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CONVERSION FACTORS

The following factors may be used to co
System) units published herein to inch-pound

Multiply metric unit By
millimeter (mm) 0.03937
cubic centimeter (cm3) 0.06102
meter (m) 3.281
cubic meter (m3) 35.31
kilometer (km) 0.6214
square kilometer (kmZ2) 0.3861
gram (gm) 0.002205

degree Celsius ( °C) °F = 1,8 oC + 32

megapascal (MPa) 10

megapascal (MPa) 10,000

calorie at 15 X (cal) 3.087

calorie at 15 € (cal) 3.970 x 1073

langley per day {ly/d = 3.6879
(cal/cm?)/d]

calories (at 15 «€) per gram 1.8005
(cal/gm)

kilometer per hour (km/hr) 0.6214

millimeter per day (mm/d) 0.03937

cubic meter per year (m3/yr) 8.107 x 1074

gram per cubic centimeter 62.43

(gm/cm3)

Sea level: In this report "sea level'" re
Vertical Datum of 1929 (NGVD of 1929)--a
general adjustment of the first-order level
and Canada, formerly called "Mean Sea Level

vi

nvert the metric (International
units:

To obtain inch-pound unit

inch (in.)

cubic inch (in3)

foot (ft)

cubic foot (ft3)

mile (mi)

square mile (mi2)
pound (1b)

degree Fahrenheit ( °F)
bar

millibar (mb)
foot-pound (ft-1b)
British thermal unit (BTU)

British thermal unit per square
foot per day [ (BTU/£t2) /d]

British thermal unit per pound
(BTU/1b)

mile per hour (mi/hr)
inch per day (in/d)
acre-foot per year (acre~ft/yr)

pound per cubic foot (1b/ft3)

fers to the National Geodetic
geodetic datum derived from a
nets of both the United States
of 1929."




DEFINITION OF TERMS

Air entry pressure — The (negative) pressure of the pore water at which
air begins to displace water, as evidenced by the first decrease
in water content in the soil-water characteristic curve.

Available water capacity - Amount of water between field capacity and
permanent wilting point that is available for plant use.

Capillary pressure (Moisture tension, matrix potential, negative pres-—
sure potential) -~ The equivalent negative pressure in the soil
water resulting from capillary and adsorptive forces in the soil
matrix. It is equal to the equivalent pressure that must be applied
to the soil water to bring it to hydraulic equilibrium, through a
porous permeable wall or membrane, with a pool of water of the same
composition.

Hydraulic-conductivity function — A function or graph showing the hydrau-
lic conductivity as a function of soil-water content or capillary
pressure.

Hydraulic head — The altitude, with respect to a specified reference
level, at which water stands in a piezometer open to a specific
point in a geologic deposit. Its definition can be extended to
strata above the water table if the piezometer is replaced by a
tensiometer. The hydraulic head in systems under atmospheric pres—
sure may be identified with a potential, expressed in terms of the
height of a water column. More specifically, it can be identified
with the sum of gravitational and capillary potentials and may be
termed hydraulic potential. For unsaturated soil, the hydraulic
heads referenced to the soil surface is equal to the soil suction
or tension (-m) at a given point plus the depth (-m) to that point,
with positive taken as upwards.

Hysteresis - Nonuniqueness in the relation between two quantities, in
particular in the relation between the soil-water content and the
soil-water capillary pressure.

Net radiation — The difference of the downward and upward solar and long-
wave radiation flux passing through a horizontal plane just above the
land surface.

Residual moisture — The minimum moisture content after the effects of
gravity drainage and evapotranspiration become negligible.

Soil texture — The relative proportions of the various soil separates in
a soil as described by the classes of soil texture shown in the
following figure:

vii
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MEASURING AND COMPUTING NATURAL GROUND-WATER RECHARGE

AT SITES IN SOUTH-CENTRAL KANSAS

By

Marios A. Sophocleous,
Kansas Geological Survey, Lawrence, Kansas
and
Charles A. Perry,

U.S. Geological Survey, Lawrence, Kansas

ABSTRACT

To measure the natural ground-water-recharge process, two sites in
south~-central Kansas were instrumented with sensors and data microloggers.
The atmospheric-boundary layer and the unsaturated and saturated soil
zones were monitored as a single regime. Data from the various sensors
were collected using microloggers in combination with magnetic cassette
tapes, graphical and digital recorders, and analog paper—tape recorders
in order to automate data collection and processing. Direct observations
also were used to evaluate the measurements.

