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Standard Guide for
Comparison of Techniques to Quantify the Soil-Water
(Moisture) Flux *

This standard is issued under the fixed designation D 6642; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope 2. Referenced Documents

1.1 This guide describes techniques that may be used to 2.1 ASTM Standards:
quantify the soil-water (or soil-moisture) flux, the soil-water D 653 Standard Terminology Relating to Soil, Rock, and
movement rate, and/or the recharge rate within the vadose Contained Fluids
zone. This guide is not intended to be all-inclusive with regard D 1452 Practice for Soil Investigations and Sampling by
to available methods. However, the techniques described do Auger Boring
represent the most widely used methods currently available. D 2216 Test Method for Laboratory Determination of Water
1.2 This guide was written to detail the techniques available  (Moisture) Content of Soil and Rock by M&ss
for quantifying soil-moisture flux in the vadose zone. These D 3404 Guide to Measuring Matric Potential in the Vadose
data are commonly required in studies of contaminant move- Zone Using Tensiometers
ment and in estimating the amount of water replenishing a D 4643 Test Method for Determination of Water (Moisture)
renewable ground-water resource, that is, an aquifer. State and Content of Soil by the Microwave Oven HeatiAg
federal regulatory guidelines typically require this information D 4696 Guide for Pore-Liquid Sampling from the Vadose
in defining contaminant travel times, in performance assess- Zon€
ment, and in risk assessment. Both unsaturated and saturatedD 4700 Guide for Soil Sampling from the Vadose Zéne
flow modelers benefit from these data in establishing boundary D 4944 Test Method for Field Determination of Water
conditions and for use in calibrations of their computer (Moisture) Content of Soil by the Calcium Carbide Gas
simulations. Pressure Tester Methtd
1.3 This standard is one of a series of standards on vadoseD 5126 Guide for Comparison of Field Methods for Deter-
zone characterization methods. Other standards have been mining Hydraulic Conductivity in the Vadose Zohe
prepared on vadose zone characterization techniques. D 5220 Test Method for Water Content of Soil and Rock
1.4 This guide offers an organized collection of information In-Place by the Neutron Depth Probe Metfod
or a series of options and does not recommend a specific .
course of action. This document cannot replace education o+ 1erminology
experience and should be used in conjunction with professional 3.1 Definitions:
judgment. Not all aspects of this guide may be applicable in all 3.1.1 chlorine-36,3¢Cl—a radioactive isotope of chlorine,
circumstances. This ASTM standard is not intended to reprecontaining one extra neutron in the nucleus, and a decay
sent or replace the standard of care by which the adequacy dialf-life of 300,000 years.
a given professional service must be judged, nor should this 3.1.2 deuterium?H—a stable isotope of hydrogen, contain-
document be applied without consideration of a project’s manyng one extra neutron in the nucleus.
unique aspects. The word “Standard” in the title of this 3.1.3 oxygen-18%0—a stable isotope of oxygen, contain-
document means only that the document has been approvéty two extra neutrons in the nucleus.
through the ASTM consensus process. 3.1.4 recharge flux, (LTH—the soil-moisture flux of water
1.5 This standard does not purport to address all of themoving through the vadose zone, beneath the zone of evapo-
safety concerns, if any, associated with its use. It is thdranspirative uptake, which eventually replenishes water to an
responsibility of the user of this standard to establish appro-underlying aquifer.
priate safety and health practices and determine the applica- 3.1.5 soil-moisture flux, (LT")—synonymous with specific
bility of regulatory requirements prior to use. discharge.
3.1.6 specific discharge, (LH—the rate of flow of water
through a porous medium per unit area measured at a right

* This guide is under the jurisdiction of ASTM Committee D18 on Soil and Rock angle to the direction of flow. (D 653)
and is the direct responsibility of Subcommittee D18.21 on Ground Water and
Vadose Zone Investigations. -
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3.1.7 specific flux, (LTH—synonymous with specific dis- 4.6 Stable Isotope MethodsAnother environmental tracer
charge. technique employs knowledge of naturally occurring deute-

3.1.8 tritium, *H—a radioactive isotope of hydrogen, con- rium (a stable isotope of hydrogen) and oxygen-18 (a stable
taining two extra neutrons in the nucleus, and a decay half-lifésotope of oxygen) in the water molecule and how transport

of 12.3 years. processes occur in subsurface soils. Because deuterium and
3.2 Definitions of other terminology used in this guide mayoxygen-18 are natural components of the water molecule, and
be found in Standard D 653. their behavior during evaporation and transient temperature

phenomena are understood, the soil-moisture flux may be
quantified based on this knowledge.

4.1 The quantitative techniques described for assessing 4.7 Other Tracer TechniquesOther tracer techniques exist
soil-moisture flux are: ~to quantify the soil-moisture flux. In this category, techniques

4.2 Water Balance MethodsThe water balance method is 4re discussed which physically introduce a tracer, or chemical
based on the mass balance of input/output parameters in th@nstituent, into infiltration water or directly into the subsur-
hydrologic budget. The hydrologic budget for any given localeéface to monitor soil-water movement over a specified time
may be summarized in terms of the influence of the followinggrame. Tracers such as bromide, chloride, certain organic
factors/phenomena: precipitation, runoff, infiltration, evapo-compounds, certain short-lived radionuclides, and tritium may
transpiration, interflow, sources/sinks, and recharge rate. Soile ysed in these types of tests. Obviously, the application of
moisture flux may be estimated by determining all parametergacers in a man-made experiment has limitations on the length
in the hydrologic budget (for example, precipitation rate)of analysis time. These techniques are best used to investigate

except the desired flux term, which is solved by differencingshorter time-frame infiltration and soil-water movement rates,
the water balance equation. One or more of the parameters; well as adsorption phenomena.

needed in the water balance method are typically difficult to
est?mate, anq therefore cause significant uncertainties whef) Significance and Use
estimating soil-moisture flux with this method. o ) ) )

4.3 Chloride Mass-balance MethedThe chloride mass- 5.1 The determination of the soil-moisture flux is one of the
balance method is similar to the water balance method in thdtndamental needs in the soil physics and hydrology disci-
mass balance concepts are employed. However, the chloriddines. The need arises from requirements for_de_flnlng recharge
mass-balance approach relies upon the transport of chloride [R€S to ground water for water supply predictions, for con-
soils to predict soil-moisture flux based on a knowledge of@minant transport estimates, for performance/risk assessment
chloride deposition at the land surface. The uncertaintie§tudies, and for infiltration testing purposes. The techniques
associated with chloride deposition and transport are much le§d/tlined in this guide provide a number of alternatives for

than the uncertainties associated with estimating componenfantifying soil-moisture flux and/or the recharge rate for
of the hydrologic budget. various purposes and conditions. This guide is not intended to

