradually be un-
watered, an equilibrim gradient that will transmit to the w~ll approxi-
mately the amount of water that is being pumped will be established
at increasing distances from the well, and an appreciable drawdown of
the water table will be noted at ever-increasing distances from the
well. Inasmuch as an equilibrium gradient can be established at
increasing distances from the pumped well only by steepening the
hydraulic gradient, which in turn can be created only by an increase
in drawdown, the water table near the pumped well, in orcer to main-
tain an approximate equilibrium form, will continue to lower indef-
initely but at a decreasing rate. Recharge to the formation may,
however, halt the development of the cone of depression by furnishing
additional water, which becomes an additional supply for the pumped
well. If no water is added to the formation, the water table will
continue to decline as long as the well is pumped, and eventually the
cone of depression will extend to the limits of the formation or, if
the aquifer is sloping, the downgradient side of the cone will continue
to migrate in a downgradient direction as long as pumping continues.

When a well is pumped, the distance to the point wheres the draw-
down is imperceptible is called the radius of influence and the cir-
cular or elliptical area described by this radius is called the area of
influence of the well. The radius of influence around a discharging
well is a function of time, permeability, coefficient of storage, and
yield. Where wells are spaced too closely, the cones of depression
around the wells overlap (interfere) and, as a result, yields are
decreased and pumping lifts are increased. The amount of inter-
ference depends upon the distance between wells, the rate and duration
of pumping from the wells, and the hydrologic properties of the
aquifer. In the vicinity of a discharging well, the drawdown in-
creases with an increase in the rate and duration of puping and
decreases with an increase in distance from the well. Many of the
large-capacity wells in the report area are very closely spaced (pl. 7).
Mutual interference becomes so critical in some areas, especially
during periods of drought and heavy pumping, that the weter level is
drawn to the bottom of the pump column. Then, either pumping
must be temporarily discontinued or the pumping rat> must be
reduced.

The piezometric surface of an artesian aquifer responds to the
pumping of a well in much the same way as does the water table of a
nonartesian aquifer; however, the release of water from storage in
response to a change in head is due solely to compaction of the aquifer
and expansion of the water upon release of pressure. The quantity
of water removed from an artesian aquifer by these processes gen-
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erally is much less than that removed by dewatering part of a forma-
tion under water-table conditions, and the drawdown of the piezo-
metric surface and development of the cone of depression under
artesian conditions are much more rapid than under water-table
conditions. Therefore, mutual interference between wells takes place
sooner and is more extensive under artesian conditions then under
water-table conditions.

During the pumping of a well, the drawdown of the water table
or piezometric surface at any point is inversely proportioral to the
permeability or transmissibility of the water-bearing materi~l; hence,
‘the drawdown generally is small in well-sorted gravel and coarse
sand and is much greater for the same pumping rate in less permeable
~materials such as fine sand, silt, or clay.

After the discharge of a well in an unconfined aquifer is stopped,
water momentarily continues to percolate toward the well under the
hydraulic gradient set up during the period that the well was dis-
charging, but instead of being discharged by the well, the water
refills the well and the interstices of the material that were dewatered.
As the formation near a well in an unconfined aquifer is gradually
refilled, the hydraulic gradient toward the well is decreased and the
recovery becomes progressively slower. At distances comparatively
far from the well, the water level may -continue to lower for a con-
siderable time after discharge ceases because at those distarces water
still is being taken from the interstices of the material to s1pply the
water that refills the rocks around the well. In time, there is a
general equalization of water levels over the entire region and the water
table assumes a form similar to that which it had before pumping
began, although it may remain temporarily or permanently somewhat
lower, according to recharge conditions.

After the discharge of a well in a confined, or artesian, aquifer is
stopped, the water momentarily continues to move toward the well,
tends to expand the aquifer and associated beds to about their original
capacity, and is slightly compressed by the increased pressire.

. AQUIFER TESTS

Methods of determining the transmissibility and storage coefficients
of a water-bearing material involve an analysis of the rate of decline
in water level of an aquifer as water is removed by pumping or of the
rate of rise in water level after pumping has stopped. During an
aquifer test, the water level is measured in the pumped well and one
or more observation wells before pumping begins and at periodic in-
tervals during the test; for a recovery test, the water level is also
measured periodically after the pumping stops until the recovery
rate becomes very slow.

Nonequilibrium formulas for determining the coefficients of trans-
missibility and storage by discharging-well methods assume that the
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aquifer test is made under the following conditions (Meinzer and
Wenzel, 1942, p. 471) :

(1) The water-bearing formation is homogeneous and isotropic, (£) the forma-
tion has an indefinite areal extent, (3) the pumped well penetrates the entire
thickness of the water-bearing formation, (4) the coefficient of treusmissibility
is constant at all places and at all times, (5) the pumped well has an infinitesimal
diameter, (6) the initial nonpumping piezometric surface (or water table) is
horizontal, (7) the impervious bed underlying the water-bearing bed is hori-
zontal, and (8) water is taken from storage instantaneously by the decline in
head.

Under these conditions, water percolates toward the pumped well
equally from all directions and the same quantity of water percolates
toward the well through any series of concentric cylindrical sections
around the pumped well. Equilibrium formulas also assume that ap-
proximate equilibrium is established with a constant rate ¢f pumping
and that very little water is removed from storage close to the well.
The degree to which these assumptions are fulfilled differs with each
aquifer test and governs the accuracy of coefficients determined by the
test.

From data gathered from one observation well during an aquifer
test, the coeflicients of transmissibility and storage of an aquifer can
be computed by the Theis nonequilibrium formula (T™eis, 1935,
p. 520). In units commonly used by the Geological Survey, this
formula is as follows:

Uy, M
1.87r*S
u=""p 2)

where—
T=-coefficient of transmissibility, in gallons per day per foot
@=discharge of pumped well, in gallons per minute
S=drawdown (or recovery) in observation well, in feet,
s=coefficient of storage
r=distance of observation well from pumped well, in feet
t==time since pumping started (or stopped), in days
and—
W=the well function of u. W, values for corresponding
values of 4 were computed by Kazmann (Wenzel, 1942,
p. 88-89).

The modified nonequilibrium formulas described by Jacob (1947)
also can be used to determine the coefficient of transmiss’bility and
storage from the data obtained while the well was being pumped or
from the recovery data. These formulas, simplified for graphic
solution and expressed in units used by the Geological Survey, have
the form:
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264()
and— r
S=O.?;2 ta ( 4)
in which—
T;Q, s, S, t, and r are as previously defined
and—

t,=time, in days, at which no drawdown (or recovery) appears
to occur
As=the drawdown difference per log cycle of ¢.

The Thiem equilibrium method of determining the coefficients of
transmissibility and storage of an aquifer involves the analysis of the
decline in water level during the pumping period in two or more ob-
servation wells near a well that is being pumped. The derivation of
the general Thiem formula was discussed by Wenzel (1942, p. 81), and
a graphic method for solving the Thiem formula was described by
Jacob (1944). Jacob's modification of the Thiem formulas may be

" written :
T'=528Q

= (5)
and—
S=03Tt
L———mz (6)

in which—
7,Q,8,r,and ¢ are as previously defined
r.=maximum extent of cone of depression at time #, in feet,
s’=adjusted drawdown of water level in the observation well, in feet,
and isequal to
82

2m
where—
m=saturated thickness of the aquifer, in feet.
If, for these formulas, # is not sufficiently large, S will be only the
apparent coefficient of storage and may be considerably less than the
true coeflicient of storage.

- The apparent coeflicient of storage of an unconfined aquifer increases
with duration of pumping, rapidly at first and then more and more
slowly until the true coefficient of storage is approached. The length
of pumping time necessary to obtain. a reasonable value for the co-
efficient of storage is governed by the time required to drain completely
the sediments within the cone of depression. Many days or weeks of
pumping may be required for fine-grained sediments to become largely
drained, whereas only a few hours of pumping may be needed for very
coarse-grained sediments. The true coefficient of storage can be esti-
mated from the projection of a curve in which the apparent coeflicient
of storage has been plotted against time or from the projection of
several curves on logarithmic probability paper. In the latter method,
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the apparent coefficients of storage divided by an assumed coeflicient
of storage are plotted against time; from the projection to some later
#, the coefficient of storage can be calculated.

The specific capacity of a well is its rate of yield per unit of draw-
down and is generally determined by dividing the yield, in gallons per
minute, by the drawdown, in feet. It is a function of factors other
than transmissibility, including duration of pumping, the diameter
of the well, its depth of penetration into the aquifer, the effectiveness
of the casing perforations or well screens, the extent and effectiveness
of well development, and the distance from nearby wells that are being
pumped. Under water-table conditions, the specific capacity of even
a fully developed well is nearly constant only when the drawdown is a
small fraction of the saturated thickness of the aquifer. Because, in
general, high specific capacities indicate that the aquifer has a high
transmissibility, and low specific capacities indicate that the aquifer
has a low transmissibility, the specific capacity of a well ray be con-
sidered to be a measure of the magnitude of the transmissitility of the
aquifer According to a method developed by Theis and otlers (1954),
as used by Back (1957, p. 4-6, 30-32), an approximate valu~ for trans-
missibility can be obtained by multiplying the specific capacity in
gallons per minute per foot of drawdown by 2,000.

The coefficients of transmissibility and storage of the valley-fiil
deposits in the valleys of the South Platte River, Beebe Seen, and Box
Elder Creek were calculated from data from 41 aquifer tests at
the locations shown in figure 16. Nearly all the wells tested during
this investigation penetrate the entire aquifer and were constructed
with casings that range from 18 to 24 inches in diameter. However,
a great variety of casing perforations were used, and the meth-
ods and extent of well development differed widely throughout
the report area. The equipment used to make the tests included a
stopwatch, a Parshall flume, Hoff current meter or other device for
measuring well discharge, an electric-contact or steel tape for measur-
ing depth to water, and a barometer for determining changes in at-
mospheric pressure.

Before an aquifer test was begun, the static (nonpumping) water
levels in the test well and in all nearby wells accessible for water-level
observation were measured. The test well then was pumped at the
most uniform rate possible for a period ranging from several hours
to several days, durmg which time the discharge from the well and
the depth to water in the well were measured at periodic intervals.
Where nearby observation wells were available, water levels in them
also were measured periodically (fig. 15). After pumping was
stopped, periodic measurements of the water levels in the pumped
and observation wells were continued until the water levels ap-
proached their original static position.

The results of the aquifer tests made in the report area are sum-
marized in table 5. The coefficients of transmissibility ranged from
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35,000 to 500,000 gpd per ft. Such a wide range is to be expected
because the valley-fill deposits range widely in saturated thickness
and in the size, shape, and degree of interconnection of interstices.

EXPLANATION

_460_
o 100,000
Aquifer test sites
Upper number is the pumping rate, in gallons
per minute. Lower number is the coefficient

of transmissibility, in gallons per day per
Joot

A

T6N.

] T.5N

Kuner

Line of test holes
Results of test drilling are shown by
well sections in Plates 2 and 3

Q
@‘QQ

930

120,000

170,000 o
TIN
490
3000 4 | ,
WELD CO b @
T ADAMS CO 97 iigF
755 .
{ TS
N
J
j T.25
L ,
745 A
10 miLes . 8 T 3S.
*. 60,000
Do ' ? |
DENVER 1 R 67W R 65W R.64 W

FIGURE 16.—Map of the South Platte River basin in western Adams and
southwestern Weld Counties, Colo., showing the location of aquifer tests,
coefficients of transmissibility, pumping rates, and the lines of test

drilling.



TABLE 5.—Summary of the results of aquifer tests

{Principal water-bearing beds: CL, valley-fill deposits in Cache La Poudre River valley; BE, valley-fill deposits in Box Elder Creek valley; B, valley-fill deposits in Beebe
Draw; SP, valley-fill deposits in South Platte River valley]

Depth to—
Principal Total Saturated | Duration | Average
water Depth saturated | sandand |, of pumping Draw-
Well Owner bearing of well Water thickness gravel pumping ra down
. bed (feet)! Bedrock below (feet) (feet) (hours) (gpm) (feet)
(feet) measuring
point (feet)

B1-65-5¢02. cnmne- Fred Rupple oo eeeaee 79 81 45.6 10 840 4
25ced2. - Fred Haffner. . 62.6 65 33.2 5 490 22
30d 55.0 61 15.3 8 985 14
B1-66-8bcdl--. 37.5 33 16.4 28 540 15
18dd i3 1S F 18.9 16 1,020 14

18ddd.--- J . do.-.. 39.6 |-c-eecamaans 16.9 15 1,080
19bbe.. Charles Ocker P2 3 N 7.0 7 450 7
30dad- Albert Bucei, Sr. 40.3 |-ceemmanee 17.9 8 610 12
B1-67-13bdd. - 38 [ 9.3 ] 575 8
B2-65-11ddd. - [ 2 O — 14.4 16 885 38
16bee.- -~ 84.0 |-mcccoanaas 53.5 14 800 19
B3-66-5bba._ .- 78.0 78 22.3 8 1,220 24
B3-67-25cce.. - - 36.2 36 7.8 9 1,010 7
26cde- - - - Ivan Morgan 60.8 |-aceamaaaaa 18.7 2 , 050 19
27¢eh - e J. C. Vollmar. 51.0 51 16.5 5 12
7 G I - 8.3 2 - 310 16
78.3 78 33.9 7 930 19
69  |ieoemmanana 30.7 46 610 25
55.8 leememmmmaaaa 20.1 -4 385 12
48.0 |-emcmeaea o 9.5 8 430 31
74.0 75 11.2 10 1,240 11

72.2 |ocaccamamaee 35.2 12 1,110
577 leammcaieeen 21.7 12 L] 19
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B6-64-32ca
B6-65-22dba2
C1-65-11ddb. . __.__

C1-66-7dbb._ - _
1tddb. - -

30dbe-_.
C1-67-35add2. . ___
C2-67-22beel. ...

C2-68-268dd2.. ...
36bdal _____

C3-65-lcce. ...
C3-67-4bca. ...~

.| City of Brighton.._._
{ J. Knowlton_._.._.

David Patton- ...

Kazumi Furuta..._.
J.H. Imatani. ..o
Harry NesOm . oo meoemmamcmmcemame
Northwest Utilities Co.8... .. ... ___.__
North Washington Water and Sanita-
tion District.t

Vivian E. Adee_ oo oo
Rocky Mountain Arsenal 8____________..