Atmospheric sensors included an anemometer, a tipping-bucket rain gage,
an air-temperature thermistor, a relative—humidity probe, a net radiometer,
and a barometric-pressure transducer. Sensors in the unsaturated =zone
consisted of soil-temperature thermocouples, tensiometers coupled with
pressure transducers and dial gages, gypsum blocks, and a neutron-moisture
probe. The saturated-zone sensors consisted of a water—-level pressure
transducer, a conventional float gage connected to a variable potentiometer,
soil thermocouples, and a number of multiple-depth piezometers.

Evaluation of the operation of these sensors and recorders indicates
that certain types of equipment, such as pressure transducers, are very
sensitive to envirommental conditions. Extraordinary steps had to be taken
to protect some of the equipment, whereas other equipment seemed to be
reliable under all conditions. Based on such experiences, a number of
suggestions aimed at improving instrumentation of recharge investigations
are outlined.

The amounts and timing of ground-water recharge from precipitation
over an approximately 19-month period were investigated at two instrumented
sites in south—-central Kansas. Precipitation and evapotranspiration data,
taken together with soil-moisture profiles and storage changes, water
fluxes in the unsaturated zone and hydraulic gradients in the saturated
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efforts need to be undertaken to obtain more direct estimates of vertical
water fluxes at or near the water table. The approach presented in this
report involves a detailed study of the combined unsaturated-saturated
flow system. However, the problem of areal variability of recharge
remains complex, and the previously mentioned, unsaturated-saturated ap—
proach may be impractical for regional applications, given the present
state of technology, because of the large number of data-collection
sites required and the cost of instrumentation.

Purpose and Scope

The purpose of the study described in this report was to measure
natural ground-water recharge at two selected sites in south-central
Kansas with potentially significant recharge environments. To achieve
this goal, the following objectives were formulated:

(1) Evaluate and use state-of-the-art technology in onsite instru-
mentation and techniques to obtain reliable and frequent data related to
ground-water recharge.

(2) Investigate the mechanisms of natural ground-water recharge by
measuring the unsaturated-saturated flow regime as a unified system.
Emphasis would be on precipitation-related recharge processes.

(3) Measure the amount and specify the timing of recharge for two
sites in two major ground-water regions of Kansas--the Equus beds and
Big Bend regions.

This report describes the experimental aspects of ground-water-
recharge estimation. The approach followed in this study is similar to
that followed by Freeze and Banner (1970), which was to measure the
transport of moisture from the surface through the unsaturated =zone,
across the water table, and into the saturated ground-water flow system.
Such a profile of ground-water recharge would consist of measuring the
following hydrologic characteristics:

(a) Precipitation,

(b) Potential or actual evapotranspiration,

(¢) Soil-water content at various depths,

(d) Change in soil-moisture storage in the unsaturated soil profile,

(e) Water fluxes at the deepest tensiometer-nest level above the
water table and at or in the immediate vicinity of the water
table,

(f) Soil-temperature anomalies that result from recharging-water
influxes,

(g) Water-table altitudes,

(h) Saturated water fluxes or hydraulic gradients near the water
table and deeper in the ground-water flow system, and

(i) Water—level changes in the general area of the recharge sites.