4.4 Soil-Physics Based Approache# multitude of soil- be a comprehensive guide to techniques available for q_uanti-
physics based approaches exist to quantify the soil-moisturf/ing soil-moisture flux, but rather a “state-of-the-practice”
flux. These techniques rely upon indirect measures of soilsummary. Likewise, this guide is not intended to be used as a
water movement, for example, physical data such as moistufg®mprehensive guide to performance of these methods, those
content and pressure head, as input to mathematical equatiofgtailed methods may come at a later time. Techniques that
to solve for the flux. The Darcy’'s Law approach is most Might be useful_for the |mplementat|on of these meth.ods,.for
commonly used, with variants on this method employed inX@mple, sampling network design, are not part of this guide,
infiltration quantification, for example, Green and Ampt equa-0Ut may come at a later time.
tion. A more rigorous approach to estimating the soil-moisture 5.2 All of the techniques discussed in this guide have merit
flux is to employ Richard’s equation, a transient, non-lineatwhen it comes to quantification of the soil-moisture flux.
formulation describing flow through unsaturated porous mediaFactors influencing the choice of methods include: need/
Unsaturated hydraulic characteristic data required as input tebjectives; cost; time scale of test; and defensibility/
these soil-physics based methods can be very uncertain witgproducibility/reduction in uncertainty. If the need for soil-
regard to spatial variability and/or measurement error. moisture flux information is crucial in the decision making

4.5 Bomb-pulse Tritium and Chlorine-36 Metheds process for a give site or study, the application of multiple
Environmental tracers may also be used to estimate thtechniques is recommended. Most of the techniques identified
soil-moisture flux. Tritium (a radioactive isotope of hydrogen)@bove have independent assumptions associated with their
and chlorine-36 (a radioactive isotope of chlorine) exist todayse/application. Therefore, the application of two or more
in the environment because of natural processes in the earth&chniques at a given site may help to bound the results, or
atmosphere. However, the atmospheric nuclear testing whicgprroborate data distributions. The uncertainties involved in
occurred in the late 1950s and early 1960s created much high#tese analyses are sometimes quite large, and therefore the
concentrations of these radioisotopes in atmospheric fallouRrospect of acquiring independent data sets is quite attractive.
than normal. By sampling the concentrations of these radio- 5.3 As stated above, each of these techniques for quantifi-
isotopes in subsurface soils one can determine the extent otion of soil-moisture flux has assumptions and limitations
infiltration over the past 30 to 40 years, and therefore quantifyassociated with it. The user is cautioned to be cognizant of
the soil-moisture flux. those limitations/assumptions in applying these techniques at a

4. Summary of the Guide
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given site so as not to violate any conditions and therebystimates for the other parameters. There may be some
invalidate the data. applications (discussed below) which may employ other meth-
5.4 In general, the tracer techniques for quantifying soil-ods to estimate the recharge rate and then to solve for
moisture flux will have less uncertainty associated with themevapotranspiration, for instance. The water balance approach is
than do the soil-physics based modeling approaches becausasically a mass balance method. Eq 1 has also been used in
they are based on direct measures of transport phenomenmapre simplified form for smaller scale, test-specific applica-
rather than indirect measures of soil characteristic datatfons to define soil-moisture flux. Infiltration techniques, such
parameters. However, the forward problem of predicting futureas the instantaneous profile (IP) meth@y, rely on water
soil-water movement rates or transient behavior is best servdshlance methods to estimate soil-moisture flux. The IP method,
by the modeling applications. The tracer methods may be useshd its variants, are generally used to quantify hydraulic
to calibrate, or supply boundary condition data to, the modelingharacteristic data, such as the unsaturated hydraulic conduc-

techniques. tivity as a function of moisture content. In so doing, the
5.5 Published reviews of these methods are also available oil-moisture flux is quantified by a mass balance method and
the literature(1, 2, 3) used as input to a mathematical/graphical procedure to deter-
mine the hydraulic characteristic data. Data requirements
6. Quantitative Techniques generally include the determination of moisture content and

6.1 This standard is not intended for use as a specific guideressure head in situ. Neutron logging, Time Domain Reflec-
to field operations, but as a guide to choosing one or moréometry, Resonant Frequency Capacitance, and cross-hole
appropriate methods for quantifying the soil-moisture flux,gamma methods may be used to quantify changes in soil
soil-water movement rate, and/or the recharge rate. Thereforg)oisture with time (ASTM D18.21.89.16 and D18.21.89.17).
issues regarding the selection of sampling locations and th&ensiometers are used for the determination of the pressure
adequacy of sampling, for example, sampling network desigrfjead changes during the IP test (Guide D 3404). In the IP

are outside the scope of this guide. method, the drainage portion of the infiltration test is the most
6.2 Water Balance Methods important data gathering sequence, when inflow, surface run-
6.2.1 Theory off, interflow, discharge, and evapotranspiration are essentially

6.2.1.1 The technique that was typically employed in wateZ€ro. Therefore, c_hang_es in soil-moisture storage with time can
resources planning to estimate the rate and amount of rechar§é €quated to soil-moisture flux.
to an aquifer was the water balance approach. In this method, 6.2.1.3 Another application of the water balance method is
all inputs and outputs to the aquifer are estimated, for examplén the use of weighing lysimeterés). The concept of a
precipitation, evapotranspiration, surface runoff, pumping, disweighing lysimeter is relatively simple. Typically, a cylinder is
charge, and interflow, and the interrelationship between themplaced in the ground filled with soil approximating the
parameters derived from simple mass-balance concepts. Tiseratigraphy of the surrounding soil. The cylinder may be set on
water balance equation for a given watershed may be repre weighing pan to quantify changes in weight/mass due to

sented as follows: precipitation, evapotranspiration, and recharge/outflow. The
R=P+ | —ET+ S, —SRy + Ly, —Log—AS 1) lower boundary flux condition must be maintained equivalent
to the surrounding media if natural conditions are to be
where: approximated. Care must be taken in the construction of
R = recharge rate or soil-moisture flux below the root |ysimeters to ensure that the potential for preferential flow
zone [L/T], along sidewalls is minimized. Weighing lysimeters are typi-

P precipitation rate [L/T], cally used to define evapotranspiration components.

I irrigation water application [L/T],

6.2.2 Applications—Water balance methods are the simplest

ET = evapotranspiration rate [L/T], A . .