Public Service Co. of Colorado.________

@ Q0 gk DD bt et &0
= 38 ox ¥ BBE5E 888 28

1,125
1,115
97

1, 050
700
460

755
675

135
360

300

1,040
150

745

700

See footnotes at end of table.
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TABLE 5.—Summary of the resulis of aquifer tests—Continued

{Principal water-bearing beds: CL, valley-fill deposits in Cache La Poudre River valley; BE, valley-flll deposits in Box Elder Creek valley; B, valley-fill deposits in Beebe

Draw; 8P, valley-fill deposits in South Platte River valleyj

Coeflicient of—
Radius of
Specific influence Water
capacity | Transmis- Permea- atend °| Apparent | temper- Date Method of
Well Owner (gpm per | sibility (in bility of of test coefficient ature begun compu-
t.) thousands sand and period of storage (°F.) tation
of gpd per gravel (feet)
ft) (gpd per
sq ft)
B1-65-5dce2.... Fred Rupple 210 500 17,000 55 8-13-57 | J: a%ol:),
. lem
25ced2. - Fred Haffner 22 35 1, 600 55 8-14-57 | Jacob.
30dcb.___ Gus Henkel 70 400 15, 000 64 8-15-57 | J. a%ohb,.
eis.
H1-66-8bedl V. and H. Frick 36 130 7.600 600 04 54 9-11-56 Ja%)hb,i
eis,
Thiem.
73 150 8-15-56 | Jacob.
49 180 8-15-56 | Jacob,
Theis,
Oharles Ocker_._...._. 64 80 9-5-56 | Jacob.
Albert Buceci, Sr_..___.. 51 220 8-14-56 Ja%o}}),‘
eis.
B1-67-13bdd._ Harry Chikuma. . 72 170 9-6-56 | Jacob.
B2-65-11ddd Donald Dowdy- .. 23 90 8-7-57 | Jacob.
16bee. - H.J. Thomason. - ceceeamee - 42 90 8-7-57 | T a%ot?'is
e
B3-66-5bba..._._.. 51 290 5, 8-6-57 | Jacob.
B3-67-25¢cce. 144 330 12, 9-11-56 | Jacob.
26cde. 55 190 4, 8-16-57 | Jacob.
27ceb .z o J. G Vollmar 67 190 5, 8-24-56 | Jacob.
19 40 2, 8-24-56 | Jacob.
49 120 2, 8-22-56 | Jacob,
Theis.
24 90 2, 400 55 7-15-57 | Jacob.
32 100 2, 800 54 7-19-57 | Jacob
14 40 1,000 54 7-12-57 | Jacob.
23cce. - - 113 300 4,700 55 9-14-56 | Jacob.
B4-66-11adc2. -| Love and Sons. 123 350 9, 500 56 7-11-57 | Jacob.
B4-67-86bdcl....... C. Hildenbrandt. ... ......_. 98 220 6, 100 55 7-30~57 | Jacob,

0.
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Ca-65-1ccC. -,
C3-67-4bca.

C3-68-11ada.

-| J. Knowlton. .

Harold L Johnson__. .. TT I

W.J. Trembath . ——oooooomooeaen
C. 8. Moore......
Pear] Brooks

David Patton._ ... ..
City of Brighton__
-| Kazumi Furuta.

Harry Nesom .. oo ooemoooeeemee

Northwest Utilities Co.3 ___________.__.

North Washington Water and Sanita-
tion District.4

Vivian E, Ade€ o onooooioomean

Rocky Mountain Arsenal 6.____________.

Public Service Co. of Colorado 6. _....._

330
400
180
270
100
2250
100

150

500
300
55
80
120
240
50
60
130

150

-
I X

£ 58 B3 & 32333 sss ssse

P RO 0 s

g g

6, 800

K=

Thiem.

! Measured depths are given in feet and tenths below measuring point; reported
depths are given in feet below land-surface datum.

2 Average.

3 Data from Northwest Utilities Co., Thornton, Colo.

4 Data from North Washington Water and Sanitation District, Welby, Colo.
5 Data from Corps of Engineers, U.S. Army, Omahoa district, Oms.ha Nebr.

6 Data from Ebasco Services, Inc., Denver, Colo,
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The field coefficients of permeability of the saturated valley-fill de-
posits ranged from 1,000 to 15,000 gpd per sq. ft. as determined from
41 aquifer tests, and the permeability of the beds of sand and gravel
alone ranged from 1,600 to 17,000 gpd per sq. ft. as determined from
16 aquifer tests.

The coeflicient of storage of the valley-fill deposits, as determined

in about 20 of the tests, ranged from 0.002 to 0.21; in only a few tests
did it exceed 0.15. The values are believed, for the following reasons,
to be conservative: (1) The water is semiconfined in some areas where
the water-bearing beds are intercalated with extensive layers of com-
paratively low permeability; because some tests in these areas were
not long enough for the water level to decline below the confining
layer, the values obtained represent the storage coefficient of the semi-
confined, rather than the unconfined, aquifer; (2) because of a variety
of physical limitations, it commonly was not possible to pump the
“wells long enough to allow the cone of depression to become largely
drained ; the coefficient of storage determined in such short-duration
tests generally ranged from only 0.02 to about 0.10; (3) although
many wells were pumped long enough to permit adequate drainage
of the coarse water-bearing materials, it was not possible tc avoid the
local effects of irrigation ; some of the water pumped onto the ground
and distributed to the fields probably returned to the ground-water
reservoir during the test and tended to refill the cone of depression
before it was adequately ‘drained. The tests of wells C3-68-11ada
and C2-68-25add2 appear to be the only ones that were of the proper
order of magnitude and that were sufficiently free of other disturbing
effects to be considered reliable for the determination of the coefficient
of storage of the valley-fill deposits. The results of thes> tests in-
dicate a coefficient of storage of not less than 0.20.

As shown in figure 17, the apparent coefficient of storege of the
sediments near well C3-68-11ada increased from about 0.05 after 5
hours of pumping to 0.16 after 3 days of pumping. By projecting the
curve, it appears that the value for the coefficient of storage after 10
days of pumping may exceed 0.22. The apparent coefficient of storage
determined by the test of well C2-68-25add2, which penetrates very
coarse grained materials, was computed for various times and was
plotted on logarithmic probability paper as shown in figure 18. A
probable value of 0.40 for the coefficient of storage was us~d to con-
struct line 4, a probable value of 0.30 for line B, and 0.25 for line C.
If each line is extended until it intersects a time of 100 hours, line A
reaches a value of 0.61 of the probable value of 0.40, or a coeflicient of
storage of 0.24; line B reaches 0.82 of its probable value of 0.30, or
0.25; and line C reaches 0.96 of its probable value of 0.25, or 0.24. All
three of these curves approach a value of about 0.24 where ¢ is 100
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F16URE 17.—Curve showing the increase in coefficient of storage with duration of pumping
from well C3—68—11ada.
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F1cURE 18.—Curves showing probable coefficient of storage at well C2—-68-05add2 by use
of logarithmic probability paper. A, assuming a coefficient of storage of 0.40 ; B, assum-
ing a coefficient of storage of 0.30; C, assuming a coefficient of storage o° 0.25.
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hours; therefore, the probable value of the coefficient of storage of the
valley-fill deposits at this site appears to be about 0.24 after long
periods of pumping.

The coefficient of storage of the valley-fill deposits from the tests
of wells B1-66-18ddd and B5-65-25bbb was 0.15. If these tests could
have rin longer without local effects from irrigation seemage, their
coefficient of storage would have exceeded 0.15 and probebly would
have been not less than 0.20.

In addition to the use of pumping tests for determining the coeffi-
cient of storage of the valley-fill deposits, a representative sample of
water-bearing material from test hole C2-67-23abc was analyzed in the
Hydrologic Laboratory of the Geological Survey. The porosity of
the sample was 34.7 percent, the specific retention was 6.5 percent,
and the specific yield was 28.2 percent. The results of this test
together with the results of the two most reliable pumpirg tests in-
dicate that the coefficient of storage of the valley-fill deposits probably
exceeds 0.20 in most places. The conservative value of 0.20 is used
in computations throughout the report.

During this investigation, the relation between the specif > capacity
of wells and the coefficient of transmissibility of the aauifer was
studied. Data from the 41 aquifer tests were used to construct a
curve (fig. 19) showing the relation between the two values, which
is more or less direct. The scatter of the data in figure 19 can be
attributed to variations in the drawdown expressed as a percentage
of total saturated thickness, duration of pumping, screen efficiency,
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FIGURE 19.—Relation of the specific capacity of wells tapping the valley-fill deposits to the
transmissibility of the valley-fill deposits in the vicinity of the wells.
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and degree of well development. Formulas 1, 3, and 5 on pages
64 and 65 indicate that the specific capacity is directly pro-
portional to the coefficient of transmissibility. Therefore, the
relation may be expressed as a linear equation and the graph of the
equation is a straight line. The slope of the line drawn through the
data in figure 19 was computed by the straight-line method and the
equation was found to be

7=2,630 X speciﬁc capacity (8)

This differs somewhat from the value obtained by Back (1957, p. 4-6,
30-32), because the water-level drawdown in several wells in the
area is equivalent to more than half of the saturated thickness.

Data necessary for the calculation of specific capacity were obtained
for 668 wells. Drawdowns in irrigation wells that yield about 1,000
gpm ranged from about 4 to 40 feet; their specific capacities, there-
fore, range from about 250 to 25 gpm per ft of drawdown. Although
the drawdown in most wells was only a small fraction of the total
saturated thickness, the drawdown in some exceeded 75 percent. A
well in which the drawdown is only 10 percent of the saturated
thickness would have a higher specific capacity, accordingly, than
if it were pumped at 80-percent drawdown. From the specific capac-
ity of a well, the coefficient of transmissibility of the aquifer in the
vicinity of that well can be estimated from the curve in figure 19 or
from equation 8. These indicate that a well having a specific capacity
of 190, pumps water from an aquifer having a coefficient of trans-
missibility of about 500,000 gpd per ft. Together, plate 4 and figure
16 show that high coefficients of transmissibility generally char-
acterize the deposits of sand and gravel in buried river channels; low
coefficients of transmissibility generally indicate thin deposits of
sand and gravel interlayered with lenses of silt and clay. The better
producing wells are in areas of high transmissibility.

The relation between the coefficient of transmissibility of the valley-
fill deposits and the yield of wells in the area, accompanied by a rating
for irrigation, is shown as follows:

Coefficient of transmissibility (gpd per ft) Yield (gpm) Rating for irrigation
<25,000_ __ __ <100 | Poor.
25,000-100,000_ ____________________________ 100-500 | Fair.
100,000-200,000_- _ _ ___ . __________ . ___. 500-1, 000 | Good.
>200,000.___ . _ o _o_. 1, 000-2, 000 | Excellent.

Although these ranges of the coefficient of transmissibili‘y were arbi-
trarily chosen as the limits for the irrigation ratings, they are

695-928 0—64—86
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believed to be reasonably representative of the requirements for irri-
gation in this area.

QUANTITY OF GROUND .WATER AVAILABLE. FOR WITHDT AWAL
By E. D.. JENKINS and W. W, WILSON

Most of the recoverable ground water that is stored in the report
area, including practically all the ground water that is available to
the large-capacity wells in the area, is in the valley-fill deposits. The
approximate quantity of ground water available for withdrawal from
the valley-fill deposits was determined by multiplying the volume
of saturated material by a coefficient of storage of 0.20 (p. 74).
The volume of saturated material was determined from the saturated-
thickness map of the area (pl. 8). Even under ideal conditions,
however, net all the ground water could be removed by pumping
because a considerable amount will remain in the aquifer between
the cones of depression of the wells after the water table has locally
reached the base of the aquifer. The quantity of ground water that
is represented by each foot of rise or decline of the water table was
estimated and is shown in table 6 with the estimated quantity of
ground water available for withdrawal. The quantity of ground
water that theoretically could be removed by pumping is eaual to
the quantity of water in a surface reservoir 70 times the size of
Barr Lake, which has a capacity of 28,000 acre-ft.

TaBLE 6.—Estimated quantity of ground water that could be removed from storage
by pumping under ideal conditions

[Based on a coefficient of storage of 0.20]

Quantity of ground
water represented Quantity of recover-
Area by a 1-foot rise or able ground water
decline of the water in storage (acre-ft)

table (acre-ft)

SouthPlatte River valley:

Denver to the base line____._________ 14, 000 300, 000
Base line to the north boundary of

T.3N. e 8, 000 250, 000
Northern boundary of T. 3 N. to

Kuner_._________________________ 14, 000 760, 000

Beebe . Draw between Barr Lake and
Lower Latham Reservoir_ _____________ 8, 000 320, 000
Box Elder Creek valley____ ______________ 11, 000 320, 000

Total . _ . 55, 000 1, 950, 000
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SUMMARY OF THE HYDROLOGY OF THE REPORT AREA
By E. D. JENKINS and W. W. WILSON

A summary of the hydrology of the report area (shown as accretions
and depletions of total water supply) with reference to precipitation
and evapotranspiration and to surface-water and ground-water dis-
charge is given in table 7. The average annual precipitation in the
area, which was obtained from U.S. Weather Bureau data, was mul-
tiplied by the total land area to determine the amount of water falling
upon the area. The records of surface-water flow were oktained from
the Surface Water Branch of the U.S. Geological Survey. Records
of the amount of sewage discharged into the area were obtained from
the city of Denver, and the flow of Latham Ditch was estimated from
data supplied by the State Engineer’s office.

The data for the quantity of ground-water underflow through the
valley-fill deposits were taken from table 3. The average annual
recharge to these deposits from precipitation was estimated by assum-
ing an annual recharge rate of 10 percent of the total precipitation
(p. 38). The average annual discharge from the valley-fill deposits
by evapotranspiration in the stream-valley lowlands was determined by
applying a consumptive use of 2 acre-ft per acre per yr (p. 47). The
source of this water is ground water, irrigation water, ard local pre-
cipitation. It was estimated that about 90 percent of the precipitation
falling on the uplands would be lost by evaporation and transpiration.

TABLE 7.—Summary of the hydrology of the report arec.