Background information for recharge profiles would include soil-texture
profiles, soil-water characteristic curves (that is, the relation between
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water needs of the city of Wichita. Both the Burrton and Zenith recharge
sites are located in relatively flat, sand-dune environments. No well-
established drainage patterns exist, indicating that surface runoff may
be negligible. Rainfall either infiltrates directly into the sandy
soil or accumulates in shallow depressions. The sites are covered by
native mixed-grass vegetation.
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GENERAL HYDROGEOLOGY OF THE RECHARGE SITES

Hydrometeorological Setting

The climate at the study sites is characterized by moderate precipi-
tation, a wide range of temperatures, and moderately high average wind
velocity. Ranges of precipitation, temperature, and evaporation through-
out the year are shown in figure 2. Average annual precipitation is
approximately 738 mm. The amount of precipitation, however, varies
greatly from year to year and generally increases eastward across the
State. The lowest average monthly precipitation is 18 mm during January,
and the highest average is 113 mm during May. Approximately 72 percent
of the annual precipitation falls from April to September (Rockers and
others, 1966). Snowfall varies from year to year, but the average annual
amount is approximately 508 mm.

Mean monthly temperature minima and maxima vary from -6.7 and 5.6 °C
during January to 19.4 and 33.3 °C, respectively, during July. The mean
annual temperature is 13.4 °C. The prevailing winds are southerly, aver—
aging from 24 km/hr during March and April to 19 km/hr during July and
August (Rockers and others, 1966). Because of the abundance of warm tem—
peratures and relatively high wind speeds, pan evaporation at the city of
Wichita averages 1,630 mm/yr (Farnsworth and Thompson, 1982). Average
evaporation exceeds average precipitation for every month of the year.
However, short—term (days to weeks) precipitation may exceed corresponding
evaporation, resulting in ground-water recharge.

Surficial Geology and Soil Properties

A generalized surficial geology map of the study area is shown in
figure 3. The recharge sites consist of unconsolidated deposits of pre-
dominantly Holocene and Pleistocene age overlying Permian bedrock. The
unconsolidated deposits are of fluvial origin with sand beds generally
lying between lenses of silt, clay, and sandy clay as can be inferred
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site are shown in figure 5 and for the Zenith site in figure 6. The
water table at the Burrton site is much shallower and more variable with
time than at the Zenith site, with the depth to water averaging approxi-
mately 1.2 to 1.5 m. The Zenith site is situated in soil that is similar
to the Burrton site. The depth to the water table is approximately 5.2 m.
This difference in depth to water table between the two sites is of
major significance in the estimated amounts of recharge at each site, as
will be shown. The saturated hydraulic conductivity of the soil above
the water table generally decreases with depth at both sites. This
conductivity pattern probably is due to the decreasing sand content and
increasing bulk density of the soil with depth.

Shallow Ground-Water Flow System

Approximate directions of ground-water flow along the trace of sec-
tions shown in figure 3 are depicted in figures 7 and 8. These cross
sections were drawn parallel to the general direction of flow so as to
depict true gradients. The hydraulic-head data for the Burrton area shown
in figure 7 were measured during 1978-81. A complete set of measurements
for any single time was not available. The hydraulic-head data for the
Zenith area (fig. 8) were determined from water levels measured in piezo-
meter nests and wells during March 1982, Based on these data, equipoten-
tial lines were drawn, and principal directions of ground-water flow
were indicated. From these and other more localized cross—sectional
flow nets, both the Burrton and Zenith sites were identified as being
ground-water-recharge sites (with ground water moving downwards away
from the water table). A regional water-level gradient to the east
exists in the general study area, as can be inferred also from figures 7
and 8 (see also Sophocleous, 1983).
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INSTRUMENTATION

The Burrton and Zenith sites exhibited favorable characteristics for
recharge, including a generally sandy soil under natural grass conditions,
no extensive confining clay layers, a relatively shallow water table,
and a saturated zone characterized by decreasing hydraulic head with
depth. Given these favorable potential-recharge characteristics, the
selected sites were instrumented extensively so that direct measurements
could be made of as many recharge-related characteristics as possible.

