where R, is the ratio of isotopes measured in the sample
and Rs~~D
is the ratio of the same isotopes in the reference
standard. The 6, value is in parts per thousand, commonly
abbreviated “permil.”
The isotopes most extensively used in hydrology
are deuterium (D or hydrogen-2) and oxygen-18. These
are present in average proportions of 0.01 percent and
0.2 percent of hydrogen and oxygen, respectively. For
hydrologic purposes, the reference standard composition
is that of average seawater (SMOW, standard mean
ocean water), and relative enrichment or impoverishment
of the isotope in water samples is expressed as a 62H or
al80 departure above or below SMOW=O, in parts per
thousand. Compared with deuterium, the radioactive
isotope”H (tritium) is extremely rare. Even in the higher
concentrations observed in rainfall in the United States
from 1963 to 1965 (Stewart and Farnsworth, 1968), the
abundance of tritium seldom reached as much as 1
tritium atom for each 10” atoms of hydrogen. This is
some 10 orders of magnitude below the abundance of
deuterium. Deuterium and “0 are of particular hydrologic significance because they produce a significant
proportion of molecules of Hz0 that are heavier than
normal water. In the process of evaporation, the heavier
molecules tend to become enriched in residual water,
and the lighter species are more abundant in water vapor,
rain and snow, and most freshwater of the hydrologic
cycle; the heavier forms are more abundant in the ocean.
Some of the early studies of deuterium and oxygen18 contents of water from various sources were made by
Friedman (1953) and by Epstein and Mayeda (1953),
and the usefulness of isotopic-abundance data in studies
of water circulation has been amply demonstrated by
subsequent applications. The abundance of the hydrogen
isotopic species has been considered a useful key to
deciding whether a water from a thermal spring contains
a significant fraction of water of magmatic or juvenile
origin that has not been in the hydrologic cycle previously
(Craig, 1963).
Biological processes tend to produce some fractionation of isotopes. Among the studies ofthese effects is the
paper by Kaplan and others (1960) relating to enrichment
of sulfur-32 over sulfur-34 in bacterially reduced forms
of the element, and the papers on fractionation of carbon12 and carbon-13, as in fermentation and other biologically mediated processes (Nakai, 1960) or in processes
related to calcite deposition (Cheney and Jensen, 1965).
Nitrogen isotopes 14N and ‘“N also can be fractionated
biologically. Carbon-13 has been used in developing
mass-balance models of ground-water systems (Wigley
and others, 1978).
Summaries of this extensive field of research have
been assembled by Fritz and Fontes (1980). The fractionation factors of stable isotopes that are of geochemical
interest were compiled by Friedman and O’Neil(l977).
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Fractionation effects are likely to be most noticeable in
the lighter weight elements, as the relative differences in
mass of isotopes is larger for such elements.
ORGANIZATION
AND STlJDY
OF WATER-ANALYSIS
DATA
Hydrologists and others who use water analyses
must interpret individual analyses or large numbers of
analyses at the same time. From these interpretations
final decisions regarding water use and development are
made. Although the details of water chemistry often
must play an important part in water-analysis interpretation, a fundamental need is for means of correlating
analyses with each other and with hydrologic or other
kinds of information that are relatively simple as well as
scientifically reasonable and correct. It may be necessary,
for example, in the process of making an organized
evaluation in a summary report of the water resources of
a region, to correlate water quality with environmental
influences and to develop plans for management of water
quality, control of pollution, setting of water-quality
standards, or selecting and treating public or industrial
water supplies.
The objective of this sec:tion is to present some
techniques by which chemical analyses of waters can be
used as a part of hydrologic investigations. One may
reasonably suppose that geologic, hydrologic, cultural,
and perhaps other factors have left their mark on the
water of any region. Finding and deciphering these effects
is the task that must be addressed. The procedures range
from simple comparisons and inspection of analytical
data to more extensive statistical analyses and the preparation of graphs and maps that show significant relationships and allow for extrapolation of available data to an
extent sufficient to be most pra,ctical and useful.
The use of water-quality data as a tool in hydrologic
investigations of surface- and ground-water systems often
has been neglected. In appropriate circumstances, chemical data may rank with geologic, engineering, and geophysical data in usefulness in the solution of hydrologic
problems. Arraying and manipulating the data, as suggested in the following pages, may lead the hydrologist to
insight into a problem that appears from other available
information to be insoluble.
Perhaps the most significant development in the
field of water-quality hydrology during the 1970’s was
the increasing use of mathematical modeling techniques.
Some consideration of this topic is essential here, although
the discussion cannot cover the subject in detail (nor
would it be useful to do so in view of probable future
improvements in modeling techniques). The subject of
mathematical modeling will be considered further in the
section of this book entitled “Mathematical SimulationsFlow Models.”
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The chemical analysis, with its columns of concentration valuesreported to two or three significant figures
accompaniedby descriptive material relatedto the source
and the sampling and preservation techniques, has an
authoritative appearancewhich, unfortunately, can be
misleading. Although mention hasalready been made of
some of the effects of sampling techniques, preservation
methods, and length of storage before analysis on the
accuracy of results, it should be noted again that many
completed analysesinclude values for constituents and
properties that may be different from the values in the
original water body. Many analyses,for example, report
a pH determined in the laboratory; almost certainly, such
pH values deviate from the pH at time of sampling.
Roberson and others (1963) published some data on the
extent of such deviations. The user of the analysis also
should be concerned with the generalreliability of all the
analytical values,including those for constituents generally assumedto be stable.
Accuracy

and

Reproducibility

Under optimum conditions, the analytical results
for major constituents of water have an accuracy of
+2-+lO percent. That is, the difference between the
reportedresult and the actual concentration in the sample
at the time of analysis should be between 2 and 10
percentof the actual value. Solutes presentin concentrations above 100 mg/L generally can be determined with
an accuracyof better than -t5 percent.Limits of precision
(reproducibility) are similar. For solutes present in concentrations below 1 mg/L, the accuracy is generally not
better than +lO percent and can be poorer. Specific
statementsabout accuracy and reproducibility have not
been made for most of the analytical determinations
discussedin this book becausesuch statementsare meaningful only in the context of a specific method and
individual analyst. When concentrations are near the
detection limit of the method used, and in all determinations of constituents that are near or below the microgram-per-liter level, both accuracy and precision are
even more strongly affected by the experience and skill
of the analyst.
Analytical errorsare at leastpartly within the control
of the chemist, and for many years efforts have been
made to improve the reliability of analytical methods
and instruments and to bring about uniformity in procedures.The majority of laboratories active in the wateranalysisfield in the United Statesuseproceduresdescribed
in “Standard Methods for Analysis of Water and Waste
Water” (American Public Health Association and others,
1980) which is kept up to date by frequent revisions.
Other manuals such as those of the U.S. Geological
Survey (Skougstad and others, 1979) specify much the
Significance

same set of procedures.
Increasing reliance on instrumental methods and
automation hasbeen necessaryin most institutional laboratoriesto cope with increasedworkloads and to control
costs.Thesedevelopmentshaveboth positive and negative
effects on accuracy of the product. Quality control must
be emphasizedcontinually. This is usually done by submitting samples of known composition along with the
samplesof unknown composition. The Analytical ReferenceServiceoperatedby the U.S. Environmental Protection Agency at its Taft Center laboratory in Cincinnati,
Ohio, circulated many standard samplesamong cooperating testing laboratories that use these methods and
observed many interesting and, at times, somewhat disconcerting results. The results that have been published
show that when the samesample is analyzed by different
laboratories,a spreadof analytical valuesis obtained that
considerablyexceedsthe degreeof precision most analytical chemists hope to attain. The needfor quality control
in the production of analytical data and in methods of
evaluating and improving accuracy were summarized by
Kirchmer (1983).
Lishka and others (1963) summarized results of
severalAnalytical ReferenceServicestudiesin which the
spread in analytical values reported by different laboratoriesfor the samesamplewere pointed out. For example,
of 182 reported results for a standard water sample, 50
percent were within +6 mg/L of the correct value for
chloride (241 mg/L). The standard deviation reported
for this set of determinations was 9.632 mg/L. If these
results are evaluated in terms of confidence limits, or
probability, assuminga normal distribution, the conclusions may be drawn that a single determination for
chloride in a samplehaving about 250 mg/L hasan even
chanceof being within f6 mg/L of the correct value and
that probability is 68 percent that the result will be
within f9.6 mg/L of the correct value. The probability
of the result being within +20 mg/L of the correct value
is 95 percent.The resultsfor other determinationsreported
by Lishka and others were in the same general range of
accuracy. Before the statistical analysis was made, however, Lishka and others rejected valuesthat were grossly
in error. The rejected determinations amounted to about
8 percent of the total number of reported values. The
probable accuracy would have been poorer had the
rejecteddata beenincluded, but it may not be too unrealistic to reject the grossly erroneous results. In practice,
the analytical laboratory and the user of the results will
often be able to detect major errors in concentration
values and will reject such results if there is some prior
knowledge of the composition of the water or if the
analysis is reasonably complete. Methods of detecting
major errors will be described later.
The results of a single analyst or of one laboratory
should have somewhat lower deviations than the data
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cited above. It would appear, however, that the third
significant figure reported in water analysis determinations is usually not really meaningful and that the second
figure may in someinstanceshavea fairly low confidence
limit. In the data cited by Lishka and others, there is only
a 5-percent chance that a chloride determination in this
range of concentration would be as much as 10 percent
in error. The effects of sampling and other nonanalytical
uncertainty are excluded from this consideration.
Quality-control programs for U.S. Geological Survey water-analysis laboratories and laboratories of its
contractors and cooperators usestandard referencesamplesthat are analyzedby all participants. Resultsof these
analysesare releasedto all the laboratories taking part.
Quality-assurance practices in U.S. Geological Survey
investigationswere describedby Friedman and Erdmann
(1983).
Results of an international study in which 7 water
sampleswere analyzed by 48 different laboratories in 18
countries were reported by Ellis (1976). Theseresultsled
Ellis to conclude (p. 1370): “While progress has been
made in recent years in improving the standard of trace
element analysis, in many laboratories the standard of
water analysisfor many common constituents still leaves
much to be desired.” The 95-percent confidence range
for major constituentsin Ellis’ study was generally similar
to that of Lishka and others (1963).
It should also be noted that in the interlaboratory
studies described by Lishka and others (1963) and by
Ellis (1976) the laboratories participating were aware of
the special nature of the samplesinvolved and may have
given them somewhat better than routine treatment.
Internal quality control practices for analytical laboratories (Friedman and Erdmann, 1983) generally utilize
“blind” samplesof known composition, submitted without being identified in any special way.
Organizations in Federal and State governments
and other laboratories that publish analysesintended for
generalpurposesuseaccuracystandardsthat are generally
adequatefor the types of interpretation to be discussedin
this section of this book. The personnel at all such
organizations, however, sharehuman tendenciestoward
occasional error. A first consideration in acceptance of
an analysis is the data-user’s opinion of the originating
laboratory’s reputation for accuracy of results, and perhaps its motivation for obtaining maximum accuracy.
Data obtained for some special purposes may not be
satisfactoryfor other uses.For example,somelaboratories
are concerned with evaluating water for conformity to
certain standardsand may not determine concentrations
closely if they are far above or far below some limiting
value.
Accuracy