Acre-feet
Accretions to total water supply : ber year
Direct precipitation on the area (estimated) 670, 000
Surface-water inflow (measured) :?
South Platte River at Denver - 223,000
Return flow of Denver sewage. . o oo 57, 500
Clear Creek _ ——— 60, 000
St. Vrain Creek 135, 000
Big Thompson River 35, 000
Cache la Poudre River. 50, 000
Other small streams (estimated) " 5, 000
Ground-water inflow (computed) :
South Platte River valley 9, 600
Box Elder Creek valley 2,100
Cache la Poudre River valley. 5, 700
Other small valleys 3, 100
Total (rounded) 1, 260, 000
Depletions of total water supply :
Evapotranspiration (estimated) :
Stream-valley lowlands (220,000 acres) . __________________ 440, 000
Uplahds (400,000 acres).__ - 360, 000
Surface water:
South Platte River near Kersey (measured)-_____________ 437, 000
Latham Ditch (estimated) 5, 900
Ground-water outflow (computed) :
South Platte River valley. _— 12, 000
Box Elder Creek valley.____ o e 1,500
Total (rounded) —-- 1,260, 000

1 Average discharge for a 30-yr period of record (1928-58).
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The estimated ‘quantities of water in table 7 necessarily are only
approximate because the -actual consumptive-use rates mey differ
greatly from those used here and because the acreages used are only
rough approximations. Also, all the quantities vary from year to
year, depending on the amount of precipitation, available surface
water, and pumpage. Assuming, however, that the estimated .quan-
tities are reasonable, the summary suggests the general order of mag-
nitude of water movement and distribution during an aversge year.

CHEMICAL QUALITY OF THE GROUND WATER

The economic welfare of the report area is closely associated with
the utilization of ground water, especially for irrigation; however,
very little information about the quality of the ground water was
available for most of the area. Some information on the quality of
the water in the vicinity of Derby, Colo., which is only a small part
of the area, was available from a study made by the U.S. Geological
Survey (Petri and Smith, 1959).

For the present investigation, ground-water samples for chemical
analysis were obtained between September 1957 and March 1058. All
sampling locations are shown on plate 9, which shows also the rela-
tion of the wells to topography and to the locations of principal
irrigation canals and ditches. Although no samples from tle South
Platte River or its principal tributaries were obtained specifically
for this investigation, the locations for which water-quality data are
available have been included on plate 9.

Samples of water from the valley-fill deposits generally vere col-
lected from wells at least 200 feet from canals or ditches because such
wells probably are not unduly affected by recharge from these surface
sources. Samples of water from bedrock were taken from wells
drilled after 1950 because such wells are less likely to have corroded
or leaking casings, and they were taken only from wells fcr which
logs were available. Before the samples were collected, the wells
‘generally were pumped a minimum of 5 minutes to insure freshness
of the samples.

CHEMICAL COMPOSITION AND MINERALIZATION

Water always contains some dissolved material. The principal
dissolved materials in ground water normally are the constituents
that have resulted from the dissolution of minerals in the ro-ks with
which the water has been in contact. The kinds and concertrations
of the various mineral constituents in the water determine tFe chem-
ical quality of the water.
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Specific conductance is used in this report to denote th~ degree of
mineralization of the water; the concentration of dissolved solids
ordinarily would be used, but it was not determined for many of the
samples. Specific conductance is a measure of the ability of the water
to conduct an electrical current and is reported in micromhos per
centimeter at 25°C; a micromho is a reciprocal ohm X 10°. Water free
of dissolved minerals is a poor conductor, but water that contains dis-
solved minerals is a good conductor; the more dissolved minerals in
the water, within certain limits, the better the water will conduct
electricity.

Concentrations of the various constituents are given in the tables in
parts per million (ppm). A part per million is a unit weight of the
constituent in a million unit weights of water. The concentrations,
however, are shown in equivalents per million (epm) on some of the
illustrations. The term “equivalent” is used in chemist~y to denote
equal combining power. An equivalent per million is one combining
weight of a constituent in a million unit weights of water. One
equivalent per million of a positively charged ion will react with
one equivalent per million of a negatively charged ion.

Parts per million are converted to equivalents per million by multi-
plying by the following factors:

Cation Factor | Anion Factor
Calcium (Ca?*)_____________ 0. 04990 | Bicarbonate (HCOs~)________ . 01639
Magnesium (Mg?*+)__________ . 08224 | Carbonate (COs=2)_______.____ 0. 03333
Sodium (Na+) . .. ___________ . 04350 | Sulfate (8Os 2) - _________ . 02082
Potassium (K+)______.__.____ . 02558 Chloride (Cl7) . . _..____.___ . 02820

Fluoride (F—) - . _________ . 05263

Nitrate (NOs™) - ___.___ . 01613

WATER FROM THE VALLEY-FILL DEPOSITS

Chemical analyses of water from the valley-fill deposits (table 8)
indicate that the degree of mineralization and the chemical composi-
tion of the water range between wide limits. For example, the
specific conductance of the water ranged from 486 to 13,1C0 micromhos
per cm ; concentrations of calcium, from 25 to 984 ppm; and concentra-
tions of sulfate, from 15 to 5,740 ppm.

A disproportionately large number of samples were ohtained from
wells in sees. 9, 10, 15, 16, 22, T. 2 S., R. 67 W. during a previous
study in the vicinity of Derby. The chemical composition of much of
the water from this area is significantly different from that in most
of the report area; therefore, data from this area where sampling
density is high are treated separately in some of the figurer
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TABLE 8..—Chemical analyses of

[D, domestic; I, irrigation; In, industrial; Iu, irrigation (unused); M, municipal; N, rone; 0-GS,

Dateof | §
+ Use collec- ‘E
tion 3

Well

Well depth (feet)
Silica (SiOa)
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(HCO3)

Iron (Fe)
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See footnote at emi of table.
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water from the valley-fill deposits
observation well of U.S. Geol. Survey; S, stock. Results in parts per million except as indicated]
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TaBLe 8.—Chemical analyses of water
[D, domestic; I, irrigation; In, industrial; Iu, irrigation (unused); M, municipal; N, nong; 0-GS,

i
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= Dateof | 5 3 <] g E 2
Well % | Use | collec- | 5 S| 2 2 €1 8|8z
e tion | 5~| 2 | & g |8z g | 2 |88
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2 Bl £ g |3 (8|5 ¢ |8
B = & | & | o |2 & | & |&
I
I
I
Tn
I
1
1
1
1
1 23
1 12
I 10
1 6.4
1 4.5
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O e e b e e e e T
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-9dad2._.__.__.__. 45 D
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See footnote at end of table.
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from the valley-fill deposits—Continued

observation well of U.S. Geol. Survey; S, stock. Results in parts per million except as indicated]
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TaBLE 8.—Chemical analyses of water
[D, domestic; I, irrigation; In, industrial; Iu, irrigation (unused); M, municipal; N, none; 0-GS,

g g
=3 e ~ C 2|2
= Dateof | 5 | 3 ©C g |2 2
Well 2 Use collec- | B 2 > E] < 5 1
Bt~ 2] 7] K o0
g ton |g=| B g g | %5 g %. £3
3 Be| 8|28 2 8=
B & & | 510 |= B | & | A
C2-87-10abd . _________.. 4111
-10addl_._._______ 49.4 | T
-10bdbl..____.____ 32.811
—16ceel_____ .o 59 D
“10ced. ... 34.4 | 0-GS
-10cdd .- ... 30.8 [ I
-10deel. . ______ 41 I
~10dec2._________ 30.5 1 1
50 I
44 D
42.9 | I
41.1 I
51.9 | I
-1ibdal.__________| 56.3 | I
~11hda2_._________ 63 I
~ldbd. ... ___ 50.0 | T
-12abd..__________ 30.8 | In
-13cad._.__._____.___| 40.5 | Iu
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See footnote at end of table.
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from the valley-fill deposits—Continued
observation well of U.S. Geol. Survey; S, stock. Results in parts per million except as indicated]
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TaBLE 8.—Chemical analy-ss of water

[D, domestic; I, irrigation; In, industrial; Iu, irrigation (unused); M, municipal; N, none; 0-GS,
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See footnotes at end of table.
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from the valley-fill deposits—Continued

observation well of U.S. Geol

. Survey; 8, stock. Results in parts per million except a= indicated]

87
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TaBLE 8. —Chemical analyses of water
[D, domestic; I, irrigation; In, industrial; Iu, irrigation (unused); M, municipal; N, none; O-GS

2
& = %)
& E -
Date of § = O L ~ 18
Well £l ue | |2 S| 21S 18 |28 |3
9 tion PR - g |8~ El 89
'5 B “ | 2| gY g 4 o
3 B | £ | 2|52 3 |2 2
B & @ | & | O |2 % | & | &
C2-67-22bab..... .. 4 |D,s
~22heb. ... 1|1
.61

45.7 | 1
38.3 |1

~22¢he . __ .36.5 | N

¢ 421 | N

D
i

D, s 6.6
1 2.7
I 44
I 3.0
1 3.0
s 7.6
D 4.7
1 3.8
1 6.3

1 Includes equivalent of 2 ppm carbonate (COs).
2 Strong odor of gasoline in water.
3 Spring.

The relation of specific conductance to the concentration of dis-
solved solids for the water from the valley-fill deposits is shown in
figure 20. Omnly one point was plotted for any given well. Line 4
shows the relation for water in which concentrations, in equivalents
per million of sulfate equal or exceed those of chloride, and line B
shows the relation for water in which concentrations, in equivalents
per million, of chloride exceed those of sulfate. Line B represents
the water in secs. 9, 10, 15, 16, 22, T. 2 S., R. 67 W, and line 4 repre-
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from the valley-fill deposits—Continued

observation well of U.S. Geol. Survey; S, stock. Results in parts per mi'llion except as indicated]
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sents the water in the rest of the report area. Figure 20 can be used
to estémate fairly accurately the dissolved-solids concentration in the
samples in table 8 for which the concentration was not determined.

The relation of concentrations of principal constituents to specific
conductance is shown in figures 21 and 22. The results of only one
analysis were plotted for any given well. Because of the large number
of analyses available for samples having conductances b~tween 1,000
and 2,000 micromhos per cm, many of the points in the figures, espe-

cially for chloride, are not shown discretely.
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DISSOLVED-SOLIDS CONCENTRATION, IN PARTS PER MILLION

GROUND WATER, SOUTH PLATTE RIVER BASIN
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F16URE 20.—Relation of specific eonductance to concentration of dissolved solids for water

from the valley-fill deposits.
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The principal curves (solid lines) in figure 21, representing water
from nearly all the report area, indicate the following: Calcium is the
predominant cation in water having a specific conductance of less than
about 2,000 micromhos per cm, whereas sodium is the predominant
cation in water having specific conductance of more than about 2,000
micromhos per ¢em. The concentration of magnesium generally is
about half as high as that of calcium in water having a sp=cific con-
ductance of less than about 3,000 micromhos per cm. As the specific
conductance increases the concentrations of calcium, magnerium, and
sodium increase.

The principal curves (solid lines) in figure 22, also representing
water from nearly all the report area, indicate the followirg: Bicar-
bonate is the predominant anion in water having a specific conduct-
ance of less than 1,000 micromhos per cm. The concentrations of
bicarbonate and of sulfate are about equal in water having a specific
conductance of about 1,000-1,500 micromhos per em. Sulfate is the
predominant anion in water having a specific conductanc> of more
than about 1,500 micromhos per cm. ‘As the specific conductance in-
creases, the concentration of sulfate increases greatly, the concentra-
tion of chloride increases slightly, and the concentration of bicarbonate
remains nearly constant.

The figures indicate, therefore, that water from most of the report
area having a specific conductance of less than 1,000 micromhos per
cm tends to be of the calcium bicarbonate type, that water having a
specific conductance of 1,000-2,000 micromhos per ¢cm tends to be of
the calcium bicarbonate sulfate type, and that water having a specific
- conductance of more than 2,000 micromhos per cm tends tc be of the

sodium sulfate type.

Waste products from settling ponds on the grounds of the Rocky
Mountain Arsenal have infiltrated and contaminated the alluvial
aquifer in an area of a few square miles in the vicinity of Hazeltine.

Comparison of the dashed curves with the principal curves in
figures 21 and 22 shows how much the water in secs. 9, 10, 15, 16, 22,
T.2S., R. 67 W.,, differs from that elsewhere in the report srea. The
concentrations of calcium are higher than those for water in most of
the report area, and the concentrations of sodium generally are lower.
The source of contamination was eliminated by constructing an as-
phalt-membrane lined pond. The extent of contamination is de-
scribed by Petri and Smith (1959).

The specific conductance of water from the valley-fill deposits is

-shown on plate 10. Arbitrary ranges in specific conductance were
chosen to show relatively small but significant differences in the de-
gree of mineralization of the water, especially in the main river valley.
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Specific conductances range from 1,000 to 1,800 micromho+ per cm in
most of the report area. Conductances of less than 1,000 micromhos
per cm were measured mostly near the southern boundary; those of
2,260—4,000 micromhos per cm, in many parts of the report area; and
those of more than 4,000 micromhos per cm, only in the vicinities of
Derby (T. 2 S., R. 67 W.) and Gill (T. 6 N., R. 64 W.). The water
having the lowest specific conductance is in the extreme southern and
southeastern parts of the area where surface water is not used exten-
sively for irrigation.

The specific conductance of the ground water in the valley-fill de-
posits in the main river valley tends to increase in the downvalley
direction. In the southwestern part of the valley the specific con-
ductance is about 1,200-1,400 micromhos per cm, whereas ir the north-
eastern part it is about 1,800-2,800 micromhos per em. The increase
is not constant but rather is a series of alternating increases and de-
creases—the net effect being an increase. The peculiarity in the pat-
tern of the mineralization probably is related to the locations of the
diversions from the river. Ground water just downgradient from
some of the principal diversions tends to be less highly rineralized
than water farther downgradient.

The specific conductance of ground water from nearly all the prin-
cipal tributary valleys is much higher than that from most of the
main valley. However, the specific conductance of a single sample
(B4-67-12¢dd) indicates that ground water in the Big Thompson
River valley may be an exception.

The water is classified in this replort as to chemical type according to
the cation and anion present in the water in the highest concentrations
in equivalents per million. For example, water is said to be of the cal-
cium sulfate type if the concentration of calcium is higher than the
concentration of any other cation and the concentration of sulfate is
higher than the concentration of any other anion. The chemical type
of water in the valley-fill deposits is shown in figure 23, and the areas
in which water of given chemical type predominate have been deline-
ated. If the type of water could not be determined directly from the
chemical analysis, it was inferred from the relations shown in figures
21 and 22.