SR, = surface water runon [L/T], means of estimating the soil-moisture flux or recharge_ra_te, but

SRy = surface water runoff [L/T], also probably the least accurate. The need for obtaining the

L,, = interflow (water laterally entering the zone of son—mqlsture flux, as well as the accgptable uncertainty, wquld
interest) [L/T], help dictate the usefulness of this approach. The typical

Ls = interflow (water laterally leaving the zone of inter- applications would bea) to estimate the amount of renewable
est) [L/T], and resource in a ground-water supply, that is, aquifer, for con-

AS = change in soil moisture storage [L/T]. The water sumptive and/or industrial use, or agricultural activities, Bnd
balance equation is then solved for the rechargeto estimate boundary conditions for numerical flow simula-
rate. tions, where the flow simulations are performed for a specific

6.2.1.2 The main drawback to this approach is that paramP€ed such as estimating travel times in an aquifer, or a
eters such as evapotranspiration are very difficult to measure gathways analysis in a performance and/or risk assessment,
estimate. There is a large amount of uncertainty in evapotran@ndc) to estimate the evapotranspiration rate by independently
piration estimates. This uncertainty in the input parameter§stimating the recharge rate (with techniques described below)
then translates into a large uncertainty in the recharge estimat@r risk assessment purposes, that is, air pathway releases of
Therefore, independent methods for estimating the rechargéolatile contaminants, and) to estimate the soil-moisture flux
rate have been developed. The water balance method may Bering real-time infiltration testing, for example, IP method.
used to solve for any of the parameters shown in Eq 1, given 6.2.3 Monitoring and Operating Procedures
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6.2.3.1 The water balance approach relies on independensed to quantify changes in soil moisture with time (ASTM
measures/estimates of various parameters to calculate a 1818.21.89.16 and D18.21.89.17).
sidual parameter in a mass-balance equation. Typically, the 6.2.4 Analysis, Interpretation, Accuracy, and Reportirg
recharge rate is the parameter of interest, but other techniqu@$ie application of the water balance method through the use of
(described below) may also be used to estimate the rechar@y 1 is done to estimate soil-moisture flux. In reporting the
rate, thereby allowing other parameters to be estimated, faesults, statements should be made regarding the conditions
example, evapotranspiration rate. during monitoring/sampling events, the location of the sam-

6.2.3.2 The parameters typically estimated in the watepling site and its attributes, for example, topography, terrain,
balance method include precipitation, evapotranspiration, suiegetative cover, etc., a summary of the monitoring data, for
face runoff, pumping/discharge rates, interflow, and changes iexample, meteorological and soil-moisture data, the accuracy
soil-moisture storage. Precipitation rates are quantified usingnd precision of the data used in evaluating Eq 1, as well as a
conventional meteorological monitoring equipment. general qualitative analysis of the representativeness of the

6.2.3.3 Evapotranspiration rates can be estimated by sever@sults.
methods. First, there are empirical techniques based upon 6.3 Chloride Mass-balance Method
meteorological and soil moisture dafg). These empirical 6.3.1 Theory
techniques are fraught with uncertainty, and therefore precision 6.3.1.1 The chloride mass balance method is a geochemical
and bias become a major issue in evaluating the adequacy tchnique which has been widely used throughout the world to
such methods. The second approach used in estimating evapptantify the soil-moisture flux, due to its low cost and ease of
transpiration rates is the use of weighing lysimet@&gs The  use(7, 8, 9) Two major assumptions are made in applying this
basic concept behind a weighing lysimeter is that a volume ofechnique. The first assumption is that the average rate of
soil is placed in a caisson, emplaced in the ground with ahloride deposition from precipitation to the soil is constant.
weighing scale beneath it, and measurements of water gain/lo¥hie second assumption is that the chloride moves vertically by
made through time. The caisson may contain specific planpiston displacement, that is, no preferential flow paths, below
types or bare soil. Differences in the weight of the caissorthe root zone. Under steady state conditions, the flux of
through time can be attributed to changes in the mass balancéloride deposited at the land surface is equivalent to the flux
of water movement in the caisson. Outflow and inflow mea-of chloride beneath the root zone. Care must be taken to
surements are made, as well as soil moisture measurementsdstimate the depth of the root zone, although no exact method
estimate the changes in soil-moisture storage. The analysis iis available. In semi-arid or arid environments the task is
essentially the water balance approach, only on a much smallespecially problematic due to the sometimes extreme depths
scale compared to that mentioned above. The problem with thihat certain plants can develop root systems. Visual inspection
weighing lysimeter methods is the applicability of measure-of soil cores and/or analysis of pressure head profiles are
ments to actual field conditions. The boundary conditions okometimes used to estimate root zone depth. A methodology
the caisson may not be entirely representative of the actual fielidr determining root zone depth is beyond the scope of this
conditions because of the lower boundary flux/head potentiafuide, but might be included in a future test method to describe
constraints on multi-dimensional flow potential, and preferenthe actual application of this technique. Therefore:
tial flow potentials along the sidewalls. In addition, the R=PGC,/C, )
evaporation rate may be estimated using stable isotope meth-

ods (discussed below), but are not conducive to quantifyingwhere:
transpiration. R = the average recharge rate, or soil-moisture flux, below

6.2.3.4 Surface water runoff can be measured through the root zone [L T']
stream gauging or by empirical modeling methods based orf. = @verage precipitation rate Ly o
surface roughness and hydrologic characteristics. Some con=p ~ average chlorld_e concentration in precipitation and
cerns exist regarding precision and bias for these methods, b dry fallout [M L]

generally the relative uncertainties are less than those associ-s = the averagg chioride c_onc_entratlon n .the S.O” (VL
ated with estimating evapotranspiration. 6.3.1.2 In addition to estimating the soil-moisture flux

below the root zone, the chloride mass-balance approach may

6.2.3.5 Interflow occurs when water is either entering O | qq tg estimate soil-water age with depth in the profile. The

leaving the confines of the defined watershed as leakage fmﬂ}llowing equation may be used to estimate soil-water age:
an adjacent watershed or an adjacent aquifer. Typically, inter- '

flow is estimated through the use of potentiometric surface t, = f Z:Ocse/cpp ©)
maps (to quantify the hydraulic gradient) and hydraulic char- =n
acteristic data, for example, transmissivity, to calculate inflow/ where:
outflow rates. Interflow may also be important as it pertains tog = the moisture content, and
lateral movement of moisture into and out of a defined vadosen = the total depth increment of the sampled soil profile at
zone profile. which a soil-water age is desired.

6.2.3.6 The change in soil-moisture storage may be quanti- 6.3.2 Applications—The chloride mass-balance method is
fied by a number of soil-moisture monitoring devices. Neutrongenerally applicable for quantifying soil-moisture flux below
logging, Time Domain Reflectometry (TDR), Resonant Fre-the root zone in non-humid locales. The application of the
guency Capacitance, and cross-hole gamma methods may tezhnique requires destructive soil sampling and subsequent



A D 6642 — 01
“afl

analysis of the soil core for moisture content and chloridesoil-water movement. Therefore, these techniques are indirect
concentrations with depth through the profile. methods of estimating soil-moisture flux. Oftentimes, the data
6.3.3 Monitoring and Operating Procedures needs for these mathematical formulations are subject to

6.3.3.1 The chloride mass-balance method relies on th_g.ignificant uncertainty, due to spatial and/or temporal variabil-
determination of chloride concentrations and moisture conterity: and/or measurement error.
with depth in the soil profile. Care should be taken to ensure 6.4.1.2 The most common, and basic, formulation for soil-
that the sampling event is performed when the soil profile is irnoisture flux in porous media is Darcy’s Law. Darcy’s Law is
quasi-steady state conditions, or in other words, the sampline fundamental basis for many of the other techniques that
should not take place following any major infiltration/wetting/ €Xist for quantifying the soil-moisture flux. Therefore, it is
redistribution events. Sampling following wetting events will @ppropriate to begin this discussion with a summary of the
tend to bias the results toward overestimation of the averag@arcy’s Law approach. The mathematical basis for this analy-
soil-water flux, and underestimation of the average soil-watefis is the unsaturated form of Darcy’s Law:
age. The topographical relief at the site should be evaluated for _ d(s+2)
its potential impact to the method results. One of the assump- q=~K®) i = ~K(0.)) (dWd2) = «K(B.¥) — “
tions behind the chloride mass-balance approach is that one-
dimensional piston displacement is the dominant transportVhere:
mechanism. If the topographical relief is great enough thend
multi-dimensional flow may be occurring in the subsurface, K(®.%)
thereby potentially invalidating the results.