Checks

The accuracy of major dissolved-constituent
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in a reasonably complete chemical analysis of a water
sample can be checked by calculating the cation-anion
balance. When all the major anions and cations have
beendetermined,the sum of the cationsin milliequivalents
per liter should equal the sum of the anions expressedin
the same units. If the analytical work has been done
carefully, the differencebetween:the two sumswill generally not exceed 1 or 2 percent of the total of cations and
anions in waters of moderate concentration (250-1,000
mg/L). If the total of anions and cations is less than
about 5.00 meq/L, a somewhat larger percentagedifference can be tolerated. If an analysis is found acceptable
on the basisof this check, it can be assumedthere are no
important errors in concentrations reported for major
constituents.
Water having dissolved-solidsconcentrations much
greater than 1,000 mg/L tends to have large concentrations of a few constituents. In such water, the test of
anion-cation balance does not adequately evaluate the
accuracy of the values of the lesserconstituents.
The concept of equivalence of cations to anions is
chemically sound, but in some waters it may be difficult
to ascertain the forms of some of the ions reported in the
analysis. To check the ionic balance, it must be assumed
that the water does not contain undetermined species
participating in the balance and that the formula and
chargeof all the anions or cations reported in the analysis
are known. Solutions that are strongly colored, for example, commonly haveorganic anions that form complexes
with metals, and the usual analytical procedures will not
give results that can be balanced satisfactorily.
The determination of alkalinity or acidity by titration
entails assumptionsabout the ionic speciesthat may lead
to errors. The end point of such a tritration is best
identified from a titration curve or a derivative curve
(Barnes, 1964). The useof fixed pH as the end point can
lead to errors. Some ions that contribute to alkalinity or
acidity may be determined specifically by other proceduresand can thus appearin the ionic balance twice. For
most common types of natural water this effect will not
be significant. Water having a pH below 4.50 presents
analytical problems because,as noted in the discussion
of acidity earlier in this book, the titration is affected by
several kinds of reactions and may not provide a value
that can be used in reaching an ionic balance.
Many analysesthat were made before about 1960
reported computed valuesfor sodium or for sodium plus
potassium. These values were obtained by assigningthe
differencebetweenmilliequivalents per liter of total anions
determined and the sum of milliequivalents

per liter of

calcium and magnesium. Obviously, such an analysis
cannot be readily checked for accuracy by cation-anion
balance.Although calculated sodium concentrations are
not always identified specifically, exact or nearly exact
agreementbetween cation and anion totals for a seriesof
of Natural

Water

analysesis a good indication that sodium concentrations
werecalculated.Modern instrumentshavegreatly simplified the determination of alkali metals,and analyseswith
calculated values are no longer common.
Another procedurefor checking analytical accuracy
that is sometimes useful is to compare determined and
calculated values for dissolved solids. The two values
should agreewithin a few milligrams or tensof milligrams
per liter unlessthe water is of exceptional composition,
asnoted in the discussionof thesedeterminations earlier
in this book. The comparisonis often helpful in identifying
major analytical or transcribing errors.
An approximate accuracy check is possible using
the conductivity and dissolved-solidsdeterminations.The
dissolved-solidsvalue in milligrams per liter should generally be from 0.55 to 0.75 times the specific conductance
in micromhos per centimeter for waters of ordinary
composition, up to dissolved-solids concentrations as
high as a few thousand milligrams per liter. Water in
which anions are mostly bicarbonate and chloride will
havea factor near the lower end of this range,and waters
high in sulfate may reach or even exceedthe upper end.
Waters saturated with respect to gypsum (analysis 3,
table 15,for example) or containing large concentrations
of silica may have factors as high as 1.0. For repeated
samplesfrom the samesource,a well-defined relationship
of conductivity to dissolvedsolidsoften can be established,
and this can afford a good general accuracy check for
analysesof these samples. The total of milliequivalents
per liter for either anions or cations multiplied by 100
usually agreesapproximately with the conductivity in
micromhos per centimeter. This relationship is not exact,
but it is somewhat less variable than the relationship
between conductivity and dissolved solids in milligrams
per liter. The relationship of dissolved solids to conductance becomes more poorly defined for waters high in
dissolved solids (those exceeding about 50,000 mg/L)
and also for very dilute solutions, such asrainwater, if the
nature of the principal solutesis unknown. For solutions
of well-defined composition such as seawater,however,
conductivity is a useful indicator of ionic concentration.
A simple screeningprocedurefor evaluatinganalyses
for the sameor similar sourcesis to compare the results
with one another. Errors in transcribing or analytical
error in minor constituents containing factors of 2 or 10
sometimes become evident when this is done. It is common practice, however, to make this type of scrutiny
before data are released from the laboratory, and it is
most useful to do it before the sample is discardedso that
any suspectvalues can be redetermined.
Analysesreporting calculatedzero valuesfor sodium
or indicating sodium concentration as less than some
round number commonly result from analytical errors
causing milliequivalents per liter for calcium and magnesium to equal or exceedthe total milliequivalents per

liter reported for anions; thus, there is nothing to assign
to sodium for calculation purposes.A zero concentration
for sodium is rarely found if the element is determined.
Certain unusual concentration relationships among
major cations can be consideredasgrounds for suspicion
of the analysis’ validity. A zero value for calcium when
more than a few milligrams per liter are reported for
magnesium, or a potassium concentration substantially
exceedingthat of sodium unlessboth are below about 5
mg/L, are examples.This is not to say that waters having
thesepropertiesdo not exist. They are rare, however, and
should be found only in systems having unusual geochemical features.
Groups of analysesfrom the sameor similar sources
in which all magnesium concentrations are similar but
calcium concentrations have a rather wide range may
indicate that calcium and bicarbonate were lost by precipitations of calcium carbonate.This can occur in watersample bottles during storage and also in the watercirculation system before sampling.
Significant

Figures

Water analyses in which concentrations in milligrams per liter are reported to four or five significant
figures are commonly seen.The notion of high accuracy
and precision conveyed by such figures is misleading,
becauseordinary chemical analytical procedures rarely
give better than two-place accuracy. Usually, the third
significant figure is in doubt, and more than three is
entirely superfluous.
Analytical data in terms of milliequivalents per liter in the tables in this book were
calculated from the original analytical data in mg/L.
They are routinely carried to two or three decimal places
but are not accurate to more significant figures than the
mg/L values.
A concentration of 0 mg/L reported in chemical
analysesin this book should be interpreted as meaning
that the amount presentwas lessthan 0.5 mg/L and that
the procedure usedcould not detect concentrations less
than 0.5 mg/L. Concentrations of 0.0 or 0.00 mg/L
imply lower detection limits. Some analysts report such
findings in terms such as“<0.05 mg/L” when the figure
given is the detection limit. These values should not be
interpreted asindicating that any specific concentrations
of the element was present. Other authors may use
different conventions.
General

Evaluations

06 Areal Water

Quality

The type of water-analysisinterpretation most commonly required of hydrologists is preparation of a report
summarizing the water quality in a river, a drainage
basin, or some other area1unit that is under study. The
writer of sucha report is confronted with many difficulties.
The chemical analyseswith which the writer must work
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usually represent only a few of the water sources in the
area and must be extrapolated. The finished report must
convey water-quality information in ways that will be
understandable both to technically trained specialists
and to interested individuals lessfamiliar with the field.
Conclusions or recommendations relating to existing
conditions or to conditions expected in the future are
usually required.
As an aid in interpreting groupsof chemical analyses,
several approaches will be cited that can serve to relate
analysesto each other and to provide means of extrapolating data areally and temporally. Different types of
visual aids that are useful in reports will be described.
The basic methods consideredare inspection and simple
mathematical orstatistical treatment to bring out resemblancesamong chemical analyses,proceduresfor extrapolation of data in space and time, and preparation of
graphs, maps, and diagrams to show the relationships
developed.
The final product of many hydrologic studies is
now expectedto be a mathematical model that can relate
observable effects to specific causesand can provide a
basisfor predicting quantitatively the future behavior of
the system studied.
Mathematical modeling of water quality is commonly thought of as representingthe application of the
modern electronic computer in the field of chemical
hydrology. It is clear, however, that the principles on
which such models are designed and the application of
these principles through relationships of physics and
chemistry for quantitative prediction of solute behavior
are not new. The computer has made such applications
simpler and more practicable. Its ability to solve complex
problems holds bright promise for future applications.

Inspection

and

Comparison

The first step in examining water analyses, after
accepting their reliability, is generally to group them by
hydrologic or geologic categories,as appropriate. After
this has been done, simple inspection of a group of
chemical analysesgenerally will make possiblea separation into obviously interrelated subgroups.For example,
it is easyto group together the waters that havedissolvedsolids concentrations falling within certain ranges. The
consideration of dissolved solids, however, should be
accompaniedby considerationof the kinds of ions present
as well.
A common practice in literature on water quality is
to refer to or classify waters by such terms as “calcium
bicarbonate water” or “sodium chloride water.” These
classificationsare derived from inspection of the analysis
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and represent the predominant cation and anion, expressedin milliequivalents per liter. Theseclassifications
are meantonly to convey generalinformation and cannot
be expected to be precise.They may, however, be somewhat misleading if carelessly applied. For example, a
water ought not be classedas a s’odium chloride water if
the sodium and chloride concentrations constitute less
than half the total of cations and anions, respectively,
even though no other ions exceedthem. Water in which
no one cation or anion constitutes as much as 50 percent
of the totals should be recognized as a mixed type and
should be identified by the names of all the important
cations and anions.