The instrumentation employed at each of the two recharge sites is
diagrammed in figure 9. The purpose of the instrumentation was to provide
integrated measurements that would allow calculation of subsurface flow on
a year-round basis. Data collection was automated as much as possible
by using battery-operated, programmable data loggers, which recorded
data on magnetic tape cassettes on an hourly and daily basis at each site.
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Through a cassette reader, these data were transferred to the office
computer for processing. In addition to the automated data collection,
neutron-moisture readings, as well as piezometer-nest, gypsum-block, and
tensiometer readings, were made manually by observers on a weekly basis.
Every effort was made to provide duplicate or alternative measurements
in case some equipment malfunctioned. Both sites were instrumented
during June 1982, and data collection was continued until December 1983.
The onsite and laboratory measurements and the instruments or techniques
used for such measurements are shown in table 1. All laboratory analyses
were conducted by the Kansas Geological Survey porous-media laboratory
(Lawrence, Kansas) under the direction of the senior author.

Gage houses were used to protect the electronic equipment and pro-
vided support for several of the atmospheric sensors (fig. 9). The
houses were located near a utility line for 110-volt alternating-current
(a.c.) power to energize the system, although the system could have
operated on batteries alone. All sensor cables outside the gage house
were inserted into polyvinyl-chloride pipe and buried.

S

NOT TO SCALE

Figure 9.--Site instrumentation (1, anemometer; 2, temperature and rela-
tive humidity sensors; 3, barometer; 4, housing unit; 5, data
loggers; 6, water-level recorder; 7, water—table well; 8, precip—
itation gage; 9, net radiometer; 10, neutron-probe access tube;
11, tensiometer nest; 12, piezometer nest; 13, thermocouple holej;
14, gypsum blocks; 15, underground connecting lines).
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Table l.==Onsite and laboratory measurements

Measurement

Instrument or technique

Onsite data — Atmospheric

Precipitation
Atmospheric pressure
Air temperature
Relative humidity
Wind speed

Net radiation

Onsite data - SubsurfaceL/
Hydraulic head

Water table
Soil-water content

Bulk density
Soil temperature

Laboratory datal/
Soil texture
Particle density
Bulk density

Soil-water characteristic

Hydraulic conductivity

Tipping—-bucket rain gage
Barometric—pressure transducer
Thermistor probe
Lithium-chloride sensor
Anemometer

Hemispherical net radiometer

Piezometer and duplicate
tensiometer nests
Water—-table observation well
Neutron probe, gravimetric
method, and gypsum blocks
Gamma probe and core method
Thermocouples

Hydrometer method

Pycnoweter method

Clod method

Hanging column, pressure plate,
pressure membrane
Constant—head permeameter,
soil-water characteristic
based methods

1 Major references: Black, 1965; American
1979.

Data Loggers

Data collection and
loggers, conventional digital and graphic
notes. The data loggers at each site consis
Scientific, Inc.) units2/.
tape cassettes that were transferred by
model 217, Datapod/Cassette Reader) to the o

2 The use of trade names in this report i
only and does not imply endorsement by ¢

Geological Surveys.
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The atmospheric sensors were checked or calibrated in the laboratory
and onsite immediately after installation using mercury thermometers, a
hydrothermograph (recording relative humidity and temperature), and baro-
graph, as well as relevant data from nearby meteorological stations.
Specified amounts of water were added to the tipping-bucket rain gage to
check or adjust the tipping of buckets to the correct amounts of water
input. From such comparative verifications, the sensors were confirmed
to perform generally within the range of their specified accuracy.

Onsite Subsurface Data

Observation Wells and Sediment Lithology

Observation wells were augered to determine the depth to water and to
confirm the sediment lithology. Test holes for piezometers also were
augered to confirm downward flow of water in the saturated zone. Augered
sanples were collected for further examination and laboratory analyses
(table 1). Gamma-ray logging of the deepest hole at each site (fig. &)
was conducted to confirm the sediment lithology and depths of sampling.

The piezometer nest for the Burrton site consisted of three piezo-
neters (fig. 4), the shallowest one (P3) screened at 12 m in sand; the next
(P2), at 17 m in clayey sediments above a clay layer; and the deepest one
(P1), at 27 m just below a clay layer. The piezometer nest for the
Zenith site consisted of four piezometers (fig. 4), the shallowest one
(P4) screened at 23 m in sand; the next (P3), at 31 m in silty clay; the
next (P2), at 43 m in sand and clay; and the deepest one (Pl), at 48 m
in red shale (bedrock). These piezometers were already in place at the
start of this study as part of a ground-water—quality monitoring program.