Contamination of water by petroleum products was remorted by
several well owners in the Sand Creek valley near Derver. The
strong odor of gasoline in the water from well ('3-67-7dba indicates
that the water in the valley is contaminated. The odor of gasoline in
the water from a spring (C2-67—20cca) at the State Fish Hatchery
indicates that the water in the main valley also is affected.
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FIGURE 23.—Chemical-types of water in the valley-fill deposits.

RELATION OF CHEMICAL COMPOSITION OF WATER IN THE
VALLEY-FILL DEPOSITS AND IN THE STREAMS

The chemical composition of the surface waters in the report area

has been studied by the U.S. Geological Survey for about 10 years.

Results of chemical analyses are published in the annual series of

water-supply papers by the Geological Survey entitled “The Quality
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of Surface Waters of the United States,” parts 5 and 6. Averages of
the analyses are given in table 9 of this paper. Most of the averages
are arithmetic, but some are discharge weighted. Discharge-
weighted averages represent approximately the chemical character of
the water if all the water passing a point in the stream during the
year were impounded and mixed in a reservoir. Because the averages
are calculated in different ways and because the records available are
for different years, the data for the different stations are only approxi-
mately comparable.

Data in table 10 and plate 10 indicate similarities in the quality of
water in the valley-fill deposits and in the streams. For both ground
and surface waters, an increase in specific conductance, which is about.
twofold between Denver and Kersey, is caused principally by increases
in concentrations of calcium, magnesium, sodium, and sulfate. Also,
the specific conductances of the water in the tributaries are generally
higher than those in the main stream, just as specific conductances of
the ground water in tributary valleys are generally higher than those
in the main valley. The similarities indicate a close relation between
the ground and surface waters.

WATER FROM THE BEDROCK

The chemical analyses of water from several stratigraphic units of
the bedrock are shown in table 10. Only one or two analyses were made
of water from any one unit. The quality of water from any given well
may differ widely from the average quality in the unit because the
composition of the material composing the unit may differ locally or
because the water in the well may be a mixture from two or more units.

“The analyses indicate that water from the Dawson arkose and from
the Arapahoe formation is the least mineralized of the water sampled
and is of the sodium bicarbonate type. Recent data obtained by G. H.
Chase (written communication) 1958, however, -indicate that water
in the Arapahoe formation in many parts of the report area is more
mineralized than the water in the two wells sampled and generally is
more mineralized than water in the Dawson arkose. The Dawson
arkose and the Arapahoe formation are intertongued in some parts
of the report area, and the low mineralization in water from the two
wells in the Arapahoe may be the result of inflow from the Dawson
arkose.

Water in the Laramie formation differs widely in mineralization
and in chemical composition from one lithologic unit to another; the
specific conductance of samples from the various units ranged from
856 to 5,040 micromhos per cm. Water in the B sandstone of the
Laramie formation probably is of better and more uniform quality
than the two analyses would indicate; highly mineralized water from
coal and ferruginous clay deposits above and below the B sandstone
may be entering the two wells sampled.



TaBLE 9.—Averages of chemical analysis of waler from streams in the report area

[Results in parts per million except as indicated]
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23 = g [P g = o0Q et bt = " ~ go@o 3"-‘ 209 | 280 - s 0580
s | 2| 28354 (£ 2|5 |2 |85 (358:2 2% |50|8%0| § |Ha|888k
Elg | B |BE|5| 2|88 S| 2|8 |8 | g [$5c8] 23 |28 | =288 & |58 (838
= S s | 8% | B s | 2| 3 = 2 = & [855R| B8 |30 | B30 | & |85 |g52%
@ = o |2 31 & A @ O = z A lm 13 o 4 A | B |
South Platte River at Henderson
Oct. 1955-Sept. 1956 1. ..oo__. 14 | 0.03 51 12 67 | 5.1 147 108 56| 0.6 12 |____.: 413 0.56 | 176 55 44 2.2 658
South Platte River at Fort Lupton
Jan. 1950-Sept. 19553 . __ . ... _____. 16 | 0.07 86 24 114 266 | 204 77 10| 6.8/ 0.24 700 0.95 | 303 82 41 2.9 1, 040
South Platte River at Kersey
Apr. 1947-Sept. 1950 3_ 270 | 537 411 1.0 1.46 | 569 346 331 2.4 1,440
Oct. 1950-Sept. 1951 1 241 | 437 34 . 1.25 | 478 280 31] 2.0 1, 250
Oct. 1951-Sept. 1952 227 | 385 27 |ooaaae 1.15 | 433 262 31| 1.9 1,130
Oct. 1952-Sept. 1953 1.. 338 | 580 42 |______ 1.71 | 646 369 31| 2.3 1, 620
Aug. 1954-Sept. 1956 3 ____ . __..______ 329 | 601 38| 1.0 1.73 | 657 386 30| 2.3 1,640
Clear Creek at mouth near Derby
Sept.and Nov. 19562 _______.___.._____ 12 | 0.03 56 16| 63| 4.0| 178} 165 141 0.7] 10 0.11 445 0.61 | 203 57 40| 19 664
St. Vrain Creek at mouth near Platteville
Jan. 1950-Sept. 19563 . ... 1310.11) 116 83 153 328 | 596 26) 1.2 7.3]0.31 1,240 1.71 | 631 350 33 2.5 1, 590
Big Thompson River at mouth near La Salle
Jan. 1959-July 1958 2. .o . 1310.06 ¢ 1801 1790 106 3321 1,040f 25| 0.9 6.7 0.39] 1,80 2.58 | 996 718 29| 2.5 2,270
Cache 1a Poudre River near Greeley
Jan. 1950-Aug. 1956 2______________________ 1710.21 | 183 84 141 402 | 696 271 0.8 7.1}10.32{ 1,420 1.94 | 803 474 26| 2.0 1,820

1 Discharge-weighted average for samples collected daily.
2 Average for samples collected about once each month,

3 Average for samples collected less than once each month.
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TaBLE 10.—Chemical analyses of water from different stratigraphic units of the bedrock

|Results in parts per million except as indicated]
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1 Aluminum (Al), 11 ppm; Manganese (Mn), 0.00 ppm; Phosphate (P 04), 0.05 ppm.
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Water from most of the bedrock aquifers is of the sodium bicarbo-
nate type, is soft, and has relatively high concentrations of fluoride.

SUITABILITY OF THE GROUND WATER FOR USE

The economical use of water for most purposes depeuds on the
chemical composition of the water. If the chemical composition does
not meet the requirements for a particular use, often the water can be
treated so that it will meet the requirements.

In this report the water is classified for irrigation and for public-
supply and domestic use. The requirements of water quality for in-
dustry are so diverse that any attempt to define them and evaluate the
water according to them would be beyond the scope of this report. In
general, water that is suitable for public supply is suitable for most
industrial uses or can be made suitable without prohibitive expense.

IRRIGATION

Generally, water for irrigation should be of such quality that it will
not adversely affect the productivity of the land to which it is applied.
Certain properties of the water are of principal importance in de-
termining the effect that the water will have on soil productivity.
These properties are the mineralization, or total concentration of the
dissolved salts, the relative proportion of sodium to calcium and mag-
nesium, the concentration of boron or other elements that might be
toxic to plants, and for some water the concentration of bicarbonate
in excess of the concentrations of calcium and magnesium.

High total concentrations of dissolved salts in irrigation water tend
to cause an increase of salts in the soil solution and may cause the soil
to become saline. Because all plants take in water by osmosis, a
favorable balance must be maintained between salts within a plant
and salts in the soil solution. When the total concentration of salts in
the soil solution becomes too high for plants to get an adequate amount
of water, or when the concentration of certain salts in the scil solution
becomes so high as to be toxie, the growth of the plants is adversely
affected. The tendency of irrigation water to cause an accumulation
of salts in the soil is called the salinity hazard of the water. The
specific conductance of the water is used as an index of tl » salinity
hazard. -

High concentrations of sodium relative to the concentrations of
calecium and magnesium in irrigation water can adversely affect soil
structure. Cations in the soil solution become fixed on tl» surface
of fine soil particles; calcium and magnesium tend to flocculate the
particles, but sodium tends to deflocculate them. Flocculation gives
the soil looseness, provides good penetration by water and air, and
generally gives the soil good tillage properties. Deflocculation pro-
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motes packing and prevents free-movement of air and weter. The
adverse effect on soil structure caused by high concentrations of
sodium in the irrigation water is called the sodium hazard of water.
An index used for predicting the sodium hazard of a weter is the
sodium-adsorption ratio (SAR), which is defined by the equation

SAR=—_D¢___
\/Ca,“—l—Mg“
2
where Na*, (a*?, and Mg** are in equivalents per million (U.S.
Salinity Lab. Staff, 1954, p. 72).

Most of the mineral constituents of water are essential plant
nutrients. However, some of these same constituents may if present
in sufficiently high concentrations interfere with normal pJant nutri-
tion and growth. High concentrations in soil solutions of such con-
stituents as sodium, calcium, magnesium, chloride, sulfate, and
bicarbonate have been reported to be associated with toxic reactions
in some plants (U.S. Salinity Lab. Staff, 1954, p. 61-63). Boron is
essential to the normal growth of all plants, but the concentrations
needed are small; when these concentrations are exceeded, injury to
the plants may result.

High concentrations of bicarbonate in irrigation water may cause
caleium and magnesium carbonates to precipitate in the soil as the
water is concentrated by evapotranspiration. Precipitation of calcium
and magnesium results in an increase in the proportionate amount of
sodium in the water ; the effect on the soil is the same as if the sodium
hazard .of the irrigation water had been high. High bicarbonate
concentrations may also cause an increase in the pH of tl'= soil and
may eventually lead to a soil condition known as black alkali. The
amount of carbonate. plus bicarbonate, expressed in equivalents per
million, that would remain in solution if all the calcium and mag-
. nesium were precipitated as the carbonate is called the residual sodium
carbonate of the water (Eaton, 1950, p. 124).

Investigators have suggested several methods for classifying water
for irrigation so that the long-term effect on soil productivity can
be forecast (Wilcox, 1948 ; Scofield, 1936 ; Eaton, 1950; U.S. Salinity
Lab. Staff, 1954). According to the method of the U.S. Salinity
Laboratory Staff (1954), used in this report, the water is classified
first for salinity hazard and sodium hazard, then for boron con-
centration, and finally for the amount of residual sodium carbonate.

The salinity hazard and sodium hazard of the water are deter-
mined from a diagram. (See fig. 24.) Interpretation of the diagram
by the U.S. Salinity Laboratory Staff (1954, p. 80) is as follows:

LOW-SALINITY WATER (C1) can be used for irrigation witl most crops
on most soils with little likelihood that soil salinity will develop. Some leaching
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is required, but this occurs under normal irrigation practices except in soils
of extremely low permeability.

MEDIUM-SALINITY WATER (C2) can be used if a moderate amount of
leaching occurs. Plants with moderate salt tolerance can be grown in most
cases without special practices for salinity control.

HIGH-SALINITY WATER (C3) cannot be used on soils with restricted drain-
age. Even with adeguate drainage, special management for salinity control
may be required and plants with good salt tolerance should be selected.

VERY HIGH SALINITY WATER (C4) is not suitable for irrigation under
ordinary conditions, but may be used occasionally under very special circum-
stances. The soils must be permeable, drainage must be adequate, irrigation
water must be applied in excess to provide considerable leachirg, and very
salt-tolerant crops should be selected.

The classification of irrigation waters with respect to SAR is based pri-
marily on the effect of exchangeable sodium on the physical concition of the
soil. Sodium-sensitive plants may, however, suffer injury as a resu't of sodium
accumulation in plant tissues when exchangeable sodium valuex are lower
than. those effective in causing deterioration of the physical condition of the
soil.

LOW-SODIUM WATER (S1) can be used for irrigation on almost all soils
with little danger of the development of harmful levels of exchangeable sodium.
However, sodium-sensitive crops such as stone-fruit trees and avocados may
accumulate injurious concentrations of sodium.

MEDIUM-SODIUM WATER (S2) will present an appreciable sodium hazard
in fine-textured soils having high cation-exchange-capacity, especially under
low-leaching conditions, unless gypsum is present in the soil. This water may
be used on coarse-textured or organic soils with good permeability.

HIGH-SODIUM WATER (S3) may produce harmful levels of evchangeable
sodium in most soils and will require special soil management—gocod drainage,
high leaching, and organic matter additions. Gypsiferous soils may not de-
velop harmful levels of exchangeable sodium from such waters. Chemical
amendments may be required for replacement of exchangeable sod‘um, except
that amendments may not be feasible with waters of very high sal‘nity.

VERY HIGH SODIUM WATER (84) is generally unsatisfactory for irri-
gation purposes except at low and perhaps medium salinity, where the solu-
tion of calcium from the soil or use of gypsum or other amendments may
make the use of these waters feasible.

Each class in the diagram includes a wide range in salinity. For
a particular water, the relative position of the point within the class
should be considered and not the class alone. Water having a specific
conductance of 760 micromhos per cm is certainly much botter than
water having a specific conductance of 2,240 micromhos per cm;
nevertheless, both are classed as C3.

The designers of the diagram point out that:

In the classification of irrigation waters, it is assumed that the water will
be used under average conditions with respect to soil texture, infilt-ation rate,
drainage, quantity of water used, climate, and salt tolerances of crop. Large
deviations from the average for one or more of these variables may make it
unsafe to use what, under average conditions, would be a good water; or may

make it safe to use what, under average conditions, would be a water of
doubtful quality.
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The water is classified for boron according to the follcwing table
(Scofield, 1936, p. 286) :

Permissible limits of boron, in parts per million, for several classes of irrigation

waters
Boron class I Sensitive crops Semitolerant erops To'erant crops
| _ <0. 33 <0. 67 <1.00
I .33~ .67 .67-1. 33 1. 00-2. 00
B . 67-1. 00 1. 33-2. 00 2. 00-3. 00
4 . . 1. 00-1. 25 2. 00-2. 50 3. 00-3. 75
5 >1.25 >2.50 >3.75

The effect of the concentration of bicarbonate in irrigation water
on the exchangable-sodium percentage of soil has been studied by Wil-
cox, Blair, and Bower (1954, p. 265). They concluded that water
containing more than 2.5 epm of residual sodium carbonate is not
suitable for irrigation, that water containing between 1.25 and 2.5 epm
is marginal, and that water containing less than 1.25 epm probably

is safe.
CLASSIFICATION OF THE WATER

Water from the valley-fill deposits is classified for salinity hazard
and sodium hazard in figure 24. Only one point was plo‘ted for a
given well. Water from most of the report area has a high or very
high salinity hazard and a low sodium hazard.