Ion

Ratios

and

Water

Types

Classifications of the type just described are only
rough approximations, and for most purposes in the
study of chemical analysesa more exact and quantitative
procedure is required. Expression of the relationships
among ions, or of one constituent to the total concentration in terms of mathematical ratios, is often helpful in
making resemblancesand differencesamong waters stand
out clearly. An example of the use of ratios is given in
table 21, in which three hypothetical chemical analyses
are compared. All three analysescould be considered to
represent sodium bicarbonate waters, and they do not
differ greatly in total concentration. The high proportion
of silica in waters B and C, their similiar Ca:Mg and
Na:Cl ratios, and their similiar proportions of SO4 to
total anions establishthe close similarity of B and C and
the dissimilarity of both to A. For most comparisons of
this type, concentration values expressed in terms of
milliequivalents per liter or moles per liter are the more
useful, although both gravimetric and chemically equivalent units have been used. Data in the latter form show
more directly the sort of 1:1 ionic relationship that would
result if solid NaCl were being dissolved.
The data in table 21 are synthetic,and actual analyses
often do not show such well-defined relationships. Ratios
are obviously useful, however, in establishing chemical
similarities among waters, for example, in grouping analyses representing a single geologic terrane, or a single
aquifer, or a water-bearing zone. Fixed rules regarding
selection of the most significant values to compare by
ratios cannot be given, but somethought asto the sources
of ions and the chemical behavior that might be expected
can aid in this selection. The ratio of silica to dissolved
solids may aid in identifying water influenced by the
solution of silicate minerals, and the type of mineral itself
may be indicated in some instances by ratios among
major cations (Garrels and MacKenzie, 1967). The ratio
of calcium to magnesium may be useful in studying
water from limestone and dolomite (Meisler and Becker,
of Natural

Water

ion-ratio calculation technique using molar concentrations of Na, K, and Ca proposedby Fournier and Truesdell
(1973) hasbeen widely usedfor estimating temperatures
of geothermal reservoirs.
Extensions of the concept of ion ratios to develop
comprehensive water-classification schemes have appearedin the literature from time to time. Most of these
schemesare not simple two-ion ratios, but are attempts
to express proportions of all the major ions within the
total concentration of solutes.
The principal classification schemesthat have been
proposed in the literature have been reviewed well by
Konzewitsch (1967), who also described the principal

1967) and may help in tracing seawatercontamination.
The ratio of sodium to total cations is useful in areasof
natural cation exchange. The ratio of chloride to other
ions also may be useful in studies of water contaminated
with common salt (sodium chloride).
The study of analysesusing ratios has many undeveloped possibilities. Schoeller (1955) made some suggestions for the use of ratios in connection with water
associatedwith petroleum, and White (1960) published
a set of median ratios of ion concentrations in parts per
million which he believed to be characteristic of water of
different origins (ratios are included for all the analyses
ofground waters given by White and others (1963) ). An

Table

21. Hypothetical

analyses compared

chemical

by means of ratios

[Date below sampleletter is dateof collection]

Constituent

A
Jan. 11, 1950
mg/L

B
Feb. 20, 1950

meq/L

mg/L

Silica (SiOn) ____.___.. 12
Iron (Fe) .. ..___.____...____..................
Calcium (Ca) __....__ 26
1.30
Magnesium (Mg) ..__
8.8
.I2
Sodium (Na) .___..___. 73
3.16
Potassium (K) ._____._
1
Bicarbonate
(HCOz) .._.....___...._. 156
2.56
Sulfate (SO,) ..__..._ 92
1.92
Chloride (Cl) ..____.. 24
.68
.2
Fluoride (F) ___.___..
.Ol
.4
Nitrate (NOa) ____..__
.Ol
Dissolved solids:
Calculated
(mg/L) .__....___..._ 313
Calculated (tons
per acre-ft) ___..___
.42
Hardness as
CaC03:
Ca and Mg ..___... 101
Noncarbonate .._
0
Specific conduct475
ante (micromhos
at 25T).
.___..____ 7.7
pH . . .. . ..____._
Comparison
SiOe (mg/L)
Sample

Dissolved

A
B
c

0.038
.I1
.11

meq/L

33

. . .. . . . . . .. .

mg/L

C
5, 1950
meq/L

30

.___I
.. .. .. .. ..__....

12
10

.60
.82

89

3.85

80

3.50

275
16
12
1.5
.5

4.51
.33
.34
.08
.Ol

250
15
12
1.2
.2

4.10
.31
.34
.06
.oo

309

..__.. ..___..___
.42

71
0
468

8.0

of analyses

282

...___....._____.___
__..._.__...____.__.

. . . .. ...____...__ 66
.. .. . .. ...__.....
0
.._I__....___._..._ 427

__....____....__....

__._____.._______.._
8.1

_.....__.....___....

.. .. .. .. .. ..__..

of the samples

Na (mg/L)

Mg @w/L)

Cl (mg/L)

1.8
.73
.72

.55
.76

11
9.2

____..___...____..._ .38

Ca (mg/L)

solids

(mg/L)

Mar.

SO4 (mg/L)
Total anions
(ma/L)
-

4.6
11.3
10.3
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0.37
,063
,064
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graphical methods that have been used.Some classification methodsand graphsalso were describedby Schoeller
(1962). Some of the schemesare elaborate, recognizing
more than 40 types of water.
Although somepractical and theoretical usefulness
can be claimed for chemical classification schemes, a
higher level of sophistication is generally neededto identify useful chemical hydrologic relationships. Interest in
developingnew kinds of chemical classifications of water
apparently hasdeclined, asfew paperson this topic have
been published in recent years.

Statistical

Treatment

of Water-Quality

Data

Various simple proceduressuch asaveraging,determining frequency distributions, and making simple or
multiple correlations are widely used in water-analysis
interpretation. More sophisticated applications of statistical methods using digital computers have come into
wide use.The labor inherent in examining a large volume
of data is thusgreatly decreased.Beforeapplying statistical
techniques,however, one must develop some conception
of the systemsbeing treated and of the kinds of inferences
that could be derived. The literature of all fields of
scienceaboundswith questionableapplications of statistical procedures. In general, demonstrating statistical
correlations does not establish cause and effect. Rather,
the factors that may be controlling water composition
should be recognizedin advanceand the statistical methods then used to select and help verify the more likely
ones.
Averages

The averageof a group of related numerical values
is useful in water-quality studies in various ways, but the
principal application has been in the analysis of records
of river-water composition. The composition of water
passing a fixed sampling point is characteristically observedto vary with time. A seriesof measurementsover
a given time period can, if meansand extremesof concentration are correctly represented,provide an averagethat
summarizesthe record for that time period. Continuous
records of conductivity are commonly reduced to daily
average values for publication. Longer term averages
may be computed to summarize a month or a year of
record if the data are complete enough, as is common
practice for water-dischargedata. Other kinds of analytical data can sometimes be conveniently summarized by
averaging.The analysesof composites of daily samples
that constitute much of the U.S. Geological Survey
stream-quality record before about 1970 were published
in annual reports with an averagecomputed for the year
ICII
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for most sampling points.
One of the potential usesof averagesof analytical
data is in computing loads of solutes transported by a
stream. The concentrations of solutes generally are decreasedby increasesin stream discharge,and if this effect
is substantial a time-based average of concentrations
should not be usedfor load computations. A dischargebased,or discharge-weighted,averageis more appropriate
for solute-loadcomputations. Such an averageis obtained
by multiplying each concentration value by the stream
dischargeapplicableto that sampile,summing theseproducts, and dividing by the sum of the discharges. If the
solution analyzed is a composite made up from several
field samples, the volumes used from each sample to
prepare the composite should be proportional to the
discharge rate at the time that sample was collected.
Average compositions computed in different ways
for a sampling station on the Rio Grande in New Mexico
were given in earlier editions of this book. They showed
that for some constituents the time-weighted annual
average gave concentrations 40 percent greater than
those given by the discharge-weighted average for the
same year. For most constituents the effect was smaller.
As new modes of operation of river-quality data
programshaveevolved, the computation of averageanalyseshas been deemphasized.For example, at stations in
the NASQAN network, daily or continuous conductivity
measurementsare supplemented with a single monthly
or quarterly sample for complete chemical and other
determinations. Averages of the monthly data are not
published. Many other sampling stations now follow a
similar protocol.Trends and correlations that can be developed from a long-term record of this type can be
considerably more useful than simple annual averages.
As will be shown later in this book, the annual dischargeweighted average is not a very sensitive indicator of
hydrologic conditions or trends.
A discharge-weighted averagetends to emphasize
strongly the composition of water during periods of high
flow rate. A reliable record of flow must be available for
such periods, with sufficient frequency of sampling to
cover the possible changesof water composition. Many
discharge-weighted averages have been estimated for
chemical analysesof the composites of equal volumes of
daily samples.The composition of a composite made in
this way is not directly related to the water discharge
during the composite period. However, if either discharge
or concentration does not change greatly during the
period of the composite, the analysis can be used to
compute a weighted average without serious distortion

of the final result.
The discharge-weightedaveragemay be thought of
as representing the composition the water passing the
sampling point during the period of the average would
have had if it had been collected and mixed in a large
of Natural
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reservoir. Actually, reservoir storage could bring about
changesin the composition of the water owing to evaporation and other complications such as precipitation of
some components; however, the discharge-weightedaverage does give a reasonably good indication of the
composition of water likely to be available from a proposed storage reservoir and is useful in preconstruction
investigations for water-development projects.
Averagesweighted by time are useful to water users
or potential userswho do not have storage facilities and
must usethe water available in the river. The dischargeweighted averageis strongly affected by comparatively
short periods of very high discharge,but the influence of
high flow rateon the chemistry of the river flow observable
at a point is quickly dissipated when dischargereturns to
normal.
Important facts relating the composition of river
water to environmental influences may be brought out
by means of averagesof several kinds, by using time
periods that have been judiciously selected and with
some knowledge of the important factors involved.
In the early literature of stream-water quality, the
influence of discharge rate was sometimes considered a
simple dilution effect. If this premise is accepted, the
composition of the water could be represented for all
time by a singleanalysisin which the resultsare expressed
in terms of percentagesof the dry residue.Clarke (1924a,
b) gave many analysesfor river water expressedin this
way. Although the assumption that the water at any
other time could be duplicated by either dilution or
concentration is obviously a gross oversimplification,
this way of expressing analyses makes it possible to
compare the composition of streamsand to make broad
generalizationsfrom sketchy data. In Clarke’s time, this
approach was about the only one possible. It should not
be necessaryto belabor the point that the composition of
the water of only a few rivers can be characterized
satisfactorily solely on the basis of dilution effects.
Frequency