Soil Moisture

Neutron-probe access tubes for each site were made from 54—mm outside
diameter, 1.65~mm wall, cold-rolled electric-welded (CREW) hydraulic
tubing; the pointed lower end was sealed with a rubber stopper and a
concrete-bentonite mixture. The hydraulic tubing was pressed into a
hole made by a 54-mm coring tube, resulting in a tight fit. The neutron-
probe access tubes were approximately 6.1-m long and were installed to
a depth just below the water table. The neutron probes used in this
study were a Campbell-Pacific Nuclear, model 501 probe, with moisture
and density readings, and a model 502, probe with moisture readout only.
Weekly neutron readings of soil moisture were taken by observers at
0.15-m depth intervals.

The neutron probe was calibrated onsite. A 54-mm—-diameter hole was
drilled with a soil-coring tube and sampled continuously. The samples
were sealed in plastic bags and weighted the same day. The access tube
with a sealed and pointed end then was auger—-pushed into the hole for a
tight fit. The combination neutron—-gamma probe was inserted, and moisture
and bulk-density readings were taken every 0.23 m.
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The collected core samples then were
they were oven-dried, reweighed, and the pe
determined. These samples (together with o
used for other laboratory soil-property andg
section. Using the values of soil moisture
measured with the model 501 moisture and ¢
volumetric soil-moisture percentages werg
analysis between the sample moisture
ratios indicated a correlation coefficien

contents

taken to the laboratory, where
rrcentage of moisture by weight
ther augered samples) also were
11 yses discussed in a following
by weight and the bulk density
density probe for each sample,
2 determined. A correlation
and the neutron-count

t of 98.5 percent (fig. 12).

Capillary Pres

Ceramic tensiometers equipped with

pressure transducers were used to measure |soil capillary pressures.

ure

urdon dial gages and low-cost
The

pressure transducers sensed the negative pressure inside 12 jet-fill ten-

siometers (Soilmoisture, Inc., 2725 series) arranged in pairs at depths
of 0.15, 0.3, 0.6, 0.9, 1.2, and 1.5 m around the neutron-probe access
tube. The pressure transducers (National $emiconductor Corp., NSC, model
no. LX1804GBZ) had a gage-pressure range of 0 to + 1.5 MPa. Readings
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Figure 12,.,--Neutron-probe soil-moisture-content calibration curves.
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from the 12 pressure transducers connected to soil tensiometers were
taken every 3 hours through the multichannel scanner of the CR-5 data
logger. A separate power supply of +12 and -5 volts and an external
circuit were needed to calibrate and operate each transducer.

Tensiometer transducers were checked against their factory—stated
specifications by comparison with the dial gage on the jet tensiometer.
The dial gage was removed from the tensiometer, and a T-shaped brass
bushing was inserted into the tensiometer gage hole. The dial gage and
tensiometer transducer then were connected to each side of the T-bushing
for simultaneous comparisons, and the tensiometer was inserted into a
plastic container filled with wetted soil. All tensiometers also were
tested in the laboratory for porous—cup conductance and response—time
constants according to procedures outlined in Danielson (1982). From
such comparative experiments or verifications of their factory-stated
performance standard, all sensors were calibrated. The sensors generally
performed within the range of their specified accuracy.

A tensiometer interface was built to convert the voltage readings
from each transducer, based on its individual calibration curve, into a
pressure reading. The interface (fig. 13) included a power amplifier
(generic) for each tensiometer in the standard inverted configuration so
that gain and offset could be adjusted independently for each tensiometer.
The scaling of the transducer voltage with this interface was of great
help in calibrating, checking, and readjusting the tranducer at the
sites. A correlation analysis between transducer and dial-gage readings
during a 2.5-month period from one of the sites resulted in a correlation
coefficient of 97.8 percent (fig. 14). However, su<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>