6.3.3.2 The moisture content and chloride concentration;
data are acquired from analysis of soil core samples, which are,
collected by destructive core sampling (Guide D 4700 or,
Practice D 1452, as appropriate). Moisture content determina- g 4 1 3 several assumptions must be met in order to apply
tions should be done in accordance with Test Method D 221 arcy’s Law to estimating the soil-moisture flux. First, the
Chloride concentrations are quantified by leaching the chloridgfije must be under steady state conditions, that is, the water
from the soil sample, and the leachate analyzed by a titratioRgntent and pressure head distributions at depth are slowly
technique or an Inductively Coupled Plasma/Mass SpeCtrO”\iarying in time. Second, the soil water must be moving
etry (ICP/MS) analytical method to achieve the proper analytiuggentially in one dimension, vertically downward or upward,
cal sensitivity. Estimates of chloride deposition rates an epending on the analysis. Third, when estimating the recharge
concentrations at the land surface must be made from l0ngye that is, the soil-moisture flux contributing to recharge of
term meteorological information. These estimates may Dbg,o nderlying aquifer, the data must be from below the root
somewhat uncertain, and the user should qualify the result,ne in order to preclude any evapotranspiration uptake from
based on this knowledge. affecting the results. A special case of the Darcy’s Law

6.3.4 Analysis, Interpretation, Accuracy, and Reportitg  approach is sometimes applicable if one can demonstrate that
The application of the chloride mass-balance method through ynit-gradient exists. In this case the hydraulic gradient is
the use of Eq 2 and 3 is done to estimate soil-moisture flux angqua| to one, implying gravity drainage is dominant, and the
the soil-water age with depth in the profile. Graphical displayso|ution to Eq 4 is simplified to be merely a calculation of the
of the data is useful, and should include plots of chlorideynsaturated hydraulic conductivity as a function of moisture
concentrations versus depth in the profile, cumulative chlorid@gntent or pressure head.
versus depth in the profile, cumulative chloride versus cumu- g 4.1 4 Data are required as input to the Darcy’s Law
lative water content, and soil-water age versus depth in thg,athematical formulation in order to solve for the soil-
profile. In reporting the results, statements should be madg,gisture flux. These data include moisture content, pressure
regarding the conditions of the soil sampling event, theneaq, saturated hydraulic conductivity, and the unsaturated
location of the sampling site and its attributes, for examplepyqraulic conductivity function, that is, as a function of
topography, terrain, vegetative cover, etc., the subsurfacgressure head and/or water content. These data are determined
sampling intervals, the accuracy and precision of the laboratori{om in situ measurements, in situ testing, and/or laboratory
methods used to determine the moisture content and chloridgsting of core samples (D18.21.89.16, D18.21.89.17, Practice
concentrations, as well as general qualitative analysis of thg 1452, Test Method D 2216, Guide D 3404, Test Method

darcian flux [L/T],

unsaturated hydraulic conductivity [L/T], as a
function of volumetric water conterfi,[L */L7], or
pressure heady [L],

hydraulic gradient [L/L], ad i = dh/dz

total head [L], ad h = @+2)

depth below land surface [L]

representativeness of the results. D 4643, GuideD 4696, Guide D 4700, Test Method D 4944,
6.4 Soil-physics Based Approaches Guide D 5126 and Test Method D 5220). Care must be taken in
6.4.1 Theory performing laboratory analyses that preferential flow along the

6.4.1.1 A soil-physics based approach may be used tsidewalls of the sample does not occur, thereby causing errors
quantify the soil-moisture flux from measured or estimatedn the hydrologic estimates.
hydraulic characteristic data. Soil-physics based approaches6.4.1.5 An important point that is quite often overlooked in
rely on the measurement of soil characteristics, for examplenodeling soil-water movement is that the uncertainty in the
soil moisture, unsaturated hydraulic conductivity function, asunsaturated hydraulic conductivity function is generally quite
input to a mathematical formulation for soil-moisture flux. The large. Uncertainty in hydraulic conductivity estimates is gen-
parameters measured are generally not direct measures @fally due to both measurement error and spatial variability.
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Depending on the scope of the investigation, the user may want
to address the nature of uncertainty in the hydraulic conduc-
tivity estimates by conducting a sampling program that aIIowsWh
the user to evaluate spatial variations as well as measureme
accuracy/precision (Guide D 5126). (Note: issues related tq
sampling network design are beyond the scope of this guidey,
Once the data have been assimilated regarding a statisticai final infiltration rate [L T

sampling, or distribution, for example, mean and standardp physical constant

deviation estimates, of hydraulic conductivity values, the usert = time [L]

can use one of several techniques to evaluate the range ofThe final infiltration rateyf, may be approximated k¥, the
soil-water movement rate estimates using Darcy’s Law. Oneaturated hydraulic conductivity of the soil,tas 2. The main
possible technique is to bound the soil-water movement ratgources of uncertainty in this equation are the initial infiltration
calculations using the highest and lowest values of the hydradate estimate (which can be quite large at early time), and the
lic conductivity values, paired with the appropriate moistureestimation of the constari. In addition, this equation de-
content and soil-water tension data. This will yield some poingcribes infiltration across a wetted soil surface. Wherever
estimates of soil-water movement rate which span a range cﬂubsurface flow is not vertical below the wetted Surface, the
outcomes, thereby giving the user a measure of uncertainty ippil-water flux will not eql_JaI the_ infiltration rate at the s_urface.
the soil-water movement rate. Another approach to addressirfg@re must be taken in using this approach when ponding at the
uncertainty is that of using a probabilistic method, such a§°'| surfage is intermittent and variably saturated flow condi-
stochastic or Monte Carlo techniques. The approach taken withons are likely. N S
probabilistic methods is that of propagating input parameter 6.4.1.8 Alternatively, Philip(12) proposed an infiltration
uncertainty, for example, hydraulic conductivity, into a full €quation of the following form:

estimate of uncertainty in the needed output estimate, for Cdi
example, soil-water flux. In the case of Monte Carlo tech- VodtT
niques, many Darcy’s Law simulations would be run, each .