Distribution

A useful generalization about an array of data, such
asa seriesof chemical analysesof a stream, often may be
obtained by grouping them by frequency of occurrence.
Figure 23 is a duration diagram showing the dissolvedsolids concentration of water in the Colorado River at
Grand Canyon, Ariz., from 1926 to 1955 (essentially
uncontrolled at that time) compared with the dissolved
solidsin the outflow at Hoover Dam, the next downstream
sampling point from 1937to 1955.Although the periods
of record do not completely coincide, the curves show
that the water is much less variable in composition as a
result of storagein Lake Mead above Hoover Dam. The
median point (representedby 50 percent on the abscissa)
for dissolved solids is also higher for the water at Grand
Canyon than for virtually the same water after storage,

mixing, and releaseat Hoover Dam. Daily conductivity
valuesfor a period of record may be summarized conveniently by a graph of this type. Figure 24 shows this kind
of information for the Ohio River and its two source
streams, the Allegheny and Monongahela Rivers in the
vicinity of Pittsburgh, Pa. Figures 23 and 24 are time
distributions.
A frequency distribution for percent sodium in
ground waters from wells in the San Simon artesian
basin of Arizona is shown in figure 25. The clustering
pattern shown by these data indicates that the waters
were of two types, which were identified as occurring in
separateareasof the basin.This distribution is not related
to time. Other applications of frequency distributions
obviously are possible.This type of graphic presentation
may be consideredmost usefulasa meansof summarizing
a volume of data and often gives more information than
a simple mean or median value alone would give.
Solute

Correlations

The examination of an array of water analyses
frequently involves a search for relationships among
constituents. Determining the existence of correlations
that are sufficiently well defined to be of possible hydrologic or geochemical significance has sometimes been
attemptedin a random fashion,for example,by preparing
many scatter diagrams with concentrations of one component as abscissaand another as ordinate. Commonly,
one or more of the diagrams give a pattern of points to
which a regression line can be fitted. The statistical
procedures for fitting the line, and the evaluation of
goodnessof fit by a correlation coefficient, provide a
means of determining the apparent correlation rather
closely in a numerical way. The significance of the correlation in a broader sense,for example, asthe indicator of
a particular geochemical relationship, is, however, likely
to be a very different matter.
Random correlation proceduresof the type suggested
above are too laborious to do by hand if many analyses
are used,but the electronic computer has made this type
of correlation a simple process. Accordingly, a wide
variety of calculations of this kind could be made, and
their significance evaluated later should this procedure
offer any reasonablepromise of improving the investigator’s understandingof hydrochemical systems.
The difficulties of interpreting random correlations
are substantial. The chemical analysesof a seriesof more
or less related samples of water have certain internal
constraints that may result in correlations that haveslight
hydrologic or geochemical significance. For example,
the total concentration of cations in milliequivalents per
liter in each analysis must equal the total concentration
of anions expressedin the same units. If many of the
waters in the group being studied have one predominant
anion and one predominant cation, thesetwo constituents
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sourcemineral. The secondtype of relationship, one that
is common, is more complex. In it, concentrations of
ions may rise freely until saturation with respect to one
or more species is reached. From this point on, the
concentrations are controlled by chemical equilibria.
Supposeit is desiredto check the validity of assuming
that the sodium and chloride concentrations shown by a
series of analyses of a river water or of samples from
various locations in a ground-water body have been
derived from solution of common salt, NaCl. These two
ions will be brought into solution in equal quantity and
retained in solution over a wide concentration range
becauseof the rather high solubility of both ions. Over
this range one might expect

may have a good mutual correlation. Some of this effect
may also be noticeableamong lessabundant constituents
becausetheir concentrations also representa part of the
ionic balance of each analysis. A correlation between
calcium and bicarbonate concentrations exists in many
waters. Calcium, however, can be derived from many
different sources and bicarbonate is produced in most
weatheringprocessesinvolving dissolvedcarbon dioxide.
A test for departure from calcite solubility equilibrium is
more meaningful.
Before attempting to make correlations among ions
in solution, the investigator should set up hypothetical
relationships that might reasonably be expected to hold
and then proceed to test them with the data. Two kinds
of relationshipsthat might be anticipated will be described
here. The first representsthe simple solution of a rock
mineral with no other chemical processesthat could
alter the proportions of dissolved ions. This relationship
is based on simple stoichiometry, requires no chemical
equilibria, and generally postulatesa molar ratio between
dissolved ions equal to the mole ratio of theseions in the

CNa=nCCl,

where the C terms are ion concentrations and n is the
conversion factor required to make the units in which C
terms are reported chemically equivalent. If the valuesof
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C are in milliequivalents per liter, n=l. If data are in
milligrams per liter, n is the ratio of the combining
weight of sodium to the combining weight of chloride, or
0.65.
If the data fit the assumption, a plot of the concentration ofsodium versus the concentration of chloride should
give a straight line of slope 1.0 or 0.65, depending on
units used. Curvature of the line or deviation from the
two permissible slopes indicates that the hypothesis is
incorrect. If one plots log CNa versus log Ccl, a straight
line also should be obtained, but it will have a slope of
1.0 and an intercept of log n.
Figure 26 is a plot of sodium concentrations versus
chloride concentrations, in meq/L, for samples from the
Gila River at Bylas, Ariz. The curved part of the regression
line shows that sources of the ions other than common
salt are involved, although at the higher concentrations
the theoretical slope of 1.0 is closely approached.
The correlation cited above does not involve much
chemistry and is too simplified to have much practical
value. If considerations of solubility are involved, the
constituents may be correlated in a different way. For
example, the solution of calcium and sulfate can continue
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only up to the solubility limit of gypsum. When this level
is reached, at equilibrium the solubility-product relationship would hold. The two conditions would be (1) for
dilute solutions,
c ca2+=rzc~042-,
and (2) at saturation,
[Ca”‘] [S042+]=KSp,
where KS,) is the solubility product.
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If the influence of ionic strengthand ion-pair formation are ignored for the moment, one could representthe
second equation in terms of concentrations rather than
activities so that the same variables would be present in
both expressions. All concentrations are expressed in
moles per liter.
The first equation would give a straight line if
calcium concentrations were plotted against sulfate. The
secondequation, however, is for a hyperbola, and therefore an attempt to make a linear correlation of a group of
analyses,including concentrations affected by both relationships, is likely to give ambiguous results. If both
expressionsare placed in logarithmic form, as follows,
however, both give straight lines:

This is a very simple form of a reaction-path simulation. A model of this type usesa series of equilibria or
stoichiometric processesto exphrin changesin composition observedalong the flow path of water in an aquifer
or other system of interest. Geochemical models using
this approach were described by Plummer and others
(1983). A similar progressionof controls can be observed
during the processof evaporation.
A more complicated equilibrium is that for calcite
solubility; it involves three variables, as noted earlier:
[Ca”‘] [HCO;]
[H+l -=Ks
This could still be convertedto a two-variable relationship
by combining the bicarbonate and hydrogen ion into a
single term, as follows:

lofitCc*=lw Go.,

[&“+I . [HCo3-1
=K
-.

log Cc,=log K’-log C,,.

W’l
The first relationship should hold up to the point where
precipitation of gypsumbegins,and the second,thereafter.
A break in slope of the regressionline would occur at
that point. It should be noted that in this example K’ is a
conditional equilibrium constant that includes the effects
of ionic strength and ion-pairing. Therefore, the value of
K’ increasesasconcentrations increase,and the nature of
the correlation under conditions of saturation is more
complex than this treatment implies.
40

I

I

I

0

’

[ HCOs-]
=log K,.
log [Ca’+]+log --

@I
However, a more useful graphical technique for representing this equilibrium by itself is to usea pH overlay on
a plot of log [Ca”‘] versuslog [IICOa-] as in plate 2. The
applicability and potential modifications of this diagram
were discussedin the section of this book dealing with
calcium chemistry.
The degree to which correlations

of the types men-

tioned above can be obtained is of geochemical significance in many systems. Analyses may be checked for
conformance to equilibrium with several solids at once.
For example, one might want to examine data for equilibrium with gypsum and calcite. Figure 27 is one approach to this type of correlation. Several analysesfrom
tables 11and 15are plotted in the diagram. This relationship also could be representedas
CaCOa(c)+H’+SOt-=CaS04(c)+HCOB-,

WC%1
[H’l

.[S0.,2-]=K,

or
F-=03-1

log -

+log fS042-]=10gK,

W’l
CHLORIDE,

IN MILLIEQUIVALENTS

PER LITER

Figure 26. Relationship
of chloride to sodium, Cila River at
Bylas, Ariz., October
1, 1943, to September
30, 1944.
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where K is a combination of the two constants for the
solubility equilibria for gypsum and calcite.
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There are other combinations of equilibria that
might be significant in ground-water systemsand at low
flow in some streams. For example, the relationship of
cation-exchange equilibria in soil to the solubility of
calcite could be studied in this way.
The abscissaand ordinate in figure 27 represent
ion-activity productsfor the calcite-solubility equilibrium
and the solubility-product equation for gypsum. Values
greaterthan the equilibrium constant indicate supersaturation with respect to these two solids. The activities of
the ions must be calculatedfrom analytical concentrations
with due attention to the effects of ionic strength and
complex or ion-pair formation. Irrigation drainage water
in some areas evolves to a composition that is near
saturation with respectto both solids (Hem, 1966).
A study by Feth and others (1964) of water composition associated with granitic rocks uses diagrams on
which areas of stability for different rock minerals are
shown in terms of activity of silica as abscissaand ratios
of sodium or potassiumto hydrogen activity as ordinate.
Thesediagramsfollow modelsusedby Garrelsand Christ
(1964, p. 352-378) and have been used widely in evaluating the effectsof the weathering of silicate rocks. However,someof the reactionsinvolved in silicate dissolution
and clay-mineral synthesis are incongruent, and these
stability diagrams, which are basedon assumedthermodynamic equilibrium, have only a limited usefulnessin
predicting solute concentrationsto be expectedin natural
systems.
The developmentof computerized chemical models
makesit possibleto handlesystemsthat are more complex
-2