The concentration of boron in water from the valley-fill deposits
ranged from 0.01 to 0.67 ppm. The water from about €0 percent
of the wells is of boron class 1 and is suitable for use even on boron-
sensitive crops. Water from the remaining 20 percent of th= wells is
of class 2 for use on boron-sensitive crops and of class 1 for use on
boron-tolerant or boron-semitolerant crops. The principal crops
grown in the réport area, except such fruit crops as peaches cherries,
and apples, are either boron tolerant or boron semitolerant.

The water in the report area, except in the vicinity of one well
(C2-67-13cad), contains no residual sodium carbonate and, therefore,
is classed as suitable in regard to this property.

Data in table.10 and in figure 24 indicate that water from the strati-
graphic units of the bedrock is probably unsuitable for irrigation
because of a high salinity hazard, a high sodium hazard, or a high
concentration of residual sodium carbonate, or all three.

LEACHING REQUIREMENTS OF WATER FROM THE VALLEY-FILL DEPOSITS

Salts in water that has been applied to the soil gradually become
more concentrated because of the loss of water by evaporation and
plant use. The accumulation of large amounts of salt in the root
zone of the soil profile in irrigated fields causes the soil to become
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saline unless sufficient water is applied to leach the salts through the
root zone. Eaton (1954, p. 4) gives the following equation for esti-
mating the percentage of the applied water that must pass through
the root zone to provide adequate leaching:

S0 X100

@xss)—Sw %

in which—
S is salinity of irrigation water, in equivalents per million of Cl plus

1550,

Mss is salinity of mean soil solution, in equivalents per million of Cl
plus 14S0,

d% is percentage of applied water that should be passed through the
root zone (leaching requirement).

The deleterious effects on plant growth of high salinity in the root
zone are caused principally by sulfate and chloride. The effects of
salinity from sulfate are about half as great as the effects of salinity
from chloride when the two are present in equivalent concentrations.
The mean soil solution (#Mss) causing a significant reduction in crop
yields varies with soil structure, climatic conditions, and salt tolerance
of crops grown. Eaton (1954) assumed that for average conditions
the Mss should not exceed about 40 epm if reasonable yields (about
70-80 percent of the yield that would normally be expected from non-
saline soils) are to be produced. The assumption is based on obser-
vations of crops of intermediate salt tolerance grown in the semiarid
climate of Riverside, Calif., and probably is valid for the report area.

The approximate leaching requirements of water from the valley-
fill deposits are given in the following table:

Average leaching requirements for ranges of specific conductance

Leaching requirement, in percent (d%)
Range of specific conductance (microhms
per cm at 25°C)
For water in most of the For water it secs. 9, 10, 15,
report area 16,22, T.28S., R. 6 W,

<1,000________________________ <5 <10
1,000-1,400 5-8 10-11
1,410-1,800 8-12 11-14
1,810-2,250 12-17 14-21
2,260-3,000 17-26 21-37
3,010-4,000___________________ 26-43 37-74
>4000 _______________________ >43 >74

In the calculation of the leaching requirements, an #ss of 40 epm
was used. Where only such salt tolerant crops as sugar beets and
barley are to be irrigated, a concentration higher than 4 epm may
be used. Concentrations of C1 plus 4SO, were taken dir~ctly from
the curves in figure 22.
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For water from most wells in the irrigated valleys of the report area
(pl. 10) the leaching requirement (d%) is less than about 12 and is
probably provided by the normal irrigation practices, 2cause the
drainage characterstics of the soil profile generally are gool. Special
farming practices for salinity control may be needed where the d%
is between 12 and 17 and definitely are needed where the d% is more
than 17. The d% is higher in secs. 9, 10, 15, 16,22, T.2 S., R. 67T W,
than in most of the report area because the water has proportionately
higher concentrations of chloride. The d% of some of tl'~ water is
so high that accumulation of salts in the soil probably wowld be dif-
ficult or impossible to prevent even if special practices for salinity
control were introduced.

PUBLIC SUPPLY AND DOMESTIC USE

Generally the dissolved mineral constituents of most importance in
water for public supply and domestic use are calcium and magnesium,
iron and manganese, fluoride, sulfate, chloride, and nitrate. The pres-
ence of high concentrations of these constituents may make the water
unfit for use because of their physiological effects on human beings
or because of esthetic or economic reasons.

Calcium and magnesium in water are the chief cause of hardness,
which impairs the quality of the water because of the curd that forms
when soap is added and because of scale that is deposited in pipes
and in water heaters and boilers. Also, magnesium in high concen-
trations, especially when associated with sulfate, may act as a laxative.

Iron and manganese in high concentrations stain laundry and fix-
tures, and they can be tasted in concentrations higher than 0.5-1.0 ppm
(California Inst. Technology, 1952, p.276). Also, high conc ntrations
of iron may promote the growth of iron bacteria, which in turn make
water unpalatable.

High concentrations of chloride salts cause water to taste salty and
may cause physiological injury to people suffering from certain heart
or kidney ailments.

Fluoride in drinking water in concentrations exceeding 8.0 ppm may
cause pronounced mottling of the teeth of children and in concen-
trations exceeding 1.5 ppm may cause noticeable mottling. A small
amount of fluoride, however, aids in sound tooth development and
lessens the incidence of dental caries. The presence of 0.6-1.5 ppm
in drinking water probably satisfies the requirement for sound tooth
development (Am. Water Works Assoc., 1950, p. 66-67).

High concentrations of sulfate salts may cause a laxative effect;
however, many persons develop a tolerance to the sulfate through
continued use of the water. A cathartic dose of sulfate is 1.0-2.0
grams, which is equivalent to a liter of water containing 1,000-2,000
ppm of sulfate (California Inst. Technology, 1952, p. £77-378).



CHEMICAL QUALITY OF THE GROUND WATER 107

Nitrate is the end product in the oxidation of organic nitrogen com-
pounds; therefore, high concentrations of nitrate may indicate
pollution associated with the decomposition of organic wastes. High
concentrations of nitrate cause cyanosis in some infants fed with the
water.

The U.S. Public Health Service (1946) gives standards for the
quality of water for use by interstate carriers subject to Federal
quarantine regulations. Thestandards tend to be conservative because
they are designed for the protection of people who are essily affected
by changes in water and who have no opportunity to become accus-
tomed to the water. The standards have been adopted by the American
Water Works Association as criteria of quality for pullic supplies.
The maximum concentration recommended in the standards for some
of the chemical constituents are as follows:

Mazimum

concentration
Constituent ppm

Iron plus manganese (Fe4Mn) - 0.3
Magnesium (Mg).__ e e e e 125
Sulfate (S0.) —— - - 250
Chloride (Cl1) — 250
Fluoride (F)*_____ - 1.5
Nitrate (NOs)®__ I 44
Dissolved solids®- - - --— 500

1 Mandatory.
3 Maxcy, 1950, p. 265. Not a Public Health Service recommendation.
81,000 ppm permitted if water of better quality is not available.

No specific standards for hardness have been establiched, but the
following classification of water with respect to hardness is generally

recognized.

Hardness Class Suitability
(ppm)

<60 SOft oo Suitable for many uses vithout further
softening.

60-120 Moderately hard_ _ ______ Usable except in some irdustrial appli-
cations.

121-200 Hard . _____ Softening required by laundries and
some other industries.

>200 Veryhard______________ Softening required for mony uses.

Water from the valley-fill deposits in most of the report area is of
poor quality for public-supply and domestic use. Itis highly mineral-
ized, is very hard, and has high concentrations of sulfate. Fluoride
concentraticns in much of the report area are slightly in excess of the
maximum allowable concentration. The concentrations of iron, mag-
nesium, chloride, and nitrate are low in most places, but the concen-
trations of chloride in some water in the vicinity of Derby are very

695-928 0—64——8
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high. Calculations of the Langelier calcium carbonate.saturation
index, which-is a -measure of the tendency of water to deposit scale
or to attack metals corrosively. (Powell, 1954, p. 276-282), indicate that
water from the valley-fill deposits has a tendency toward scale
formation.

Water from the Dawson arkose, the Arapahoe formation, and the
upper part of the Laramie formation probably is of good quality for
public supply and domestic use except for high concentrations of
fluoride. 1Itis only lightly mineralized, is soft, and has low concentra-
tions of iron, magnesium, sulfate, chloride, and nitrate. Calcnlations
of the Langelier index indicate that some of the water in thes> strati-
graphic units is slightly corrosive. In the basal part and in some
other parts of the Laramie formation the water probably is of fair
quality for public and domestic use, but in some parts it is of very
poor quality. In the B sandstone of the Laramie formation the water
may be of fair or even good quality for public supply and domestic
use at most. places, although the two analyses in table 10 indicate that
the water is of poor quality. Analyses of mixtures of water from
the basal part of the Laramie and from the upper part of the Fox
Hills sandstone indicate that water from the Fox Hills is at least of
fair quality for public supply and domestic use though it might have
relatively high concentrations of fluoride.

GROUND-WATER CONDITIONS AND UTILIZATION IN
THE VALLEYS

The valleys in the report area are here divided into five districts
based on drainage, geohydrology, avallablhty, and utilization of
ground water. This study i is concerned primarily with ground water
in the valley-fill deposits, which supply nearly all the wells in the
area that have a large capacity. Although many residents of the area
obtain water for domestic and stock use from small-capacity wells
in the valley-fill deposits, the yields generally are only a few gallons per
minute per well and the total pumpage from these wells in each district
is negligible. Therefore, the small-capacity wells are not included in
the discussion of the distriets.

Small-capacity wells that produce water for domestic, sto-k, in-
dustrial, and municipal use have been drilled into the bedrock forma-
tions throughout the report area, on both the uplands and in the
valleys. They generally produce a few gallons of water per minute
from aquifers in the Denver and Arapahoe formations, the Dawson
arkose, and the Laramie formation, and some obtain water from the
Fox Hills sandstone.. Around the turn of the century, water flowed
at the land surface from many of these wells, but artesian prassures
have declined steadily in most places with the result that most of the
artesian wells no longer flow; although many that no longer flow are
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pumped, some have been abandoned. Because the wells in the bed-
rock formations generally do not produce ground water suitable in
quantity and quality for irrigation use and because the combined
pumpage from these wells is relatively small, they are not discussed
in the description of the districts.

Water that issues from springs on terrace scarps alcng the east
side of the river flood plain in the South Platte River valley is used
by several fish hatcheries and for stock watering. Springs issue at
many places along the channel of Beebe Seep and help to sustain the
flow of the seep.

For more detailed data on the districts, the reader is referred to the
well records and logs Basic-Data Report No. 9 (Schneider, 1962),
and to the tables, maps, and other illustrations in this renort.

SOUTH PLATTE RIVER VALLEY
DENVER TO THE BASE LINE

In this district, the South Platte River valley trends ncrtheastward
and the river followsa course along the northwestern side of the valley.
In the downstream direction, the main valley is joined successively
by the valleys of Sand, Clear, First, Second, and Third Creeks. The
upland on the east side of the main valley is drained by First, Second,
and Third Creeks and that on the west side is drained b ephemeral
streams that enter the report area. Bedrock forms the rather steep
west wall of the river valley; the gently rolling surface of the older
terrace which slopes upward to the rolling divide forms the eastern
side of the valley. The flattest parts of the floor of the main valley
are composed of the river flood plain and the Kersey and Kuner ter-
races. Plates 1 and 4 show the ancestral channels of the South Platte
River that were eroded in the consolidated rocks; one of the buried
channels trends northeastward from the main valley and passes
beneath Barr Lake. These ancestral channels are partly filled with
the valley-fill deposits that form the principal aquifer in the district.
The thickness of the valley fill averages 50 feet along the valley, but
along testhole line A-A4" in the southeastern part of the di<trict, where
the width of the fill is about 11 miles, well C3-67-4bcd and test hole
C3-67-3cbb reached a depth of about 100 feet before bedrock was
encountered. At a point 3 miles north, well C2-67-21bdd was dug in
valley-fill deposits to a depth of 97 feet. The width of the valley fill
decreases downstream to about 414 miles at a bedrock spur in the
vicinity of sec. 8, T. 2 S., R. 66 W., and then increases abruptly where
Third Creek enters the main valley. At the base line the width
is only 214 miles.

The contours on plate 5 show that the gradient of the water table
ranges from about 12 ft per mile under the flood plain of the river
to about 81 ft per mile in the terrace deposits. Ground water in the
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valley-fill deposits is moving toward the river in a downvalley direc-
tion. Spurs and inliers of the bedrock cause the distinct mornds and
local steepening in the water table that appear at the extremre south-
western corner of the district and in the area southeast of sec. 22, T.
2 S, R. 67 W. The trough in the water table, which roughly follows
the channel of the river, shows that the ground-water reservoir is dis-
charging into the river. In the area southeast of the mouth of Sand
Creek, the shape of the water. table indicates that much of the re-
charge to the ground-water reservoir is entering through the valley-
fill deposits of Sand Creek. The smaller irregularities in the slape and
slope of the water table throughout the district are caused by several
factors. They may be due to local differences in the rate of ground-
water recharge, such as increments of recharge from tributary valleys,
irrigated tracts, canals, and reservoirs, or to discharge by evapo-
transpiration or heavy local pumping. Many of the irregularities
probably are caused by the differences in the thickness and permeabil-
ity of the sediments and, along the east side of the valley, by the
uneven surface of the bedrock.

On the flood plain of the river, the depth to water ranges from 0
in swampy areas to about 10 feet, and on the terraces, the depth to
water ranges from 8 to 80 feet (pl. 6). Hydrographs of the water
levels in U.S. Geological- Survey observation wells in the district
(fig. 11) show a normal seasonal rise and decline of the water table,
and some monthly fluctuations that are due to irrigation pumping;
and they show that the greatest.annual change in depth to water
during the-period November 1955 to May 1958 was about 10 feet in
wells C1-66-18cdc and C2-67-11ced. :Hydrographs of the long-term
observation wells (fig. 10) show that the most appreciable change in
water levels was a lowering during the early 1940’s and tle early
and middle 1950’s (periods of drought and heavy pumping). Both
the short- and long-term hydrographs show that by 1958 the water
levels had recovered almost to their previous recorded average level.