. . . L .~ where:

time varying the value of the hydraulic conductivity function S = sorptivity [L T-»]
within the range and distribution measured. In this manner asel - physical constant

of soil-water flux estimates is obtained, which can also be The sorptivity term may be estimated with such methods as
described statistically by a range and distribution. The numbe, o air-entry permeameter technique (Guide D 5126). The

of Monte Carlo runs necessary to quantify the distribution, or, hysical constanf\, may be approximated b, the saturated
uncertainty, in the soil-water flux estimates will be dependen ydraulic conductivity of the soil, as — . This equation is
upon the range of uncertainty in hydraulic conductivity, andgpject to some of the same cautionary considerations as listed
therefore does not allow one to formulate a general rule aboyb Horton's equation.

the number of simulations required. Commercial spreadsheet g 4 1 9 The most rigorous soil-physics based approach that
and flow modeling software exist to apply Monte Carlo n4y he applied pertains to the use of Richard’s equation. By
techniques and to analyze data for statistical purposes, fQfppjication of the continuity equation to Darcy’s Law, Richard

example, parameters to describe a distribution, like mean and 3) derived the following expression to describe transient flow
standard deviation. The probabilistic methods provide a morenrough unsaturated porous media:

quantitative estimate of uncertainty than simple bounding a0

calculations, but can sometimes be a significant calculation =t = V- [K(0,) VH] )
burden in comparison. The need for quantifying uncertainty o ) )

will be dependent upon the nature and scope of the investiga- APplications of this equation generally take the form of
tion. It would be difficult to formulate a decision rule as to Non-linear numerical models requiring the use of computers to
when it is appropriate to perform uncertainty analyses, becaudi¢ratively solve the equation with the appropriate boundary
each investigation will have a different importance tied to the@d initial conditions. These models provide estimates of

soil-water flux estimates and the possible outcomes or action‘f%‘a‘oIose zone flo:/v, and 50"|1_e In_cludef estlma;t]esdo,f soil-moisture
taken on the basis of those estimates. ux or pore velocity. Application of a Richard’s equation-

. . . _based model allows the user the ability to evaluate transient,
6.4.1.6 Extensions of the basic Darcy’s Law formulation Y

) T ; near-surface processes, and spatial variability issues in a more
exist to predict infiltration rates and wetting front advance'rigorous fashion than with a Darcy’s Law approach. Additional
ment. There are a multitude of formulations to describe varioug 4, requirements become necessary with the application of

ponding and natural gradient infiltration scenarios. Typically,Rjchard's equation, such as the soil-moisture characteristic
analytical or quasi-analytical solutions exist to implement thesg, e, that is, moisture content versus pressure head relation.
mathematical formulations. There can be a significant amount of uncertainty associated

6.4.1.7 Green and AmL0) developed some of the early with the application of such a numerical model, given that it is
solutions to the infiltration equations describing a sharp wetting non-linear mathematical model, that the input parameters are
front advance through soils. A variation by Hort@ll) is as  subject to uncertainty in spatial and temporal variability, as
follows: well as measurement error.

di _t
VEg =it (i-v) e (5)

re:
infiltration rate [L T
cumulative infiltration [L]
initial infiltration rate [L T

1 -1
5SE+A (6)
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6.4.1.10 Yet another soil-physics approach to estimating thestimate soil-moisture flux is quite varied and useful. In
soil-moisture flux is the application of solute transport equa+eporting the results, statements should be made regarding the
tions to solve for the flux. This application involves the conditions of any soil sampling/monitoring events, the location
sampling of contaminant and/or tracer data in the subsurfacef the sampling site and its attributes, for example, topography,
followed by the inverse solution of a solute transport equatiorterrain, vegetative cover, etc., the subsurface sampling inter-
to estimate the soil-moisture flu4). vals, the accuracy and precision of the laboratory/field methods
6.4.2 Applications used to determine the hydraulic characteristics, as well as
6.4.2.1 The soil-physics based approaches, in general, m@pneral qualitative analysis of the representativeness of the
be applied under most any environment, be it humid or aridresults.
The key to these applications is that the area of study be a 6.5 Bomb-pulse Tritium and Chlorine-36 Methods
porous media and that estimates of hydraulic characteristic data6.5.1 Theory
are available, for example, soil-moisture retention curve. This 6.5.1.1 The distribution of bomb-pulse tritium and
guide does not specifically address fracture flow or preferentiathlorine-36 with depth in the profile can be analyzed to
flow considerations, which are considered exceptions to theetermine the soil-water movement processes that have oc-
general practice. Methods do exist to address soil-moisture flusurred over the past 30 years. The atmospheric nuclear testing
where fracture/preferential flow may be important, but are noperformed in the late 1950’s and early 1960’s has left us with
covered here. a unigue signature of the soil water in the vadose zone that is
6.4.2.2 Given the uncertainties associated with input dataipproximately 30 to 40 years old. Therefore, determining the
parameters to these soil-physics based models, the user rigaximum depth of infiltration of the bomb-pulse tritium and
encouraged to characterize the hydraulic characteristics as welhlorine-36 allows us to calculate the modern day soil-moisture
as possible. Spatial variability and measurement error are kefjux and/or recharge raté/). Chlorine-36 has a half life of
contributors to this uncertainty. Long-term measurements 0800,000 years, and tritium has a half life of 12.3 years.
moisture content and pressure head in the subsurface are6.5.1.2 The soil water extracted from the core samples
oftentimes needed to evaluate the soil-moisture flux as a resulGuide D 4700) is analyzed for its tritium concentration with a
of seasonal changes in the hydrologic budget. liquid scintillation counting technique. The chloride from the
6.4.3 Monitoring and Operating Procedures soil samples is processed into AgCl for subsequent analysis of
6.4.3.1 In order to apply any of the soil-physics methodsthe 36Cl on a Tandem Accelerator Mass Spectrometer.
described above, information regarding the soil hydraulic 6.5.2 Applications
characteristics must be measured/obtained. Some of these dat#.5.2.1 The bomb-pulse tritium and chlorine-36 techniques
are obtained through either field or laboratory testing. Theare applicable in arid as well as humid climates. The depth of
hydraulic characterization of “undisturbed” core samples inthe vadose zone in humid regions may be a factor, however, in
cludes the determination of the initial moisture content, thdocating the bomb-pulse peaks. If a relatively high recharge
soil-moisture characteristic curve, that is, pressure head versuate exists in a shallow water-table environment the peak may
water content relationship, bulk density, porosity, sorptivity,have passed into the saturated zone within the last 30 years.
saturated hydraulic conductivity, and grain-size distribution. 65.2.2 The time of sampling for the bomb-pulse tracer
The unsaturated hydraulic conductivity function is determinedechniques is of importance. Seasonal changes in precipitation
from an in-situ instantaneous profile test, one-step outflow testgnd infiltration may affect the analysis of the results. If one is
in the laboratory, or from the soil-moisture characteristic curverying to quantify long-term behavior of soil-moisture flux the
(with methods such as van Genuchterfl5) curve-fitting  sampling should be done during quasi-steady state conditions,
model, using the mathematical formulation of Mual¢h)).  that is, at a time when significant rainfall events are not
In applying the Darcy’s law formulation in a deterministic occurring. These tracers may be used to evaluate transient
fashion it is recommended that the effective unsaturatedoil-water movement phenomena, if that were the need, be-
hydraulic conductivity across any depth interval be the harcause the relative depth of the peak may change somewhat
monic mean of the individual K estimat¢s7). depending on the season and the impact of evapotranspiration
6.4.3.2 In addition to the hydraulic characteristic data/and infiltration.
parameters, information on the spatial/temporal variability of 6.5.2.3 The difference between the bomb-pulse tritium and
moisture content and pressure head are also needed. MeasuBtorine-36 peaks in a given soil profile may be used to identify
ments of moisture content may be done with neutron loggingthe relative importance of vapor-phase versus liquid-phase
Time Domain Reflectometry, Resonant Frequency Capacimovement of soil water. If the tritium peak is at a greater depth
tance, and cross-hole gamma methods (ASTM D18.21.89.1fhan the chlorine-36 peak, then there is likely to be a net
and D18.21.89.17). Tensiometers and thermocouple psychrorenhancement of downward water movement in the upper
eters may be used for the determination of the pressure heg@rtion of the soil profile.
(Guide D 3404). It should be noted that the absence of change 5.2 4 In addition to the applications listed above, these
in moisture content or pressure head measurements with timgacers may be used as indicators of preferential flow potential.
does not imply that no soil-moisture flux is apparent, but thatrhe presence of bomb-pulse levels of tritium and chlorine-36
steady-state conditions may preside. deeper in the profile may be indicative of preferential flow
6.4.4 Analysis, Interpretation, Accuracy, and Reporting components, possibly due to macropore or fracture flow
6.4.4.1 The application of soil-physics based methods tg@henomena.
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6.5.3 Monitoring and Operating Procedures method is based on theoretical work presented by Allid@®).