I

-3

I

I

I

8

I

Supersaturation
Gypsum
and Calate

Swersaturatlon
Gypsum

1

t

than thesesimple examples.The characteristicsof various
models were summarized by Nordstrom, Plummer, and
others (1979). The models can test water analyses for
possible equilibrium with a large number of minerals,
over a range of temperaturesand ionic strengths.
The statistical technique, factor analysis, has been
usedby some investigators to develop or refine correlations among solutes and environmental factors. Dawdy
and Feth (1967) used this approach to study controls of
ground-water composition in the Mojave River valley
near Victorville, Calif. The first of a seriesof four papers
(Reeder and others, 1972) on chemistry of water and
sediments in the Mackenzie River system in Canada
usedthis technique to aid in the assignmentof sourcesto
the solute load of this large northern river.
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Analyses

Over the years,a considerablenumber of techniques
for graphical representation of analyseshave been proposed. Some of these are useful principally for display
purposes-that is, to illustrate oral or written reports on
water quality, to provide meansfor comparing the analyses with each other, or to emphasize differences and
similarities. Graphical procedures do this much more
effectively than numbers presentedin tables.
In addition to the typesof graphssuitablefor displays
and comparison of analyses,graphical procedures have
beendevisedto help detect and identify mixing of waters
of different composition and to identify some of the
chemical processesthat may take place as natural waters
circulate. Graphing techniques of the latter type may be
useful in the study of data prior to preparing reports or
arriving at conclusions.Some of the graphical techniques
that appear to be useful are described here, but this
discussionis not intended to include all the methods that
have beensuggestedin the literature. Graphing of water
analysesis a study technique and not an end in itself.
Ion-Concentration

,114

of Representing

Diagrams

Most methodsof graphinganalysesaredesigned
to representsimultaneouslythe total solute concentration
and the proportions assignedto each ionic species for
one analysis or a group of analyses.The units in which
concentrations are expressedin thesediagramsgenerally
are milliequivalents per liter.
In the ion-concentration graphing procedureoriginated by the late W. D. Collins (1923), each analysis is
representedby a vertical bar graph whose total height is
proportional to the concentration of determined anions
or cations, in milliequivalents per liter. The bar is divided
by a vertical line, with the left half representingcations
and the right half anions.Thesesegmentsare then divided
by horizontal lines to show the concentrations of the
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major ions, and these ions are identified by distinctive
colors or patterns. Usually six divisions are used, but
more can be used if necessary. The concentrations of
closely related ions are often added together and represented by a single pattern.
An example of Collins’ ion-concentration graphing
procedure representing four analyses from tables in this
book is given in figure 28. (The other graphing procedures
discussed here are for the most part illustrated with the
same four analyses.) The Collins’ system as described
does not consider nonionic constituents, but they may be
represented, if desired, by adding an extra bar or other
indicating device with a supplementary scale. In figure
29, the hardness of two waters is shown. The hardness in
milligrams per liter as CaCOa is equivalent to the height
of the calcium plus the magnesium segments, in milliequivalents per liter, multiplied by 50. In figure 30, the
concentration of silica is represented in millimoles per
liter, because milliequivalents cannot be used for uncharged solute species or species whose form in solution
Figure
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is not specifically known. The units are closely related to
milliequivalents per liter, and this type of graph will be
used in depicting analysesof water associatedwith different rock types later in this book. The pattern representing silica occupies the full width of the bar graph
becausethe solute speciesH&04 consists of a silicate
anion whosechargeis balancedby H’. This modification
is sometimes useful in showing results of geochemical
processes.The concentration of silica in millimoles per
liter is readily computed from gravimetric data in wateranalysis tabulations.
A system of plotting analysesby radiating vectors
proposedby Maucha (1949) of Hungary is illustrated in
figure 31. The distance each of the six vectors extends
from the center representsthe concentration of one or
more ions in milliequivalents per liter. This plotting
system has not been used widely, but it may have some
potential as a means of showing analytical values in a
small space, for example, as a symbol on a map. A
system suggestedby Stiff (1951) seemsto give a more
distinctive pattern and has been used in many papers,
especially those dealing with oilfield waters. The Stiff
plotting technique usesfour parallel horizontal axes extendingon eachsideof a vertical zero axis. Concentrations
of four cations can be plotted, one on eachaxis to the left
of zero, and likewise four anions concentrations can be
plotted, one on each axis to the right of zero; the ions
should always be plotted in the same sequence. The
concentrations are in milliequivalents per liter. The resulting points areconnectedto give an irregular polygonal
shapeor pattern, asin figure 32. The Stiff patterns can be

a relatively distinctive method of showing water-composition differencesand similarities. The width of the pattern
is an approximate indication of total ionic content. Stiff
patterns were used as map symbols by Halberg and
others (1968).
Two other proceduresthat havebeenusedto prepare
pattern diagrams are worthy of mention. The “pie” diagram can be drawn with a scale for the radii which
makes the area of the circle represent the total ionic
concentration (fig. 33) and subdivisions of the area represent proportions of the different ions. Colby and others
(1956) useda pattern diagram in which four components,
Ca+Mg, C03+HCOa, Na+K, and Cl+S04+N03, were
representedon rectangularcoordinates.The kitelike figure
resulting from connecting the four points made a convenient map symbol (fig. 34).
A nomograph proposed by Schoeller (1935) and
modified by R. C. Vorhis of the U.S. Geological Survey is
shown in figure 35. This diagram is a meansof depicting
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presentations on water compos;ition for semitechnical
and nontechnical groups. For this purpose, the bar symbols can be madeat a scaleof about 10cm = 1 meq/L, by
using cards fastened together end to end with hinges of
flexible tape to give a length sufficient to represent the
total concentration of ions. Segments representing the
ions are then drawn on the graph, and they can be
colored distinctively to show the six species.While discussingthe analyses,the lecturer can take out the appropriate set of cards and hang them up in view of the
audience.The contrast between water of low concentration shown by only one or two cards and more concentrated solutions, occurring naturally or as a result of
pollution, shown perhaps by a thick stack of cards that
might reach a length of 20 ft when unfolded, is a potent
attention-getter.

a group of analysesthat hasthe advantageof also showing
relationshipsamong milligrams per liter and milliequivalents per liter for the different ions. Waters of similar
composition plot as near-parallel lines. This diagram,
however,useslogarithmic scales,and this may complicate
the interpretation for watersthat differ greatly in concentration,
Figure 36 is a cumulative percentageplot of analyses
in milligrams per liter. This method of graphing permits
differentiating between types of water on the basisof the
shape of the profile formed by joining the successive
points.
Some other graphical display techniques used in
study of oil-field brines were describedby Collins (1975,
p. 128-132).
Ion-concentration diagrams are useful for several
purposes.They aid in correlating and studying analyses
and are especially helpful to the novice in this field. They
also aid in presenting summaries and conclusions about
water quality in areal-evaluation reports. The Collins’
diagram can serve as an effective visual aid in oral
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If one considers only the major dissolved ionic
constituentsin milliequivalents per liter and lumps potassium and sodium together and iluoride and nitrate with
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chloride, the composition of most natural waters can be
closely approximated in terms of three cationic and three
anionic species. If the values are expressed as percentages
of the total milliequivalents per liter of cations, and of
anions, the composition of the water can be represented
conveniently by a trilinear plotting technique.
The simplest trilinear plots use two equilateral triangles, one for anions and one for cations. Each vertex
represents 100 percent of a particular ion or group of
ions. The composition of the water with respect to cations
is indicated by a point plotted in the cation triangle, and
the composition with respect to anions by a point plotted
in the anion triangle. The coordinates at each point add
to 100 percent.
Emmons and Harrington (1913) used trilinear plots
in studies of mine-water composition. This application
was the earliest found by the writer in surveying published
literature on water composition, even though Emmons
and Harrington do not claim originality for the idea of
using trilinear plots for this purpose. In the form used by
Emmons and Harrington, the cation triangle lumps calcium with magnesium at one vertex and sodium with
potassium at another. This leaves the third vertex for
“other metals” that might be present in the mine waters
that were of principal interest to these investigators. For
most natural water, the concentration of these other
metals is not a significant percentage of the total.
Dela 0. Carefio (1951, p. 87-88) described a method
of trilinear plotting, which he attributed to Hermion
Larios, that combines the plotting with a classification
and reference system. The three principal cations are
plotted conventionally in one triangle and the three
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plotted point falls. Similar classification and plotting
schemeshave appearedin other countries, especially in
the U.S.S.R.
A considerable number of authors have described
trilinear plots in which the cation and anion triangles are
combined or projected in several ways. The expression
ofanalyses by two points on separategraphs is obviously
rather inconvenient. By further combining the variables,
it is possibleto expressthe water composition in terms of
two groupsof cationic and two groups of anionic components, with the proviso that becauseall are percentages,
the sums of cations and anions must equal 100. This is
equivalent to specifying two variables and permits the
analysis to be expressed as a single point on a twocoordinate diagram.
The first trilinear diagram incorporating this combination of the anion and cation fields to be published in
the United States was that of Hill (1940). In the Hill
diagram, the anion and cation triangles occupy positions
at the lower left and lower right; the basesof the triangles
aline vertically and the vertices point toward each other.
The upper central portion of the diagram is diamond
shaped.In using this diagram, the proportions of anions
and cations are plotted as points in each of the lower
triangles. The points are then extended into the central
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plotting field by projecting them along lines parallel to
the upper edgesof the central field. The intersection of
theseprojections representsthe composition of the water
with respect to the combination of ions shown. Hill’s
original diagram was so arranged that bicarbonates and
sulfate were grouped together, and the point in the
central field amounted to a plot of sodium percentage
versuschloride percentage.Hill also divided the central
plotting field into 10 areasand proposed a classification
scheme involving 10 types of water, depending on the
area in which the analysis is plotted. In later revisions of
his procedure, Hill (1941, 1942) combined sulfate with
chloride rather than with bicarbonate.
Langelier and Ludwig (1942) proposed a diagram
using rectangular coordinates in which percent sodium
plus potassium was represented on the ordinate and
percent carbonate plus bicarbonate on the abscissa.This
diagram had no cation or anion triangles.
Piper (1944) suggestedthe form of the trilinear
diagram that is represented by figure 37. The circles
plotted in the central field have areas proportional to
dissolved-solids concentrations and are located by extending the points in the lower triangles to points of
intersection. The diagram is fundamentally the same as
Hill’s; however, Piper developed his diagram independently.
A number of forms of the trilinear diagram have
appearedin literature of the U.S.S.R. The procedure of
Durov (1948) is similar to that of Piper. Filatov (1948)
proposed a two-point system with cation and anion
triangles having a common side.
All trilinear plotting techniques are, in a sense,
descendantsof the geochemical classification scheme of
Palmer(1911).In Palmer’sclassification, the composition
of a water was expressedby percentageof total ions, with
consideration, in effect, of the proportions of sodium to
total cations and of bicarbonate to total anions. Palmer,
however, was apparently thinking more in terms of
combined salts in solution than more modern chemists
do, and his classification scheme is of only historical
interest today.
The trilinear diagram constitutes a useful tool in
water-analysis interpretation. Most of the graphical proceduresdescribedhereare of valuein pointing out features
of analysesand arrays of data that needcloser study. The
graphs themselvesdo not constitute an adequate means
of making such studies,however, unlessthey can demonstrate that certain relationships exist among individual
samples.The trilinear diagrams sometimes can be used
for this purpose.
Applications of the diagram pointed out by Piper
include testing groups of water analyses to determine
whether a particular water may be a simple mixture of
others for which analysesare available or whether it is
affectedby solution or precipitation of a single salt. It can
of Natural
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be shown easily that the analysisof any mixture of waters
A and B will plot on the straight line AB in the plotting
field (where points A and B are for the analysesof the
two components) if the ions do not react chemically as a
result of mixing. Or, if solutions A and C define a straight
line pointing toward the NaCl vertex, the more concentrated solution representsthe more dilute one spiked by
addition of sodium chloride.
Plotting of analysesof samplesfrom wells successively downslopefrom eachother may show linear trends
and other relationships that can be interpreted geochemically. Poland and others (1959) usedtrilinear diagrams
DISSOLVED