Ground water withdrawn from the valley-fill deposits is used
mainly for irrigation. Irrigation wells generally are used to supple-
ment irrigation water diverted from the South Platte River, but in
some places wells are the sole source of supply. A well-location map,
prepared by Code (1943), shows that in 1940 there were 215 irrigation
wells in this district; by the end of 1957 the number had increased to
420. Although the average concentration of irrigation wells in the

-irrigated part of the valley is about 6 per section, a few sections
contain no irrigation wells and many contain several more than 6.
The irrigation wells are most concentrated in sec. 35, T. 2 S., R. 68 W.,
where a total of 28 were inventorted. Most of the irrigation wells in
this district were dug to bedrock and are lined with concrete casing;
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some were drilled and are lined with metal casing. Turbine pumps are
used in most of the wells, but a few centrifugal pumps are in use.
Although a few pumps are operated by internal-combus‘ion engines,
most are electrically driven.

Brighton (population 6,000) * is supplied by one dug vell and nine
drilled metal-cased wells that obtain water from the valley-fill
deposits. The wells are equipped with electrically driven turbine
pumps that pump water directly into the city mains and into a
200,000-gallon elevated steel tank, which maintains an average operat-
ing pressure of about 55 psi (pounds per square inch) in the city
distribution system. The average rate of pumping is about 1,400,000
gpd, which is equivalent to about 1,570 acre-ft per yr.

Thornton (population 10,250) is supplied by five dug wells that
obtain water from the valley-fill deposits beneath the flcod plain, by
one dug well that obtains water from the valley-fill deposits beneath
the Kersey terrace, and by two deep drilled wells that obtain water
from bedrock aquifers. Electrically driven turbine pumps force the
water from the wells directly into the town mains and into a 600,000-
gallon surface reservoir and a 75,000-gallon underground reservoir,
which maintain pressures ranging from 30 to 90 psi at service outlets.
The average rate of pumping is about 2,900,000 gpd, or about 3,250
acre-ft per yr.

The remaining municipalities in the district do not have public
water systems, and water is supplied by privately owned wells or by
the Denver municipal water system.

Ground water is pumped from the valley-fill deposits by several
industries in the district. A sugar refinery at Brighton obtains water
from a drilled well for use in washing beets and refining sugar. The
well supplies about 450 gpm during the 90-day operating season, or
about 200 acre-ft per yr. Some sand and gravel companies and small
industries obtain ground water from wells or from large open pits.

The yields of 118 large-capacity wells that were measured by the
U.S. Geological Survey ranged from 65 to 1,640 gpm znd averaged
400 gpm ; drawdowns ranged from 1 to 27 feet, and specific capacities
ranged from 15 to 295 gpm per ft of drawdown.

The results of aquifer tests (fig. 16 and table 5) show that high
coefficients of permeability and transmissibility generally charac-
terize the valley-fill deposits beneath the flood plain and the Kersey
and Kuner terraces. Those wells that have low yields and excessive
drawdown probably are poorly constructed or produce from local
zones of low permeability. In general, the wells that obtain water
from the unconsolidated deposits beneath the highest terrace between

1 Populations given in this report are 1957 estimates taken from the Crlorado Gazetteer
of Cities and Towns, Colorado State Planning Division (1958).
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Brighton and the southern boundary of the report area, or from the
slope-wash deposits that border the river valley, are not as productive
as the wells that tap deposits beneath the younger terraces or the
flood plain.

The quantity of ground water that is pumped from the large-
capacity wells in this district during a year of normal precipitation
and pumping is about 40,000 acre-ft. The areal extent and the thick-
ness of saturated:valley-fill deposits are shown on plate 8; it was
estimated - that- about 300,000 acre-ft of recoverable ground water
was in-storage in November 1957. The hydrograph of well C1-67-
13dbd (fig. 10) shows a.downward trend of the water table during
periods of drought but shows also a recovery of the water tzble dur-
ing periods of high precipitation and surface runoff. The record

-from this well suggests thatthe ground-water reservoir is not being
depleted by pumping over a long period of years; that is, the average
rate of discharge appears to be balanced by.the average rate of re-
charge. Because the close spacing of wells in many parts of the
district has resulted in mutual interference, any additional large-
capacity wells drilled in other parts of the district should be spaced
so as to minimize aggravating the problem.

Water in the valley-fill deposits in this district is diverse both in
degree of mineralization and in chemical type (pl. 10 and
fig. 23). In most of the southern part of the district the water has a
specific conductance of less than 1,400 micromhos per em and is of
the calcium bicarbonate type, similar to water in the Soutl Platte
River. Inthe northern part of the district the water ranges in specific
conductance from 1,410 to 1,800 micromhos per cm and is of the cal-
cium sulfate type. The change in predominance from bicarbonate to
sulfate in ground water is caused by the use of the water for irrigation.
Because bicarbonate in water used for irrigation generally precipitates
as carbonate salts, the relative proportion of sulfate and other anions
in the water increases. As the water moves downvalley, the prcportion
of sulfate and other anions to bicarbonate increases; therefore, the
greater the distance from the original source of the irrigation water,
the greater the proportion of sulfate and other anions.

The area contaminated by wastes from the Rocky Mountain Arsenal,
which was mentioned on-page 93, is near the central part of the
district. The water is highly mineralized, the principal ions being
calcium and chloride. This contaminated body of ground water is
gradually moving north-northwestward into. the South Platte River.
Both the degree of mineralization of water from certain individual
wells (C2-67-15 bad, bdal, ced) and. the areal extent of the hndy of
highly mineralized water fluctuate somewhat from season to season
and probably from year to year; the cheinical quality of the water
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in the area through which the highly mineralized water was moving
in the 1955-57 period may be considerably modified in succeeding
years. A small area where the water is also highly mineralized but
is of the sodium bicarbonate type lies in and near the valley of First
Creek.

In the southwestern part of the district, some of the ground water
entering the South Platte River valley from the Clear Creek valley
is of the sodium sulfate type (C2-68-35cbb, table 8), but some, mov-
ing at very shallow depth, is of the calcium bicarbonate type (C3-
68-2ccc). The sample from well C3-68-2ccc represents recharge from
recent local irrigation with surface water, whereas the sample from
well C2-68-35cbb probably represents water that entered the ground-
water reservoir a considerable distance upvalley. The w~ter in parts
of the Sand Creek valley contains much petroleum weaste, but the
extent and seriousness of contamination are not known.

BASE LINE TO THE NORTHERN BOUNDARY OF T. 8 N.

The river valley trends northward between rolling up'ands in this
district and the river follows a course down the middle of the valley.
Big and Little Dry Creeks and numerous ephemeral streams drain
the upland parts of the district. The Fox Hills, Laramie, and Ara-
pahoe formations form the bedrock surface into which the valley
was eroded by the ancestral South Platte River (pl. 4). Unconsoli-
dated deposits mantle the surface of the bedrock nearly everywhere
and in most of the district they are in direct contact with the Laramie
formation. Along the valley, the valley-fill deposits range in thick-
ness from about 40 feet at the base line to about 85 feet at the northern
boundary. The width of the fill is about 3 miles in most of the dis-
trict. Along the eastern side of the main valley and in the valleys
of Big and Little Dry Creeks, the Kersey and Kuner terraces are well
preserved and form the flat surfaces that border the flood plain. The
valley-fill deposits are fringed in many places by slope-wash deposits.

Hydrologic conditions are nearly uniform throughout the district.
The gradient of the water table averages about 10 feet per mile and
the water-table contours show that the river gains water from the
ground-water reservoir. The local flattening of the water table in the
vicinity of Fort Lupton and Platteville probably is due to discharge
of ground water by the municipal wells, which are pumped throughout
the year. The ridge on the water table along the northwestern
boundary of the district may be caused by low permeability of the
sediments, recharge from irrigation, the bedrock divide between the
valleys of the South Platte River and St. Vrain Creek, or a com-
bination of all three factors.

The water table generally is less than 10 feet below the flood plain
of the river and 20-40 feet below the higher terrace and the surface
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of the slope-wash deposits. Hydrographs of the U.S. Geological Sur-
vey observation wells (fig. 12) show that the maximum annu~l water-
level fluctuation was about 6 feet in wells B1-66-20ced and B2-66—
17bbb. The 29-year record of long-term observation well B2-66-20bce
does not show much of a net change in the water level except for an
appreciable rise in 1942 (fig. 10). The water level in long-term obser-
vation well B1-66-7dd declined during the drought of the lete 1930’s
but otherwise has not fluctuated greatly. The depth to water in both
wells was practically the same at the end of the period of record as at
the beginning.
The -valley-fill deposits contain -large quantities of urconfined
ground water. Most of the water pumped from wells is used for
irrigation. There were 110 irrigation wells in the district in 1940
(Code, 1943), and 345 by the end of 1957. The number of irrigation
wells tapping the valley fill ranges from 0 in some sections to as
many as 15 in sec. 19, T. 1 N, R. 66 W.; the average concentration is
about 5 per section. Most wells are drilled to bedrock, are lined with
metal casing, and are equipped with electrically driven turbine pumps,
but some-are dug and are lined with concrete casing. A fw wells
are equipped with centrifugal pumps, and a few pumps are driven
by internal-combustion engines.
- -FPwe municipalities in the district have public water systems that
- obtain  water from.wells.. Fort Lupton (population 1,900) is sup-
- plied by:four drilled metal-cased -wells that tap valley-fill deposits.
- The.wells are-within the city limits-and are equipped with ele~trically
- driven turbine pumps; which pump water directly into the city mains
or-into a 100,000-gallen elevated steel tank. An operating pressure
of 47--70 psi is maintained in the city distribution system. The aver-
. age rate of pumping is about 950,000 gpd, or about 1,100 acr>-ft. per
yr. -Platteville (population 570) is supplied with water by a large-
capacity drilled well that taps valley-fill deposits and by a small-
capacity drilled well that obtains water from the bedrock. About
:80,000 gpd, or about 90 acre-ft. per yr., is pumped from the large-
capacity: well, which is equipped with an electrically driven turbine
pump. The pump forces the water directly into the town mains
- and into a 90,000-gallon elevated steel tank, which maintains an
* operating pressure of 50-70 psi in the distribution system. The small-
capacity well, which has a reported depth of 900 feet, produ~es only
- a few gallons per minute of soft water that is piped to a few homes.
The valley-fill depesits yield 45-1,840 gpm to the large-capacity
wells (yields measured by U.S. Geol. Survey) ; the average yield is
about-750 gpm. - Drawdowns range from 8 to 37 feet and specific
capacities from 10 to 300.. Generally the coefficients of permeability
-and transmissibility are high. The yields of wells in placer on the
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flood plain or on the Kersey and Kuner terraces where the saturated
thickness is greatest generally are greater than yields from wells
near the margins of the valley.

It is estimated that about 80,000 acre-ft. of ground water is pumped
from the large-capacity wells in the district during a yest of normal
precipitation and pumping. The estimated quantity of recoverable
ground water in storage in November 1957 was 250,000 acre-ft. The
hydrographs of long-term observation wells in the distret (fig. 10)
indicate that the average rates of ground-water discharge and re-
charge almost balance and that the ground-water reservoir apparently
is not being depleted by pumping.

In the southern part of this district the ground water ranges in
specific conductance from 1410 to 1,800 micromhos per cm and is of
the calcium sulfate type, whereas in the northern part it ranges in
specific conductance from 1,000 to 1,400 micromhos per cm and is
of the calcium bicarbonate type. Most of the water used for irriga-
tion in the southern part of the district is diverted from the river
near Denver, and most of the water used in the nortl'ern part is
diverted near Fort Lupton. The farther the water travels by canal
through irrigated areas, the more mineralized the underlying ground
water becomes. The water of highest mineralization in the district
is that in the valleys of Big and Little Dry Creeks and is of the sodium
sulfate type.

NORTHERN BOUNDARY OF T. 8 N. TO KUNEF

In this district the South Platte River valley is much troader than
it is in the district to the south. The valley trends north<astward to
Greeley, where it is joined by the Cache la Poudre River valley, and
then it swings southeastward to Kuner. The South Platte River fol-
lows a course along the northwest and north sides of the valley. The
valleys of several major tributaries—St. Vrain Creek snd-the Big
Thompson and Cache la Poudre Rivers—enter the main valley from
the west; Beebe Draw and the Box Elder Creek valley enter from the
south; and the valleys of Sand, Lone Tree, and Crow Creeks, which
are relatively small, enter from the north. Relling rovlands and
gentle slopes border the South Platte River valley on the south side
and on the north side downstream from Greeley. A rather steep es-
carpment borders the northwest side of the valley in Tps. 3 and 4 N.
The uplands that border the valley are drained by numerous inter-
mittent and ephemeral streams.

The Fox Hills sandstone and the Laramie formation underlie the
district; these consolidated rocks form the uplands and crop out in
the escarpment along the northwest side of the South IPlatte River
valley. Along the valley the valley-fill deposits range in thickness
from 85 to 125 feet. Channels eroded into the bedrock by ancestral
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streams and then buried heneath- unconselidated deposits ars shown
on plate 4. The average width of the valley is about 5 miles between
the southern boundary of the district and Greeley. The valley widens
abruptly at Greeley, where the valleys of the South Platte and the
Cache la Poudre Rivers merge, and then narrows gradually tc a width
of about 3 miles at Kuner. A striking feature of the floor of the
valley is the broad, flat Kersey terrace, which extends along th south-
east side of the valley (fig.3).

The slope of the water table and the direction of movement of the
ground water are diagonally downstream toward the South Platte
and Cache la Poudre Rivers, which are gaining water. from the ground-
water reservoir. Beneath the flood plain and the Kersey and Kuner
terraces the gradient of the water table is about 6 ft. per mils, but in
the slope-wash deposits that fringe the valley fill the gradient steepens
considerably. Probably the steepening is caused by the relatively low
permeability of the slope-wash deposits and by the slope of the bed-
rock surfacé. The mound on the water table downgradient from
Lower Latham Reservoir shows that water is seeping from the sur-
face reservoir into the ground-water reservoir. The small irregulari-
ties in the shape and slope of the water table beneath the Kersey ter-
race probably are caused by differences in the permeability of the
sediments.