6.5.3.1 Data acquisition for the bomb-pulse tritium andKnowlton’s method is a tracer technique used to estimate the
chlorine-36 techniques is mainly a destructive sampling activiransport of the isotopic species deuterium (Bléy and*®0 in
ity. Discrete samples should be collected through hand sanihe water molecule (1#°0 and HO®0), which in turn allows
pling, push tube sampling, coring, or via drilling/sampling for the quantification of the liquid flux, the vapor flux, and the
(Practice D 1452). Care must be taken not to allow crossrecharge rate. The main assumption in the development of this
contamination of soil samples from one depth horizon tomathematical model is that quasi-steady state conditions exist
another, because the concentrations of these isotope species with regard to soil-water movement. Practically speaking, this
relatively low compared to other geochemical indicators.means that the field sampling should be done during a lengthy
Therefore, mixing of samples from different depths couldperiod of little or no major precipitation events that could cause
cause significant errors in results, and difficulties in interpre-significant infiltration. Therefore, the isotope profile should be
tation. slowly changing in time. In the arid southwest, this require-

6.5.3.2 Once core samples have been collected, a series ®ENt is generally met between late spring and mid summer,
analytical procedures are required to obtain the necessary da@#ior to the 'rainy season’ in July and August. An additional
for application of these techniques. First the samples should b@ssumption must also be met, that the soil water is moving
well sealed in air-tight containers to prevent the possibleessentially in one dimension, vertically. Significant lateral
evaporation of soil water, thereby altering both the moisturesoil-water movement would invalidate this model. The model
content and the tritium concentration. The sample is brought tohay be applied for either isothermal or non-isothermal condi-
the laboratory for extraction of the water. Viable extraction, ortions. With non-isothermal conditions the vapor flux is more
distillation, techniques include vacuum distillation and azeo-+eadily quantified. The mathematical model used to describe
tropic distillation. Care should be taken during the extractionthe shape of the deuterium profile is:

process to limit any possible fractionation of the water that d[In (h Ney (€p + Mp)]
would cause alteration of the isotopic composition of the R(®p=8"9 = ((hNexD*)/p) (eD+nD)[ iz ]
tritium. If vacuum distillation is used to extract the water, (8)
essentially all of the water must be liberated from the sample d (3p)

to avoid adverse fractionation potential. In the azeotropic =D + ((hNow DY) / p)) 57—

distillation method, a purification step is needed to sorbed the
toluene or kerosene out of the water so as not to adverselyhere:
impact the ratio mass spectrometer analyses. Also, data analyR . . ) )
sis of water content can be performed with the distillation data,® standardized isotope ratio at any depth [permil]

if the volume of soil and water are recorded. The extracted® standardized isotope ratio of the recharge water at
water is then analyzed for tritium concentration using a liquid depth [permil]

scintillation counting method. The soil from which the water 1 relative humidity o

was extracted is then leached of chloride. The chloride con—gﬁ;at zﬁgugﬁ\tgd d\ilmyfﬁfs?\r/i;/ag?:/viﬁgrsl\% I?)railrz [al\illfflT]
centration may be determined at this juncture to combine thi effective self—diffu)gion coefﬁcierr)]t of water fT]
technique with the chloride mass balance method. The leache density of liquid water [M/F]

chloride is then put_through a process to make silver chlorlde,,ED equilibrium enrichment factor

AgCI (7). The AgCl is then analyzed on a Tandem AcceleratornD

diffusion ratio excess
Mass Spectrometer (TAMS). z depth below land surface [L]

6.5.4 Analysis, Interpretation, Accuracy, and Reporting 6.6.1.2 A discussion on how to estimate or determine these

6.5.4.1 The application of radioisotope methods to estimat@arameters is provided by Knowlto(l8), along with a
soil-moisture flux is a fairly new technique which is quite sensitivity analysis. A non-linear least squares analysis is
useful. In reporting the results, statements should be madgpplied to solve Eq 2 for the recharge rate. Data required as
regarding the conditions of any soil sampling/monitoringinput to the model include the stable isotope ratios and water
events, the location of the sampling site and its attributes, fogontent distributions with depth. In addition to estimating the
example, topography, terrain, vegetative cover, etc., the subecharge rate, the stable isotope data may be used to quantify
surface sampling intervals, the accuracy and precision of thgr identify other soil-water movement processes. First, the data
laboratory/field methods used, as well as general qualitativehay be used to quantify the distribution of the liquid and vapor
analysis of the representativeness of the results. Graphigfix with depth in the profile(18). The potential for vapor-
showing the distribution of the isotopic species with depth inphase movement of volatiles might therefore be assessed in this
the profile are quite valuable in the interpretation of the resultSmanner.