extensively in studying contamination of ground water
by seawaterand other brines along the California coast
near Los Angeles. The relationships shown by the diagrams usually constitute supporting evidencefor conclusions regarding water sourcesthat also have other bases
of support.
Trilinear diagrams continue to be used in papers
dealing with natural-water chemistry and geochemistry.
A few examplesare cited here to indicate the varieties of
applications. Maderak (1966) usedtrilinear diagrams to
show trends in composition as streamflow volume
changedat severalsampling points on the Heart River in
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western North Dakota. Hendrickson and Krieger (1964)
and Feth and others (1964) usedthe diagram asa means
of generally indicating similarities and differences in the
composition of water from certain geologic and hydrologic units. Bradford and Iwatsubo (1978) usedthe diagrams to show effects of logging and other factors on
stream-water composition in the area of Redwood National Park, Calif. Trilinear diagrams were usedby White
and others (1980) to help correlate rock and water
composition in the ground water of Ranier Mesa, Nev.
Many other paperscould be cited. The trilinear diagram
hasbeenwidely usedby U.S. Geological Survey hydrologists.
A compilation of methodsfor graphical representation of water analyses that had been described in the
literature up to that time, was prepared by Zaporozec
(1972).

Methods

of Extrapolating

Chemical

Data

A considerablepart of the task of interpreting waterquality data can be extrapolating or interpolating. For
example, a few analysesof river-water samples taken at
irregular intervals may need to be used to estimate a
continuous record, or analytical records may need to be
extendedbackward or forward in time by correlating the
analyseswith someother measuredvariable. For groundwater studies, variations in time generally are lessimportant than variationsfrom placeto placein the composition
of a ground-water body, and procedures are neededfor
extrapolating analyses representing individual wells or
springsto cover the whole volume of ground water of an
area.
The extension of individual observations of riverwater composition can be accomplished by several averaging techniques or other statistical treatments already
discussed.As the technology of on site observations of
water quality has matured, more complete chemical
recordsare being computed from continuously measured
specific conductance.This sort of calculation can provide
fairly dependablevaluesfor major ions, at least for many
streams. The accuracy of the calculated value depends
on how good a correlation of the measured with the
calculated properties can be established from previous
records of a more complete nature.
Water-Quality

Hydrographs

A graph showing the changesover a period of time
of some property of water in a stream, lake, or underground reservoir is commonly termed a “hydrograph.”
Hydrographs showing variability of a property of river
water with time are often usedas illustrations in reports.
An example is figure 4, which shows the change with
time of the conductivity of water in the Rio Grande at
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San Acacia, N.M. For a stream, where changeswith time
can be largeand can occur rapidly, an accurateextrapolation cannot be made on the basis of time alone. On that
basis,it is possible to state only approximately what the
composition of water would be at different times of the
year. In contrast, streamsthat are controlled by storage
reservoirs(the Colorado River bselowHoover Dam, for
example), streams that derive most or all of their flow
from ground-water sources(the Niobrara River, for example, which drains the sandhill region of northwestern
Nebraska), and streams that have very large discharge
rates(the Mississippi River at New Orleans, for example)
may exhibit only minor changes in composition from
day to day or even from year to year.
Streams whose flow patterns have been altered
extensively by humans may show definite long-term
trendsasthe water quality adjuststo the new regime. The
Gila River at Gillespie Dam, Ariz., for example, showed
a deteriorating quality over many years of record as
irrigation depleted the upstream water supply (Hem,
1966).
In ground water, the changesin quality with time
are normally slow. The illustrations already given in this
paper, however, show that both long-term and shortterm trends can be observed. The slow increase in dissolved solids that occurred in the ground water of the
Wellton-Mohawk area of Arizona (fig. 7) represents a
condition related to water use and development, but
shorter term fluctuations may be related to well construction and operation (fig. 5) or to changing rechargerates,
evapotranspiration, or other factors that often influence
water near the water table observed in shallow wells or
seasonalsprings (fig. 6). Deep wells that obtain water
from large ground-water bodies that are not too extensively exploited and many thermal springs may yield
water of constant composition for many years. Analyses
publishedby Georgeand others(1920) for PonchaSprings
near Salida,Colo., representedsamplescollected in 1911.
A sample of a spring in this samegroup collected in 1958
(White and others, 1963) gave an analysis that did not
differ by more than ordinary analytical error from the
one made 47 years before, with the exception of the
sodium and potassium. The potassium values reported
by Georgeand others (1920) appeartoo high and sodium
too low, in comparison with the modern analysis,but the
total of the two alkali metals is nearly identical in both
analyses.
Water

Quality

in Relation

to Stream

Discharge

The concentration of dissolved solids in the water
of a stream is related to many factors, but it seems
obvious that one of the more direct and important factors
is the variable volume of liquid water from rainfall
available for dilution and transport of weathering prodof Natural
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ucts. Presumably,therefore, the dissolved-solidsconcentration should be an inverse function of the rate of
dischargeof water over all or at least most of the recorded
range. In discussing averaging of river-water chemical
analyses,some of the complications that influence dischargeversusdissolved-solidsconcentration relationships
have been pointed out. There will no doubt, however,
be a continuing demand to know how well the composition of a river water can be computed from the waterdischargerate and some previous record of composition.
Some further consideration of the subject, therefore, is
needed.The goal would be to obtain a dissolved-solids
rating curve for a stream-measuringstation: a graph of
dissolved-solids concentration versus water-discharge
rate, expressingtheir correlation.
The development of such a correlation requires a
preliminary assessmentthat might be termed a “conceptual model.” The model can then be tested for validity
and to determine what kinds of information might be
required to develop it completely. A consistent relationship between water dischargeand total solute concentration ought to be observedin a stream that receivesa large
part of its mineral load from a rather constant saline
inflow upstream from the measuring point and whose
runoff from other sources is constant and low in dissolved-solids concentration. A finite relationship can be
expected to hold for any single unreactive dissolved
component. No stream meets these specifications completely, and few streamsthat might approach them have
been studied closely.
The simplest dilution model for a particular solute
in a reach of river assumes,then, that a constant total
load of solute is entering upstream and that the observed
concentration of that solute at the sampling point varies
owing to dilution by runoff. If other factors are insignificant, this condition can be evaluated from a simplified
solute-balanceequation:

where
Ci=concentration of solute before dilution,
Q1=volume of flow before dilution,
Cz=concentration of solute in diluting water, and
Q2=volume of dilution water,
C3=final concentration observed.
The three terms in this equation representloads of solute,
and an inflow-outflow balance is assumed(that is, it is
assumedthere is no change in storage).
If the concentration of solute in the diluting water is
zero, then CzQ2 drops out and

CiQi is constant and can also be representedas WI, the
total original solute load. This is the equation of a hyperbola. If expressedin logarithmic form, however,
log G=log WI-log (&I+ Qz),
it hasthe form of a straight line, with slope-1.0. Thus, the
degree to which a particular set of concentration and
stream-dischargedata fits the simple dilution model can
be tested by plotting these variables on log-log paper.
Of course,most natural systemscan display a simple
dilution mechanismonly over a limited rangeof concentration. Normally, the dilution water contains some of
the samesolute as the water being diluted, and this will
causethe high-discharge end of the plot to approach a
minimum near the concentration present in the diluting
water. At the low-discharge end, Qaapproacheszero and
the value of Cs will becomeequal to the concentration of
solute in the inflow source. The solubility of the ion
being considered, or other factors independent of discharge, also may limit the ion’s concentration at low
discharge,so the slope of the curve will tend to flatten at
very low discharge. It is obvious that complexities in
most natural systemstend to make the equation considerably more complicated. For example, if some of the
solute being consideredis presentin the runoff, the value
of CZwill not be zero, and the final equation will havethe
form