The depth to water is less than 10 feet beneath the flood plain and
the surface of the slope wash, but it ranges from 10 to 40 feet beneath
the terraces. The maximum annual fluctuation of the water table in
the district during the period 1956-57 was about 10 feet. Records of
the U.S. Geological Survey’s observation wells (figs. 12 and 13) show
a normal seasonal rise and decline of the water table, witl minor
monthly fluctuations due to discharge by pumplng and recharze from
irrigation. The hydrographs of the water level in long-term obser-
vation wells B4-66-15ccc and -31dec (fig. 10), however, show a
marked net decline in the water table over a period of years. The
most significant drop was during the middle 1950’s, a period of low
precipitation and heavy pumping. The hydrograph of well B5-65—
26bcc does not show a pronounced long-term downward trend, prob-
ably because the ground-water reservoir in that area was being re-
charged by seepage from Lower Latham Reservoir.

Almost all the water withdrawn from the valley-fill dep»sits in
the district is used for irrigation. Water is pumped from wells to
supplement the irrigation water diverted from the South Platte River
and its major tributaries. Because. priorities on surface weter are
low, the amount of pumping in a particular year depends largely
on the amount of available water in the river, which generally is not
adequate for irrigation needs. A well-location map prepared by
Code (1943) shows 290 irrigation wells in 1940; 550 were inven-
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toried by the end of 1957. The number-of irrigation wells ranges
from 0 in some sections to 18 in sec. 16, T. 4 N., R. 66 W.; the average
concentration of irrigation wells is 5 per section. Neerly all the
wells reach bedrock; most are drilled but some are dug. Only a
very few are lined with concrete casing, metal casing generally being
used. Most of the wells are equipped with electrically driven turbine
pumps, although a few centrifugal pumps and a few internal-combus-
tion engines are used.

Greeley (population 25,000) is supplied primarily with surface
water, ground water being pumped from small-capacity wells for
garden and lawn irrigation only. The municipal water supply for
Kersey- (population 330) is obtained from two wells that tap the
valley-fill deposits and together yield about 150,000 gpd, or about
170 acre-ft per year. Electrically driven turbine purips on the
wells force the water into a 56,000-gallon elevated steel tank, which
maintains pressures ranging from 46 to 72 psi in the distribution
system. LaSalle (population 1,200) is supplied by two lar<e-capacity
drilled metal-cased wells that obtain water from the velley-fill de-
posits. Electrically driven turbine pumps force the water into a
50,000-gallon elevated steel tank which maintains an average operat-
ing pressure of 50 psi in the distribution system. The average rate
of pumping is about 175,000 gpd, or about 200 acre-ft per yr.

Yields of the large-capacity wells that tap the valley-fill deposits
in this district range from 60 to 2,040 gpm; the average yield is 850
gpm. Drawdowns ranged from 1 to 48 feet. Some of the wells
had a specific capacity greater than 200. As shown in figure 16, the
coefficients of permeability and transmissibility determined from all
but one of the aquifer tests in this district were high; low coefficients
of permeability and transmissibility were determined from the test
at well B4-65-19abd, which is near the margin of the valley. The
greatest yields are obtained from the deposits that under'ie the flood
plains of the rivers and the Kersey and Kuner terraces, although
locally poor well construction and zones of low permeakility reduce
yields and increase drawdowns.

It is estimated that about 70,000 acre-ft of water is pumped from
the large-capacity wells during a year of normal precipitation and
pumping. According to the map showing saturated thickness (pl. 8),
about 760,000 acre-ft of recoverable ground water was in storage in
November 1957. The steady downward trend of water levels in
‘long-term observation wells B4-66—15cce and B4-66-31dce, however,
strongly suggests that the ground water in storage, at least in the
southern part of the district, is being slowly depleted kv pumping.
These hydrographs indicate that the water levels had not recovered
by the end of 1957.
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Most of the ground water in the southwestern part of thi« distriet
has a specific conductance of less than 1,400 micromhos per cm and
is of the calcium bicarbonate type. -Most of the water in the northern
part of the district, however, has a specific conductance of more
than 1,800 micromhos per cm and is of either the calcium sulfate or
the sodium sulfate type. The degree of mineralization and the chem-
ical type of water in the northern part are greatly influenced by the
water from-the valleys of the Cache la Poudre River, Box Elder
Creek, Crow Creek, and Beebe Seep (table 3).

Most of the water in the.Cache la Poudre River valley is very hard,
but water produced by some domestic wells in the vicinity of Greeley
is relatively soft. The hardness of the water from well B6-6:-31cdbl,
14 feet deep, was 720 ppm, altlrough the hardness of the water from
well B6-65-31cdb2, 90 feet deep, was only 88 ppm. Also, according to
local residents, other wells produce relatively soft water; those wells
reportedly have low yields, but the yields are sufficient to supply do-
mestic users.

The highest specific conductance in this district was that of water
from well B6-64—35baa in the Crow Creek valley. The salinity hazard
of much of the water in this district is high or very high. The ap-
parently successful use of the water for irrigation may be attributed
to good soil permeability and- adequate natural drainage and to the
medium or high salt tolerance.of the principal irrigated crop~—sugar
beets, corn, alfalfa, potatoes, and beans. -

BEEBE DRAW

Beebe Draw, an elongate valley bordered on both sides by rolling
uplands, is drained by Beebe Seep. In most of its reaches the channel
of the seep has been deepened, straightened, and repositioned by dredg-
ing. The.flow of the stream is sustained by irrigation water from
Barr Lake and from wells, by ground-water inflow, and by precipita-
tion. Ephemeral streams drain the uplands that border tle draw.
The floor of the valley is an uneven surface that slopes gently upward
to the valley sides. Low mounds dot the surface of the valhy‘ floor,
and sand dunes form a distinctive topography north of botl Milton
Reservoir and the town of Hudson. Beebe Draw extends northeast-
ward from Barr Lake; merges with the Box Elder Creek valley imme-
diately north of Hudson and then diverges from the Box Elder Creek
valley and extends.northward, opening into the South Plat‘e River
valley immediately.north of Lower Latham Reservoir. .The bedrock,
into which a single.ancestral channel was eroded (pl. 4) is the Arapa-
hoe formation in the southern part of the district and the Laramie for-
mation in the northern part (pl. 1). . Almost everywhere the bedrock is
mantled by unconsolidated deposits; those underlying the floor of the
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valley are 70-100 feet thick in the deepest part of the ancestral valley.
Logs of wells and test holes show that the valley-fill denosits grade
from cobbles and boulders in the lower part to increasingly finer
gravel, sand, and clay in the upper part. The fill is fring~d by slope-
wash deposits, and its width averages about 2 miles.

The contours on the water table (pl. 5) show a uniform downvalley
gradient of about 14 feet per mile, except immediately downgradient
from the three reservoirs where the gradient steepens abrptly. This
abrupt steepening indicates that the ground-water reservoir is re-
charged appreciably by seepage from the surface reservoirs. Surface
water spread for irrigation also contributes substantially to recharge.
The contours show that some ground water may be moving into Beebe
Draw from the Box Elder Creek valley. The depth to vater ranges
from 0 to 60 feet. The depth to water and the shape cf the water
table indicate that in some reaches the ground water is discharging
into Beebe Seep and other drains, but that in some placss the water
table is considerably below the surface streams and the gound-water
reservoir is being recharged by seepage from the streams and canals.
In the reach through Tps. 1 and 2 N. the depth to water reaches
about 60 feet, but in the immediate vicinity of the three reservoirs
and in some places between Milton and Lower Latham Reservoirs
the depth to water is less than 5 feet. The movement of ground water
inward from the sides of the valley probably is caused by the slope
of the bedrock surface (pl. 4). Hydrographs of the U.S. Geological
Survey’s observation wells show only a seasonal rise and decline
(figs. 12 and 13). The record for well B4-65-15acb shows a rise in
the water table from 1956 to 1958; the water level in well B1-65-
4cbb had an overall decline from 1955 to 1958 and during 1957 it
showed the effects of pumping nearby wells. The maximum yearly
fluctuation of the water table in well B1-65—4ccb during the short
period of record was about 7 feet. Although the long-term records
of the fluctuations of the water table in Beebe Draw are incomplete,
they show a net lowering of the water levels in wells in the central
part of the district. The decline is most marked for the period 1953
to 1958 (Code, 1958).

All the large withdrawals of ground water from the valley-fill
deposits in this district, except those from well C1-66-12cbb which
is pumped for irrigation and to fill ponds for the use of wildfowl,
are used for irrigation. The ground water is used to supnlement sur-
face irrigation water released from the reservoirs and diverted from
the South Platte River. Code’s map (1943) shows 25 irrigation wells
in Beebe Draw in 1940, whereas at the end of 1957 there were about
130. The irrigation wells tapping the valley fill, however, are not
as concentrated locally as in other parts of the report area. Several
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sections contain no wells and the greatest- concentration per section
is only nine in sec. 30, T. 1 N.,’R. 65 W. The average is about two
wells per section.

Most of the irrigation wells are drilled to bedrock, lined with metal
casing, and equipped with electrically driven turbine pumps. A few
wells are dug and lined with concrete casing. Very few internal-
combustion engines are-in use, and only one well is equipped with a
centrifugal pump.

The valley-fill deposits, especially the beds of cobbles and boulders,
contain large quantities of unconfined ground water. Yields from
irrigation wells that were measured by the U.S, Geological Survey
ranged from 475 to 1,840 gpm, and the average yield of 907 gpm is
the highest in the report area. The water-level drawdown in many of
the wells yielding more than 1,000 gpm was less than 15 feet. Specific
capacities ranged from 30 to 235. Data from all the aquifer tests
except one (table 5) show that the average coefficients of permeability
and transmissibility are the highest in the report area. An aquifer
test at well B2-65-16bcc indicated only a moderate coefficient of per-
meability and transmissibility, apparently because the water-bear-
ing material tapped by the well consists, according to the driller’s log,
of sand and silt containing no gravel or cobbles.

Although most of the wells yield water copiously, yields are only
moderate if wells are poorly constructed of if they produce from the
slope-wash deposits. The yields of wells generally are greater near the
center of the ancestral valley, where the saturated thickness is greatest
and where the lower part of the valley-fill deposits consist of gravel,
cobbles, and boulders, than near the edges of the channel.

Withdrawal of ground water for irrigation during a year of normal
precipitation and pumping is estimated to be about 15,000 acre-ft.
1t is estimated further that about 320,000 acre-ft of recoverable ground
water wasin storage in November 1957.

Little is known of the effects of large-scale pumping on the ground-
water regimen in Beebe Draw because of large gaps in the long-term
records of water-table fluctuations. Incomplete hydrographs of wells
B1-65-4bbl and B2-65-16be, prepared by Code (1958), show a net
lowering of water levels, at least locally, since 1953. However, no
- serious net declines of the water table or of interference between wells
had been reported by the time the fieldwork for this project v7as com-
pleted (end of 1957).

The quality of the ground water.in Beebe Draw, as in. the South
Platte River valley, is closely associated with the quality of the surface
water. Recharge from Barr Lake and the six large canals that flow
through or along the edge of Beebe Draw dilutes the ground water.
The specific conductance of water from well C1-66-32aad, near the
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inflow end of Barr Lake, was 1,340 micromhos per cm, and the specific
conductance of water from wells C1-66-1baa and B1-65-9dcb, down-
gradient from Barr Lake, was 1,100 and 1,240 micromho? per cm, re-
spectively. Although the average specific conductance of water in
Barr Lake is not known, the specific conductance of an outflow sample
on September 10, 1957, was only 411 micromhos per cm (analysis not
given in this report). The specific conductance of the ground water
tends to increase downvalley. Recharge from Milton Reservoir prob-
ably dilutes the ground water somewhat in the northern part of the
draw.

In the southern part of Beebe Draw, near Barr Lake. the ground
water is of the calcium bicarbonate type; in the central part it is of the
calcium sulfate type; and in the northern part it is of the sodium
sulfate type.

BOX ELDER CREEK VALLEY

The narrow valley of Box Elder Creek extends almwost the full
length of the report area, a distance of about 40 miles. Box Elder
Creek follows a course along the east side of its valley through most
of its course in the report area; in the lower reaches of tl= valley the
channel of the creek has been repositioned by dredging. Rolling up-
lands border the valley and, in some places where the creek has cut
laterally into the bedrock, the valley wall is a rather steep bluff.
From the southern boundary of the report area the valley trends
northward to its junction with Beebe Draw, where it turns northeast-
ward away from Beebe Draw and leaves the area near I"uner. The
floor of the valley is an uneven surface of low mounds and shallow
depressions, and north of Hudson it is formed by sand dwes. Sand
dunes also lap onto the east side of the valley floor in the northern
reach.

The ancestral valley was eroded into the Dawson arkose in the
extreme southern part of the area, into undifferentiatec Cretaceous
and Tertiary deposits in the southern and central parts, and into the
Laramie formation in the northern part (pls. 1 and 4). The bedrock
formations are mantled by unconsolidated deposits except for a few
outcrops along the stream valley. The valley-fill deposits range in
thickness from about 85 feet in the deepest part to 0 along the sides.
Slope wash fringes the valley fill in most places. The width of the
fill ranges from 1 to 214 miles, except in T. 4 N., R. 64 W., where the
width increases to about 3% miles. Logs of wells and test holes show
that the valley-fill deposits consist of sand, gravel, and clay, and that
they do not contain abundant cobbles and boulders as do the valley-fill
deposits in Beebe Draw and in the South Platte River valley.

The water table in the Box Elder Creek valley slopes in a general
downvalley direction. The gradient of the water table averages
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about 23 feet per mile south of Hudson, but it decreases to about 18
feet per mile and is nearly uniform northward from Hudson. In the
vicinity of sec. 11, T. 4 N., R. 64 W., however, there is a flattening of
the slope, probably due to an increase in the permeability of the
sedimentary rock. Depths to water and the shape of the water table
show that Box Elder Creek was not gaining water from the ground-
water reservoir in November 1957. The creek is dry during much of
the year but is-a source of recharge to the ground-water reservoir when
it flows and especially so when it is at flood stage. Other sources of
recharge are surface water that is spread for irrigation and precipita-
tion that falls within the basin. Immediately after a flood, when
water from Box Elder Creek is recharging the ground-water reservoir,
a ridge probably is formed on the water table beneath the b>d of the
creek. The contours around Horse Creek, however, indicate that the
creek is gaining ground water, probably by seepage from Hovse Creek
Reservoir. Recharge from the Ireland Reservoir No. 5 appearently is
causing the mound in the water table downstream from the reservoir.
The contours in the area where the valleys of the Beebe Draw and Box
Elder Creek valley merge show that some of the ground water in Box
Elder Creek valley is moving into the valley-fill deposits in Beebe
.Draw. The slight inward movement of ground water along the
edges of the vallev probably is caused by.the slope of the bedrock
surface.