6.6 Stable Isotope Methods 6.6.1.3 Second, the stable isotope data may also be used to

6.6.1 Theory quantify the evaporation rate according to techniques devel-

6.6.1.1 Several stable isotope methods may be used tped by Allison and other§l9). There are essentially four
quantify soil-moisture flux. Techniques exist to estimate themethods outlined by Allison and others, all of which require
liquid and vapor flux of water in the unsaturated zone, as welknowledge of the distribution of deuterium and/or oxygen-18
as to quantify the soil-moisture flux associated with theand water content with depth in the profile. One of the methods
evaporation process. First, Knowlton{d8) stable isotope is suitable for non-isothermal conditions, and therefore the

recharge rate [L/T]

Bec
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transient temperature distribution within the soil profile wouldabove for stable isotope methods is Allison’s method for
also be required. quantifying the recharge rate in arid or semi-arid locales. This

6.6.1.4 A third alternative application of the stable isotopemethod relies on the interpretation of an offset between
data is to help define whether the soil water at depth has bedifecipitation and subsurface soil-water stable isotope ratios.
isotopically altered due to infiltration of water from a treat- 6.6.3 Monitoring and Operating Proceduresin these
ment, storage, or disposal facility. For a case where water d§table isotope methods, the distribution of deuterium, and/or
unknown composition, that is, possibly contaminated, is disoxygen-18, and water content with depth are required to
posed of in a facility and infiltrates, the extent of vertical estimate the soil-moisture flux, and/or the recharge rate. These
migration of the water might be assessed with stable isotopegata are acquired from destructive core sampling (Guide
In a deep vadose zone where the fluid has migrated a finite 4700). Soil samples collected during the coring operation
distance below the facility, this type of characterization mightand stored in Mason jars are subjected to a vacuum distillation
offer a means of convincing a regulator that the imminentorocedure(18) or azeotropic distillation to extract the soil
threat of contaminants reaching the underlying aquifer is smalWwater. The soil water is then processed with a G0
Therefore, the likelihood that the regulator would allow vadosegquilibration technique or hydrogen reduction method prior to

zone monitoring in lieu of drilling expensive monitoring wells analyzing the stable isotope ratios ¥D/*°O (referred to as
might be enhanced. oxygen-18) andH/H (referred to as deuterium), respectively.

6.6.1.5 A fourth application of stable isotopes to quantifyThe stable isotope ratios are determlned. on a ratio mass
the soil-moisture flux exists for use in more humid climates SPectrometer. For the non-isothermal applications described

This technique relies on the use of the stable isotopes as tracé?ove' th_e temperature d|str|_but|on with o_Iepth in the pro_flle_ IS
of soil-water movement. The distribution of deuterium and®'SO réquired. These data might be obtained from monitoring

. o : n-situ temperature thermistors or from analytical/numerical
oxygen-18 ratios in precipitation generally changes with the . .
season, due to the temperature dependence of these isoto Bdellng of hgat rov(18)..TranS|ent effgcts may be evaluateq
species in the water molecule. In regions where precipitation, ith the$e vanous.stable |so'tope techmque; Thgrefore, r°“t.".‘e
and hence infiltration, occurs essentially year round, fo estructive sampling at a site may be desired if the quantifi-

example, humid climates, the distribution of the isotope speciegat'On O_f so!l-water movement, r(_ech_arge, andfor evaporation
with depth in the profile should reflect a series of maxima and®'€ desired if the transient behavior is needed. _

minima corresponding to summertime and wintertime infiltra- 6-6.4 Analysis, Interpretation, Accuracy, and Reporting

tion events, respectively. These data can then be used to6.6.4.1 The application of stable isotope methods to esti-
quantify the soil-moisture flux because the time and depth ofnate soil-moisture flux is a fairly new technique which is quite
infiltration for any given Wetung period are knov\(ﬁO) useful. In reporting the results, statements should be made

6.6.1.6 A fifth application for stable isotopes exists for regarding the conditions of any soil sampling/monitoring

quantifying the recharge rate, or the deep soil-moisture fluxevents, the location of the sampling site and its attributes,for

This technique, by Allison and other€1) involves the example, topography, terrain, vegetative cover, etc., the sub-

comparison of paired values of deuterium and oxygen-18 fcjurface sar_npling intervals, the accuracy and precision _of 'Fhe
samples in the subsurface with the isotope ratios of precipita2Poratory/field methods used, as well as general qualitative
tion, that is, the meteoric water line relationship. The stablean"’“y.SIS of th.e representativeness .Of the .resul_ts. Grapmcs
isotope ratios within the subsurface are generally higher thaioWing the distribution of the isotopic species with depth in
that of precipitation, due to enrichment during evaporationt e profile are quite valuaple in the interpretation of the results.
processes. The offset of these data from the precipitation ratios 6-7 Other Tracer Techniques
is proportional to the recharge rate. This method is most 6.7.1 Theory
applicable in areas where recharge is not great, for example, 6.7.1.1 Other tracer techniques exist to quantify the soil-
arid or semi-arid locales. moisture flux. These techniques generally involve emplacing a
6.6.2 App“cations_'rhe techniques described above 5h0u|dtl’acer., for example, brqmide, in the feed water Of.an infiltl’ation
provide stable isotope methods for a variety of applicationgXperiment or to physically emplace the tracer in the subsur-
where quantification of the soil-moisture flux is required. Inface and to monitor the rate of movement of the tracer through
semi-arid or arid zones, Knowlton's meth¢i8) is useful to ~ €ither soil-water extraction techniques (Guide D 4696) or
quantify the liquid flux, vapor flux, and the recharge rate.destructive sampling (Guide D 4700).
Allison and others have techniques for quantifying the evapo- 6.7.1.2 Tracers that have been used extensively for transient
ration rate, which may be applied in most any climate. Stabldéesting purposes include bromide and chloride. Chloride and
isotopes may also be used to identify whether soil water in th@romide are conservative tracers, and do not volatilize or
vadose zone has been isotopically altered due to artificigkdsorb readily onto the soil.
infiltration, for example, contaminant migration, which in turn  6.7.1.3 Other tracers which have been used effectively
could be used to interpret the depth of penetration of such aimclude o-TFMBA (orthotrifluoromethyl benzoic acid), PFBA
infiltration scenario. The fourth application described abovegpentafluorobenzoic acid), and 2,6-DFBA (2,6difluorobenzoic
applies for quantifying soil-moisture flux in humid climates. acid) (22). These three tracers are anionic organic acids, and
The distribution of the stable isotope ratios with depth in thegenerally travel with the velocity of the water, and are not
profile may be interpreted to yield information about seasonasignificantly inhibited by soil texture, for example, clays,
infiltration/recharge events. The fifth application identified and/or adsorbed. Still other techniques which have been used
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for tracers include fluorescent dyes. tracer used. Acid tracers may be analyzed by liquid chromato-
6.7.1.4 Short-lived radioactive tracers have also been usegraphic techniques, whereas radioactive tracers may be ana-
to quantify soil-water movement rates. Some of the candidatk/zed by liquid scintillation counting or gamma spectroscopy.
tracers include chromium-51 (with a half-life of 28 days), 6.7.3 Monitoring and Operating Procedures
cobalt-58 (with a half-life of 72 days), bromine-82 (with a  6.7.3.1 The acquisition of data for transient tracer methods
half-life of 1.5 days), and iodine-131 (with a half-life of 8 days) generally requires destructive sampling/coring [Practice
(23). Regulatory approval on the use of these radioactivd 1452 and Guide D 4700] or pore-liquid sampling [Guide
tracers would generally be required. D 4696]. Analytical determinations of the concentrations of the
6.7.1.5 The use of artificially applied tritium as a tracer hasiracers from any given sample is dependent upon the type of
also been don24). Tritium has a half-life of 12.3 years, and tracer used, whether it is an acid, a salt, or a radioactive
is therefore more persistent than the radioisotopes mentioné&g@nstituent.