If expressedin logarithmic terms, this equation would
give a curved line, as C2Q2is unlikely to be constant and
probably will vary in responseto discharge.
A practical difficulty inherent in the use of the
log-log type of plot is that observedsolute concentrations
commonly show a rather narrow range of variation, and
considerable clustering of points may occur. It is of
interest, however, to use this approach to explore the
relationshipsbetweendischargeand solute concentration
obtainable from existing records.
In past years, in studies by the U.S. Geological
Survey, the only chemical determination made for each
daily sampleusually was specific conductance,and many
of thesedata haveneverbeenpublished. Discharge information readily availablefor usewith thesedeterminations
is the publisheddaily meanrate of flow. An instantaneous
sample may not be a good representation of the daily
mean conductivity, and some values thus may be poorly
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Specific conductanceof water at this station should
approach a high limiting value near the conductance of
the spring inflow (about 16,000 pmho/cm) at low discharge,and a minimum value fi lted by the conductance
of runoff, which hashad only a brief opportunity to react
with near-surfacerock and soil minerals,at high discharge.
The lower limiting value can be (estimatedonly approximately from the sampling record, but it is probably about
200 pmho.
Figure 38 is a logarithmic plot of specific conductance of daily samples versus daily mean discharge for
the 1944 water year for the San Francisco River at
Clifton, Ariz. Some daily values were omitted where the
points are closely grouped. The scatter of points is substantial, and it would be difficult to fit them to a straight
line. Furthermore, the slope of such a line is not -1.0.
Both facts suggestthat the simple dilution equation derived in the earlier discussion is not directly applicable.
From other information about the quality of water
at this point, however, it is possible to derive a more
pertinent relationship. The solute load at the sampling
point may be considered to have three components,
representedby C,Q,, terms, in which C representscon-

suited for establishing a meaningful discharge-conductivity relationship. However, if a well-defined relationship
exists, it will not be completely obscured,although individual points may be scattered.Recordscollected for the
specific purpose of exploring water-quality-water-dischargerelationships must be obtained carefully with the
aim of getting fully compatible data for both variables.
This is perhapsmost effectively accomplishedby simultaneous continuous measurementof water-discharge rate
and solute concentration.
A sampling station whose characteristics might be
suitablefor establishinga dissolved-solidsversusdischarge
relationship was operatedfor a time by the U.S. Geological Survey on the San Francisco River at Clifton, in
southeastern Arizona. About 60 percent of the annual
dissolved-solids load of the river there was contributed
by saline inflow from the Clifton Hot Springs, a short
distance above the gaging station and about 1% miles
above the sampling section. The varying amounts of
discharge from the direct runoff and a more constant
amount of dilute baseflow of the river above the springs
might be considereddilution factors controlling the concentration observed at the sampling point.
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ductance in micromhos and Q representsdischarge of
water in cubic feet per second (cfs). CIQl representsthe
solute load brought in by spring inflow. This water has a
specific conductance of about 16,000 pmho, and the
flow is considered constant at 2 cfs (Hem, 1950). CZ@
representsbasesolute load of the river above the springs
that dilutes the spring inflow. For simplicity, this water is
assumedfrom available analysesof samplestaken above
the inflow zone to have a specific conductance of 500
pmho and a maximum flow rate of 100 cfs. CaQ3represents flood runoff, constituting all flow above 102 cfs,
and is assigneda specific conductance of 200 pmho. The
mixture of all theseis representedby concentration CF.
The equation for predicting concentration at this station
from water-dischargedata becomes

Substitutingappropriatevaluesfrom quantities postulated
above gives the points with the symbol “x” in figure 38.
The dashedcurve fitted to thesepoints smooths out some
of the irregularities that would result if more calculated
points were used,but demonstratesan approximate fit of
the model to actually observed conditions.
The scatter of observed points is substantial; therefore, there would be substantial uncertainty in conductance values calculated from dischargeby meansof any
curve fitted to the points. Some of the spreadin points in
figure 38 may have resulted from changes in rate of
spring inflow, and some might have been caused by
incomplete mixing of the inflow with the river water at
the sampling point. Most of the scatter, however, is
probably related to the failure of individual samples to
represent the average composition of the river for a
whole day.
The San Francisco River is subject to rapid changes
in stage,especially during the summer when heavy local
thunderstorms often occur in the afternoon and early
evening. The resulting runoff eventscommonly occur at
night, and the river stage was frequently near the low
point for the day when sampleswere collected. Sampling
was always done during the daytime, and the probability
of a sample’srepresentingthe day’s averagecomposition
was not always good during the summer storm period.
Another approach to the construction of dischargeconcentrationmodelshasbeento developa mathematical
relationship that best fits a set of observed points. For
example, Steele (1968a, b) studied the relationships of
dissolved-ion concentration to water discharge of PescaderoCreek, a small northern California coastalstream,
and reported that his data fitted the relation CQ=K, or
log C=log K-Nlog Q. The exponent N can be evaluated
from the slope of the regressionline. This exponent does
not, however, representa simple hydrologic parameter.

It is empirical and representsseveralkinds of hydrologic
effects.
Other investigators who have developed dissolvedsolids rating curves include Durum (1953), who found a
reasonablygood correlation betweenchloride concentration and discharge for the Saline River near Russell,
Kans., and Hendrickson and Krieger (1964), who found
reasonablyconsistentrelationshipsbetween specific conductance and dischargefor the Salt River at Shepherdsville, Ky., for low-flow periods.
In streams for which runoff patterns and soluteload sources are more complicated, a poorly defined
relationship betweendischargeand dissolved-solidsconcentration is to be expected. An interesting feature observedin many streams,although closely studied in only
a few places,is a tendency for the water of a rising stage
to havea considerablyhigher dissolved-solidsconcentration than the water passing the sampling point at an
equal flow rate after the peak discharge has passed.
Hendrickson and Krieger (1964 p. 123) presented a
semilog graph of conductance (on the x-axis) versuslog
of discharge which shows a counterclockwise loop that
ideally would be characteristic of observations during a
flood event. At first the conductanceis nearly constant as
dischargerises;then the conductance begins to decrease
as the peak stageis reached,continues to decreaseafter
the flow begins to recede, and, finally, increases with
falling stageuntil the starting point on the graph is again
reached. Flood observations showing several looping
cycles were presentedby theseinvestigators for the Salt
River at Shepherdsville, Ky.
Toler (1965) observeda clockwise loop in his study
of the relation of dissolved solids to dischargefor Spring
Creek in southwesternGeorgia.The effect was attributed
to an increasing contribution from ground water during
falling stagesthat resulted from the rapid circulation of
water through the limestone of the drainage basin.
The factors that control the concentration of water
early in a flood event obviously are different for different
streamsand sampling points. In general, however, when
a sudden large inflow of water occurs upstream from a
sampling point, the flood wave moving down the channel
tends to push water already in the channel ahead of it. If
the stream had a low or moderate flow rate before the
rise began, the water in the channel would be relatively
high in dissolved-solidsconcentration, and as the wave
moved downstream a large volume of this more highly
mineralized water might accumulate in the wave front.
The effect of water-dischargerate on water composition may obscure the effect of other factors one might
wish to evaluate. The analysis of long-term records to
evaluate water-quality trends can be accomplished by
establishing a correlation between discharge and solute
concentration and then looking for systematic departures
from the relationship. Some procedures for detecting
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long-term trends were described by Harned and others
(1981) by Hirsch and others (1982), and by Smith and
others (1982).
As noted earlier, there are long-term water-quality
records for many streams in U.S. Geological Survey data
files. As a part of an intensive study of the hydrology of
the lower Colorado River basin (legally defined as that
part of the drainage basin downstream from Lees Ferry,
Ariz.), Irelan (1971) reviewed and summarized waterquality records and related data up to 1965. Some of the
sampling points on the Colorado River have continuous
sampling records dating back to the mid 1920’s. These
continuing studies were federally financed and were
intended to aid in planning for development and use of
the water resources of the basin. Further reference to the
Colorado River data and their interpretation will be
made in a later section of this book under the topic
“Water-Management Concepts and Problems.” Support
and justification for such long-term data-collection programs has come from various sources. One of the frequently cited justifications is that of establishing a “base
line” that can be used to evaluate subsequent trends of
improvement or degradation in water quality. Actual
documentation of trends or of methods for study of
records to discern trends has not always kept pace with
the rate of record accumulation. Some of the difficulties
in correlating discharge with water composition have
already been noted. Contrary to the intuitive supposition
that the longer the record, the better the understanding of
the system, it often can be demonstrated that a briefer,
more intensive investigation of hydrology and chemistry
of a stream can form a more useful model than one
derived from many years of routinely collected data.
Summaries of two long-term records based on daily
sampling have been made here using published annual
average discharge and annual discharge-weighted average
dissolved-solids concentrations. Figure 39 is a log-log
plot of discharge-weighted average dissolved-solids concentrations versus mean water discharge for each year of
record for two daily sampling records from New Mexico.
Data for the Rio Grande at San Acacia have also been
used for other purposes in this book and the record
covers a period, in all, of 17 years beginning with 1940.
The record for the Pecos River near Artesia began with
the water year 1938, and points in figure 39 cover a
period of 40 years. In 1978 the schedule of sampling and
analysis was changed, and subsequent records are not
directly comparable with the earlier ones.
The points for the Rio Grande station could be
considered to define either a straight regression line or a
curved one similar to that in figure 38. The years of
highest discharge are those having a large spring snowmelt
component, which also has a low dissolved-solids concentration. As noted earlier, high summer flows at this
point commonly are rather high in solute concentration,
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and as a result the annual disclnarge versus dissolvedsolids relationship is ill defined ifa significant amount of
summer runoff occurs. A more stringent type of data
analysis would be needed to detect any long-term trends
at this sampling station.
The data points for the Pecos River station appear
to indicate a trend, because points representing the last
20 years of the record are displaced downward. A leastsquares linear regression for successive lo-year periods
shows an increased negative slope of the lines, particularly
for the 1968-77 period. Correlation coefficients for these
regressions range from 0.92 to 0.71. Because the water
discharge is used to compute the weighted-average dissolved-solids value, a certain amount of correlation is
inherently present in this relationship. It is of interest to
note that the minimum average dissolved-solids concentration, which occurred in 1958, corresponds to a flow
less than one-fourth as great as the flow in 1941, the year
of highest runoff. In 1974, a concentration nearly the
same as that of 1958 was attained with an even lower
average discharge. There appears to be a trend toward
convergence of the four regression lines at their upper
ends, near a concentration of 4,000 mg/L dissolved
solids.
Although further mathematical analyses of the Pecos
River data in figure 39 could be carried out, their value
for hydrologic interpretation without supplementary information is rather limited. Apparently the inflow of
rather saline ground water from upstream sources which
dominates the river water composition in years of low
discharge declined in quantity, especially in the 1960’s
and 1970’s, while remaining about the same in dissolvedsolids concentration during the period of record. Only a
few long-term records with this degree of detail exist, but
it seems likely that the trends shown here could have
been evaluated by other means that might be as quantitative, and more efficient, than the 40-year daily sampling
program. There will, however, be a continuing need for
long-term studies of stream-water composition for such
purposes as surveillance of pollution, maintenance of
stream-quality standards, and observation of the longterm influence of changing land-use or water-use patterns.
Some of these studies may require considerable detailed
sampling and analysis. This type of work obviously is
expensive in money and professional talent. A program
involving the collection of large volumes of data tends to
develop a momentum of its own and can degenerate into
a repetitive exercise of routine operations. Data must be
continuously examined and studied in a logical framework, mathematically designed if possible, and not allowed to accumulate without interpretation and evaluation.
In further emphasis of the need for logical interpretation, it is desirable to use methods of graphing data that
can be shown as likely to fit the mathematics of the
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relationships that are possible. The log-log plot tends to
deemphasizethe scatter of points that may appear when
one or both axesare Cartesian,but it fits the mathematical
characteristics that can be expected for concentration
versusdischarge relationships. The use of semilog plots
for this relationship should be avoided.
Natural processesin which time is satisfactorily
considered as the independent variable may sometimes
be well representedby semilog plotting, with time being
plotted on the linear axis. Chemical-reaction rates and
solute-transport rates may involve this kind of variation.
One of the graphical approaches that can be used to
analyze detailed water-quality data is the cumulativemass plot. Several examples were published by Irelan
(1971).This requirescomputing annual or shorter period
dissolvedloadsand addingthem togetherchronologically.
The cumulative totals, year by year, are plotted against
time. A change in slope of the line indicates a change in
somesignificant factor large and persistent enough to be
discernedby this technique.
Methods of correlating water-quality patterns observedin synoptic studies were describedby Rickert and
others (1976). Various methods usedto define base-line
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conditions and trends for North Carolina streams were
describedby Simmons and Heath (1982) and by Harned
and Meyer (1983). Peters (1984) used data from 56
stream sampling stations in the NASQAN network in a
statistical study to evaluate correlations among majorion runoff-yields (in kg/km’/year) and environmental
factors, including bedrock type, annual precipitation,
population density, and averagestream temperature. The
most important environmental factors were found to be
annual precipitation and rock type.
Water-Quality