Depths to water in the valley range from less than 5 feet to about
40 feet and average 22 feet. Hydrographs of the U.S. Geological
Survey’s observation wells (figs. 11, 12, and 13) show that the maxi-
mum annual fluctuation in well B1-65-12ccd2 was about 13 feet, part
of which was due to the pumping of a nearby irrigation well. The
records of the long-term observation wells, except well B2-64-30cbc,
show a pronounced downward trend in the water levels since 1950
(fig. 10). In the vicinity of this well, ground-water underflow from
Ireland Reservoir No. 5 probably recharges the ground-water reservoir.
Although the water levels had risen by the spring of 1958, they still
were far below the average of record in most of the wells. The only
surface water available for irrigation in the district is that diverted
from the few reservoirs and from Box Elder Creek when it is at flood
stage. Therefore, irrigation is largely dependent on water pumped
from wells. All the large withdrawals of ground water from the
valley-fill deposits, except from the Hudson municipal wells, are used
for irrigation. Code’s well-location map (1948) shows only 70 irri-
gation wells in 1940; by the end of 1957 there were 210. The number
of wells per section ranges from 0 in several to 12 in secs. 12 and 13,
T. 1N, R. 65 W., and the average is three. Locally, however, the ir-
rigation wells are too closely spaced, and as a result mutual interference
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decreases yields and increases drawdowns. Most of the wells are
drilled to bedrock, are lined with metal casing, and are equipped with
electrically driven turbine pumps. A few of the wells are dug and
lined with conerete casing. Only two wells are equipped with centrif-
ugal pumps and. only one pump is driven by an internal-combustion
engine.

Hudson (population 430) is supplied with water from two drilled
metal-cased wells that obtain water from the valley-fill depo~its. The
wells, which are outside the city limits, are equipped with e'ectrically
driven turbine pumps that force water into a 44,000-gallon elevated
steel tank. An average operating pressure of about 35 psi is main-
tained in the city distribution system. About 125,000 gpd, or about
140 acre-ft per year, is pumped from the wells for municipal use.

Pumping from the irrigation wells in this district has been very
heavy during recent years. Yields from the wells that were measured
by the U.S. Geological Survey ranged from 85 to 1,090 gpm and
averaged 550 gpm. Drawdowns ranged from 7 to 32 feet and specific
capacities ranged from 5 to 135. The coefficients of permeability and
transmissibility are relatively low (table 5)- compared to those in the
rest of the repert area. ‘The water levels in many of the vells south
of Hudson declined to the pump intakes during the 1957 purmping sea-
son, and some wells were not used. The largest yields gererally are
obtained from wells near the axial part of the valley; the slope-wash
deposits along the edges of the valley fill are poor producers. The
comparatively small average yields of wells in the district probably
are due to the declining water table and to the lower permeability
of the valley-fill deposits, which contain a large percentage of clay
and silt. Heavy pumping eventually could lower the regional water
table below the intakes of some pumps.

It is estimated that about 20,000 acre-feet of ground water is
pumped from the valley-fill deposits during a normal year. The

“estimated quantity of recoverable ground water in storage in Novem-
ber 1957 was about 320,000 acre-ft. - Declining water levels indicate
that ground water is being taken from storage; that is, recharge is not
balancing discharge. The decline of the water table. in tlis district
is the most marked in the report area.

In the southern part of this district, the water generally has a spe-
cific conductance of less than 1,400 micromhos per cm and is of the
calcium bicarbonate type. In the northern part, the water generally
has a specific conductance of more than 1,800 micromhos per cm and
is of the calcium sulfate type.

CONCLUSIONS

Unconsolidated valley-fill deposits of sand, gravel, cobbles, and
boulders of Quaternary age are the important water-bearing forma-
695-928 0—64——9



124 GROUND WATER, SOUTH PLATTE RIVER BASIN

tions in the report area. These deposits are the principal source of
ground water in the stream valleys and, locally, they yield as much as
2,000 gpm to wells, although the average yield is about 700 gpm. The
low to moderate yield of some wells probably is due to poo* construc-
tion of the wells, and that of others to low transmissibility cf the aqui-
fer. The ground water in the valley-fill deposits is unconfined, except
locally, and the depth to water ranges from 0 to about 80 feet.
Ground water enters the area by underflow. The ground-water reser-
voir in the area is recharged also by precipitation and by seepage from
irrigated tracts, reservoirs, canals, and streams. Ground water is
discharged within the area by evapotranspiration, seepage into
streams, springs and seeps, and pumping from wells. The remainder
of the ground water leaves the area by underflow through the valley-
fill deposits.

The South Platte River gains water from the ground-water reser-
voir throughout its course in the area. Beebe Seep at some times and
places is a gaining stream and at others a losing stream. Water from
Box Elder Creek infiltrates into the underlying unconsolidated de-
posits, especially during flood stage.

Development of ground-water supplies from the valley-fill deposits
has been rapid since 1940 ; the number of large-capacity wells increased
from about 700 in 1940 to about 1,700 at the end of 1957. Ground
water is used principally for irrigation, but large amounts are used
also for municipal and industrial supplies, and most of the water for
domestic and stock use is obtained from wells. It is estimated that
about 250,000 acre-ft of water in 1956 and about 100,000 acre-ft in 1957
was pumped from the large-capacity wells, and that about 500 acre-ft
is pumped from domestic and stock wells annually. Tt is estimated
that about 2 million acre-ft of recoverable ground water is stored in
the valley-fill deposits in the report area.

Further ground-water development may be feasible in some parts
of the area but not in others. The insignificant net change in ground-
water levels between 1929 and 1958 in the South Platte River valley
between Denver and the northern boundary of T. 3 N. indicates that
ground-water withdrawals during that period did not deplete the
supply in storage. Even during the period 1954-57, when precipita-
tion was subnormal and pumpage was correspondingly greater, the
net change in water Jevels was very slight. Apparently, gronnd-water
withdrawals through 1957 in this part of the area have resulted in the
salvage of water that otherwise would have been discharged by natural
processes. In places where the water table is shallow, water now lost
through evapotranspiration could be salvaged through an increase
in pumping. Heavy pumping near the river, however, might induce
recharge from the river and compete with surface-water use. In parts
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of the district between Denver and the base line,-wells are so closely
spaced that when pumped for long periods the water level declines
to the pump intake; additional large-capacity wells in other parts of
the district should be spaced farther apart so as to avoid mutual inter-
ference and a subsequent local lowering of the water table.

There appears to be a danger of overdevelopment of the ground-
water supply in the South Platte River valley in T. 4 N, R. 66 W.
Although the net change in water levels during the period 1929-50 was
relatively small, a pronounced steady decline, due partly to increased
pumping and partly to subnormal precipitation, has occurred since
1950. Water levels in the area immediately north of Lower Latham
Reservoir do not show a marked long-term decline, probably because
seepage from the reservoir is recharging the ground-water reservoir.
Little is known about the net change in water levels in the rest of the
district between the northern boundary of T. 3 N. and Kuner because
long-term records of water-level fluctuations are not available.

Although long-term records of water-level fluctuations in Beebe
Draw are incomplete, they indicate a net decline of ground-water
levels, at least locally. High coefficients of permeability end trans-
missibility of the valley-fill deposits, however, indicate that the district
may be able to support additional well-planned ground-weter devel-
opment. An estimated 20,000 acre-ft of ground water was pumped
in 1956, apparently without material interference among wells or
noticeable depletion of ground water in storage. If properly spaced,

.additional wells of large capacity should not seriously deplete the
ground-water reservoir.

- The maximum development of ground water probably has been
reached or exceeded in the Box Elder Creek valley, especially in the
stretch between Hudson and the southern boundary of the report
area where water in the irrigation wells commonly decline to the
pump intake when the wells are pumped during extended droughts,
and where the coefficients of permeability and transmissibility of the
valley-fill deposits generally are comparatively low. Several instances
have been reported of interference among wells. Long-term records
show that ground-water levels throughout the valley have declined
sharply since 1950, indicating rather rapid depletion of the ground
water in storage.

The extent to which development of ground water in tt= districts
can be safely increased and sustained depends on (1) the amount of
ground water available, (2) the rate at which it is withdrawn, and
(3) the rate at which it is replenished. .An indication of the amount
of ground water available is the average annual amount of natural
‘discharge from a district; the amount available determines the upper
limit for development. In practice, however, feasible development
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must be less than ground-water discharge because not all the natural
discharge can be intercepted, and because of limiting hydrologic and
legal factors.

The average amount of water than can be pumped from the valley-
fill deposits over a long period without exceeding the rate of recharge
and permanently depleting the supply in storage and thus progres-
sively lowering the water table should be determined seprrately for
each district. This amount is the safe perennial yield. Its determina-
tion requires records for several years of pumpage, water-level
changes, precipitation, runoff, and an analytical appraisal of these
data. The hydrologic features of the report area are complex, and
the safe yield can be determined only by further study and systematic
observations while additional development proceeds.

As new wells are brought into production, water levels will decline,
but such a decline alone is not necessarily proof of overdevelopment.
Some water-level decline is inevitable if a large amount of water
is taken from the ground-water reservoir. The critical point, how-
ever, is whether or not the water levels recover after the pumping
season, or after several pumping seasons during a series of dry years.
In a natural ground-water regimen, discharge is mainly eual to re-
charge; that is, the system is in dynamic equilibrium. In an arti-
ficially altered regimen, such as the report area, discharge will con-
tinue to equal recharge only so long as the safe perennial yield is
not exceeded.

Much of the ground water discharged from wells in areas where
the water table is at or near the land surface is salvaged water, be-
cause lowering the water table reduces natural discharge by evapo-
transpiration. Also, artificial lowering of the water talle creates
space for storage of additional recharge. The safe perernial yield
is not being exceeded in such areas. In other areas, however, large-
scale pumping may deplete ground water in storage and reduce the
natural discharge into streams to such an extent that surface-water
rights are infringed upon and water levels in wells drop below the
intake of pumps. Most of the large-capacity wells in the project
area reach, or nearly reach bedrock; therefore, the total denth of the
well is the maximum depth to which the water table and the intake
pipe can be lowered .

Two important factors are involved in the concept of safe perennial
yield, one being the hydrologic factors just discussed and the other
being the legal factor. Although, strictly speaking, the maximum
possible withdrawal of ground water from a district is limited by hy-
drologic factors alone, the maximum actual withdrawal may be limited
by legal factors. It may be decided by competent legal authority to
restrict ground-water development to a yearly withdrawal rate that
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will provide the greatest long-term benefits for all water users and
prevent future controversies.. Therefore, it should not be inferred from
this report that the report area can safely, economically, and legally
support a large additional number of large-capacity wells.

Continued collection and study of data is needed to determine the
safe perennial yield of the aquifers in the report area, and to assist
orderly and efficient development of the. ground water.of the valley-
fill deposits. Such an investigation should include (1) maintenance
of complete and accurate records on additional large-capacity wells
that are installed in the area; (2) continued measurement of water
levels in-a network .of observation wells; (3) systematic collection of
discharge and power-consumption records for large-capacity wells
and from those records, computation of the total yearly volume of
withdrawals;- (4) evaluation of all sources of recharge to and dis-
charge from the ground-water- reservoir; (5) quantitative studies of
the relation of streamflow to ground water; (6) collection and evalu-
ation of additional data on the chemical quality of the water.

The collected data should be evaluated periodically in order to detect
current or impending overdevelopment of the ground-water resources.
Such data and periodic review will make water problems easi-r to solve,
- and they may indeed provide the basis for development of an inte-
grated surface- and ground-water :irrigation system involving the
utilization of artificial recharge and discharge as a meas of balancing
the effects of wet.and dry years.

Water from the valley-fill deposits in most of the. report, area has
a specific conductance of 1,000-1,800 micromhos per cm and is of either
the calcium bicarbonate or the calcium sulfate type. Tho water is
suitable for irrigation in mest places but has-a high or very high salin-
ity hazard and in some. places has a high-leaching requirement. It is
-of poor quality for public-supply.and domestic use becaus» it is very
hard. In a:few sections in T. 2 S., R. 67 W.,.near Derby, the water
has a specific conductance of more than 4,000. micromhos per cm and
is of the calcium chloride type, a type found nowhere else in the
report area. The high specific conductance and the water type in-
dictate contamination of the ground water by waste from the arsenal.
In the downvalley parts of the South Platte River valley.and of most
of the tributary valleys, the water has a specific conductance of about
2,250 micromhes per.cm and is of the calcium sulfate or sodium sulfate
-type.. Near Denver ground water in the Sand Creek and South Platte
River valleys is contaminated by petroleum. wastes, but. the severity
and areal extent of the contamination were not determined.

The quality of the water in the valley-fill deposits in the report area
is similar to the quality of the water in the surface streams and is af-
fected by.irrigation practices. Use of. the water for irrigation tends
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to increase the mineralization and to change the type of the water
from calcium carbonate to calcium sulfate or sodium sulfate.

Water from the bedrock differs widely in mineralization from one
stratigraphic unit to another, as well as within units; the specific
conductance of ground water that was sampled ranged from 336 to
5,040 micromhos per cm. In most of the units the water is of the
sodium bicarbonate type, is soft, and has a relatively high concen-
tration of fluoride. Water from the Dawson arkose was the least
mineralized of the water sampled, and water from some strata in
the Laramie formation was the most mineralized. Water from the
bedrock probably is poor for irrigation and ranges frorm poor to
good for public supply and domestic use.

It would be advisable to study long-term changes in quality of
water from key wells, to determine the source and extent of the con-
tamination by potroicum waste in the valleys of Sand Creek and the
South- Platte River and to determine the extent of and potential
for development of the aquifer that produces relatively soft water in
the vicinity of Greeley.
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