above. Again, regulatory approval on the use of this radioactive 6.7.4 Analysis, In'terpretation, churacy, and Reporting .
tracer would generally be required. 6.7.4.1 The application of transient tracer methods to esti-

foate soil-moisture flux is quite useful. In reporting the results,
that the amount of tracer used does not constitute a healfiatements should be made regarding the conditions of any soil

hazard in terms of total activity and dose to exposed Workerss_ampling/monitoring events, the location of the s_ampling s!te
6.7.2 Applications and its attributes, for example, topography, terrain, vegetative

_ ) _ _cover, etc., the subsurface sampling intervals, the accuracy and
6.7.2.1 The use of the applied tracer techniques outlined iRrecision of the laboratory/field methods used, as well as
this section is generally in support of relatively short-termgeneral qualitative analysis of the representativeness of the

testing. The application of these tracers is generally done ifpgyits. Graphics showing the distribution of the tracer with
infiltration water or directly into the subsurface to monitor thedepth in the profile through time are quite valuable in the
behavior of soil-water movement. Either destructive Samp””gnterpretation of the results.

or pore-water extraction methods are used to obtain samples
for concentration data through time in the experiments. The/- Keywords
analysis of the concentration data is dependent on the type of 7.1 boundary condition; recharge flux; soil-moisture flux

6.7.1.6 Care should be taken when using radioactive trace

REFERENCES

(2) Allison, G.B., Gee, G.W., and Tyler, S.W., “Vadose-Zone Techniques(11) Horton, R.E., “An Approach Toward a Physical Interpretation of
for Estimating Groundwater Recharge in Arid and Semiarid Regions,”  Infiltration-Capacity,”Soil Science Society of America Proceedjngs
Soil Science Society of America Journa8:6-14, 1994. 5:399-417, 1940.

(2) Phillips, F.M., “Environmental Tracers for Water Movement in Desert (12) Philip, J.R. “The Theory of Infiltration: 4. Sorptivity and Algebraic
Soils of the American Southwest3oil Science Society of America Infiltration Equations,”Soil Sciencev. 84, pp. 257-264, 1957.
Journal 58:15-24, 1994. (13) Richard, L.A., “Capillary Conduction of Liquids Through Porous

(3) Simmers, |. (ed.)Estimation of Natural Groundwater Recharge. Mediums,” Physics 1:318-333, 1931.

Reidel Publishing Co., 510 p., 1988. (14) Parker, J.C. and van Genuchten M.Th., “Determining Transport

(4) Watson, K.K., “An Instantaneous Profile Method for Determining the Parameters from Laboratory and Field Tracer ExperimeMsginia
Hydraulic Conductivity of Unsaturated Porous Material&Vater Agricultural Stan., Bull, 84-3, 1984.

Resources Research:709-715, 1966. (15) van Genuchten, M.TCalculating the Unsaturated Hydraulic Con-

(5) Kitching, R. and Shearer, T.R., “Construction and Operation of aLarge  ductivity with a New Closed-Form Analytical ModeRes. Rep.
Undisturbed Lysimeter to Measure Recharge to the Chalk Aquifer,” 78-WR-08, 65 pp., Princeton University, Princeton, New Jersey,
Journal of Hydrology 58:267-277, 1982. 1978.

(6) Thornthwaite, C.W. and Mather, J.R., “Instructions and Tables for(16) Mualem, Y, “A New Model for Predicating the Hydraulic Conduc-
Computing Potential Evapotranspiration and the Water Balance,” tivity of Unsaturated Porous MediaWater Resources Reseaydr2(

Publications in ClimatologyMolume X, Number 3, Drexel Institute of 3):513-522,. 1976.

Technology, Centerton, NJ, 311 p., 1957. (17) Stephens, D.B. and Knowlton, R.G., Jr., “Soil-Water Movement and
(7) Phillips, F.M., Mattick,, J.L., and Duval, T.A., “Chlorine-36 and Recharge Through Sand at a Semi-Arid Site in New Mexivggter

Tritium from Nuclear-Weapons Fallout as Tracers for Long-Term Resources Research2:881-889, 1986.

Liquid and Vapor Movement in Desert Soils\Nater Resources (18) Knowlton, R.G., Jr., F.M.Phillips, and A.R.Campbelp Stable-

Research24:1877-1891, 1988. Isotope Investigation of Water Vapor During Ground-Water Recharge

(8) Sharma, M.L., “Recharge Estimation from the Depth-Distribution of in New Mexico Technical Completion Report No. 237, New Mexico
Environmental Chloride in the Unsaturated Zone - Western Australian ~ Water Resources Research Institute, New Mexico State University,

Examples,’Estimation of Natural Groundwater RechargeSimmers, Las Cruces, NM, 88p, 1989.

editor, pp. 159-174, 1987. (19) Allison, G.B., and Hughes, M.W., “The Use of Natural Tracers as
(9) Allison, G.B. and Hughes, M.W., “The Use of Environmental Chloride Indicators of Soil-Water Movement in a Temperate Semi-Arid

and Tritium to Estimate Total Local Recharge to an Unconfined Region,” Journal of Hydrology 60:157-173, 1983.

Aquifer,” Australian Journal of Soil Researcti6:181-195, 1978. (20) Bath, A.H., Darling, W.G., and Brunsden, A.P., “The Stable Isotopic
(10) Green, W.H. and Ampt, G.A., “Studies on Soil Physics: I. The Flow Composition of Infiltration Moisture in the Unsaturated Zone of

of Air and Water Through Soils,Journal of Agricultural Science English Chalk,” Stable IsotopesEditors: H.L. Schmidt et al.,

4:1-24, 1911. Elsevier, Amsterdam, pp. 161-166, 1982.

10



A D 6642 — 01
“afl

(21) Allison, G.B., Barnes, C.J., Hughes, M.W., and Leaney, F.W.J.,(24) Muralidharan, D., Murti, C.S., and Athavale, R.N., “Comparison of
“Effect of Climate and Vegetation on Oxygen-18 and Deuterium Recharge Estimates from Injected Tritium Technique and Regional
Profiles in Soils,” Isotope Hydrology 1983Proceedings of the Hydrological Modeling in the Case of a Granitic Basin in Semi-Arid
Symposium in Vienna, IAEA, pp. 105-123, 1984. India,” in Estimation of Natural Groundwater Recharde Simmers

(22 Bowman, R.S., “Evaluation of Some New Tracers for Soil Water (ed.), D. Reidel Publishing Co., pp. 195-204, 1988.

Studies,”Soil Science Society of America Jour8:987-993, 1984.

(23) Marshall, T.J. and Holmes, J.WBpil PhysicsCambridge University

Press, 374 p. 1988.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).

11