A useful procedure in the study of water-quality
data is to enter the information on a map of the area
being investigated.A map of this kind is most likely to be
useful in the study of underground water in single, widespreadaquifers, but mapping also may have some value
in surface-waterstudies.If a systematic area1distribution
of water-quality features is observed, correlations with
other characteristics of the ground-water system can be
made.If the map is started early in the investigation of an
area and information is added as it is obtained, the
areas needing closer field study often can be identified.
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Usually, a map of the quality of ground water is
prepared by entering numbers or symbols at well and
spring locations to representconcentrations of constituents, and the area1distribution of solutes thus can be
observedin a general way. If many of the wells are open
in more than one aquifer or the water of the aquifers
tends to vary in composition with distance below the
land surface, these variations may well obscure any
lateral changesin water quality in a single aquifer. If the
samplesitesrepresentonly a few of the existing wells and
springs, extrapolation of data between sampling sites
may be unwise. If the investigator has many analyses,
however, and can reasonably assume they represent a
water body that is close to being uniform in composition
through a vertical section at all well locations, the results
may be best expressedin the form of an isogram map.
This type of map extrapolates data between sampling
points and often gives useful hydrologic and geologic
clues. It may help show areasof rechargeand discharge,
areas of leakage from other aquifers, and directions of
water movement.
Map Symbols

One type of water-quality map is prepared by entering a symbol at each sampling point to represent the
quality observedthere. The symbol can be a bar graph, a
85’00
I

45’
I

pattern diagram, or perhaps a distinctive color traced
along a stream. Figures 40 and 41 are two types of
symbol maps.
Figure 40, published in a report by Sever (1965) on
ground water in parts of southwestern Georgia, shows
iron content of wells in a single aquifer and the tendency
for the higher iron concentrations to occur in one area,
under the influence of geologic and topographic variations. Figure 41 shows the composition of water from
wells at Minot, N. Dak., by “pie” diagrams. According
to Pettyjohn (1967), the similarities and differences in
composition in areasA-D on the map can be correlated
with sourcesof rechargeand nature of aquifer materials.
Maps showing the occurrence of iron in ground
water were used by Langmuir t 1969a) in a paper describing the geochemical behavior of iron at Camden,
N.J. A series of maps was used by Feder (1979) to
summarize a large amount of information on water in
the State of Missouri.
Many water-quality maps have appeared in the
U.S. Geological Survey Hydrologic Atlas series,for example, mapsshowing stream-waterquality in the Western
United States by Feth (1965), saline ground-water resourcesof the United States by Feth and others (1965)
and river-water quality in the United Statesby Rainwater
(1962). Some Europeanhydrologists also have published
water-quality maps (Langguth, 1966).
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The technique of mapping ground-water characteristics by drawing lines of equal concentration of dissolved
solids or of single ions hasbeenusedin reports published
by various investigators since the early 1900’s.A related
procedure identifies concentration rangesby distinctive
colors or by shading.
The applicability of this technique dependsmainly
on two factors: the homogeneity of water composition in
the vertical direction at any given point and the spacing
betweensampling points. An isogram map is particularly
useful in studies of ground water in large single-aquifer
systems.In alluvial fill of the basinswithin the Basin and
Range physiographic province of the Western United
States, water-bearing zones tend to be lenticular but in
many placesare closely enoughinterconnected to constitute single hydrologic systemsover large areas.Isogram
maps have been used successfully in studying several
areasof this type.
Figure 42 consists of two isogram maps selected
from a series of similar maps in a report by Moore
(1965). Thesemapsshow the iron concentration and pH
of water from the “500-foot” sand of the Claiborne
Group in the western part of Tennessee.The outcrop
area of the sand, where recharge occurs, is also shown.
Both iron and pH increaseas water movesaway from the

outcrop area. A similar increasein hardnessof the water
occurs downdip, as the recharge attacks minerals in the
aquifer.
In a study of the Phoenix, Ariz., area, McDonald
and others (1947) prepared a map showing groundwater quality over a large area. Subsequent work has
shown considerably more variation of composition with
depth than had been supposedin 1947, and the importance of this effect seems to have been increased by
decliningground-waterlevels;nevertheless,isogram maps
havebeenusefulin water-resourcesstudiesof that region.
A more recentmap of part of this areausedboth isograms
and symbols to show ground-water composition (Kister
and Hardt, 1966). An isogram map of ground-water
quality in the Douglas basin, Arizona, was published by
Coatesand Cushman(1955), and other reports using this
device are numerous.
Detailed hydrologic studies in the lower part of
Safford Valley, Ariz., were described by Gatewood and
others (1950). Quality of ground water in the alluvial fill
of Holocene geologic age,which lies adjacent to the Gila
River and constitutes a fairly well defined hydrologic
unit, is shown by a map in that report, part of which is
reproduced here (pl. 3). During the investigation many
shallow observation wells were installed in the riverbottom land, and the concentration of dissolved solids in

101’17’30”

101’20

I

16

I

R 03 w

R 82 w

15

-

18

1 155 N

Showtno

Chemical

quality

diagrams

muntrt~al

well 0.

well

--

---------

number.

cm-

I.

28
2 MILES
1

Figure 41. Chemical

quality

of water

and dissolved

solids

Boundary

in the Minot

of

----

areas of simdar

aquifer,
Organization

North

water

Dakota

and Study

quality

(Pettyjohn,
of Water-Analysis

I

1967).
Data

187

Another study farther downstreamon the Gila which
was madein the 1960’sand 1970”salso obtained detailed
information on ground-water composition near the river
and summarizedit with a large-scalemap (Laney, 1977).
Maps of water quality were generatedin a detailed
mathematical model of potential effects of oil-shale development described by Robson and Saulnier (1981).

ground water of the area can be interpolated between
wells with reasonableconfidence. The map shows that
there is saline ground water throughout the river-bottom
area at the upstream end of the reach. Farther downstream, in the vicinity of Geronimo, the saline water
appears to have been entirely replaced by much more
dilute water. This dilute inflow to the system comes from
underflow of Goodwin Wash and other ephemeraltributaries that drain a large area to the south. The effect of
this underflow on water levels in the area also is substantial, and maps of the water-table elevation used along
with water-quality mapsafford a better meansof gaining
a good understanding of hydrologic conditions in the
area than does either type of map used alone.

Water-Quality

A diagram showing differences in water quality
along a cross section through a stream or through a
surfaceor underground water body may be a useful way
of imparting information. For the purposesof this discussion, such diagrams are called “*water-quality profiles.”
The differences in water composition acrossthe Susquehanna River at Harrisburg, Pa., are shown in figure 2,
and the lack of mixing in the river there has already been
noted and explained. Another kind of profile could be a
diagramshowing river-water composition over a distance
along the channel. McCarren (1967) used a diagram
covering a long distance on the Allegheny River to show
changesin composition from sampling station to sampling
station.Profile diagramsmay be usedin studiesof estuaries
where water composition tends to change frequently in
responseto streamflow and tidal effects.
Stratification in lakes and storagereservoirscaused
by temperature differences may bring about depletion of
dissolvedoxygen and can affect many other constituents.
Reservoir-profile diagrams are commonly used to show
some of these effects. A less common type of reservoir
stratification causedby differencesin salinity of inflow in
Lake Whitney and Possum Kingdom Reservoir on the
Brazes River in Texaswas shown in a profile diagram in
a report by Irelan and Mendieta (1964). Figure 43 shows
dissolved-solidsconcentration and temperature of water
observedby Howard (1960) at depths at two locations in
Lake Mead, the reservoir behind Hoover Dam on the
Colorado River. A warm layer of dilute water was
present near the surface at both sites during the August
observation.
Profile diagrams are not commonly used for
ground-water reservoirs.Where a considerabledifference
in water composition occurs with depth, however, some
sort of three-dimensional diagram representing waterquality conditions is useful. The “fence” diagram commonly usedby geologistscan be adapted to this purpose.
Diagrams of this type were used by Back (1960) to show
the distribution of anions and cations in ground water of
the Atlantic Coastal Plain in the Eastern United States
and have been used in many other papers since then.
Back introduced the concept of “hydrochemical facie?
to describe the patterns of ground-water solute distributions in aquifers, in parallel to the lithofacies concept
widely used in geology.
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