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1. Scope

1.1 This guide describes the category of water analysis
diagrams that use two-dimensional trilinear graphs as a tech-
nique for displaying the common chemical components from
two or more complete analyses of natural ground water (see
Section 3) on a single diagram. This category includes not only
trilinear-shaped diagrams but also the diamond- or
parallelogram-, rectangular-, or square-shaped graphs that have
trilinear subdivisions.

1.2 This guide is the first of several documents to inform
professionals in the field of hydrology with the traditional
graphical methods available to display ground water chemistry.

Note 1—Subsequent guides are planned that will describe the other
categories of diagrams that have been developed to display ground water
chemical analyses.

(I) A guide for diagrams based on data analytical calculations will
include those categories of water analysis graphs in which one analysis is
plotted on each diagram (for example, the pattern, bar, radial, and circle
diagrams).

(2) A guide for statistical diagrams will include those categories of
water analysis graphs in which multiple analyses are analyzed statistically
and the results plotted on the diagram (for example, the box, etc.).

1.3 Numerous methods have been developed to display the
ions dissolved in water on trilinear diagrams. These diagrams
are valuable as a means of interpreting the physical and
chemical mechanisms controlling the composition of water.

1.4 The most commonly used trilinear methods were devel-
oped by Hill (1-3),2 Langelier and Ludwig (4), Piper (5, 6), and
Durov (7-13). These techniques are proven systems for inter-
preting the origin of the ions in natural ground water and for
facilitating the comparison of results from a large number of
analyses.

Note 2—The use of trade names in this guide is for identification
purposes only and does not constitute endorsement by ASTM.

! This guide is under the jurisdiction of ASTM Committee D18 on Soil and Rock
and is the direct responsibility of Subcommittee D18.21 on Ground Water and
Vadose Zone Investigations.

Current edition approved August 15, 1995. Published September 1995.

2 The boldface numbers in parentheses refer to the list of references at the end of
this guide.

1.5 This guide offers an organized collection of information
or a series of options and does not recommend a specific
course of action. This document cannot replace education or
experience and should be used in conjunction with professional
judgment. Not all aspects of this guide may be applicable in all
circumstances. This ASTM standard is not intended to repre-
sent or replace the standard of care by which the adequacy of
a given professional service must be judged, nor should this
document be applied without consideration of a project’s many
unique aspects. The word “Standard” in the title of this
document means only that the document has been approved
through the ASTM consensus process.

2. Referenced Documents

2.1 ASTM Standards:

D 596 Practice for Reporting Results of Analysis of Water®

D 653 Terminology Relating to Soil, Rock, and Contained
Fluids*

D 1129 Terminology Relating to Water?

3. Terminology

3.1 Definitions—Except as listed as follows, all definitions
are in accordance with Terminology D 653.

3.1.1 anion—an ion that moves or would move toward an
anode; the term is thus nearly always synonymous with
negative ion.

3.1.2 cation—an ion that moves or would move toward a
cathode; the term is thus nearly always synonymous with
positive ion.

3.1.3 equivalent per million (epm)—for water chemistry, an
equivalent weight unit expressed in English terms and also
expressed as milligram-equivalent per kilogram. When the
concentration of an ion, expressed in parts per million (ppm),
is multiplied by the equivalent weight (combining weight)
factor (see equivalent weight factor) of that ion, the result is
expressed in epm.

3.1.3.1 Discussion—

3 Annual Book of ASTM Standards, Vol 11.01.
* Annual Book of ASTM Standards, Vol 04.08.
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(1) For a completely determined chemical analysis of a
water sample, the total epm value of the cations will equal the
total epm value of the anions (chemically balanced). The
plotted values on the water analysis diagrams described in this
guide can be expressed in percentages of the total epm
(although all illustrations are in milliequivalent per litre) of the
cations and anions of each water analysis. In order to use the
diagrams, analyses must therefore be converted from ppm to
epm by multiplying each ion by its equivalent weight factor
and determining the percent of each ion of the total cation or
anion.

(2) For a completely determined chemical analysis of a
water sample, the total value of the cations will equal the total
value of the anions (chemically balanced). The plotted values
on the water analysis diagrams described in this guide are
expressed in percentages of the total milliequivalent per litre
(meg/L) of the cations and anions of each water analysis. In
order to use the diagrams, analyses must therefore be converted
from milligram per litre (mg/L) to meq/L by multiplying each
ion by its equivalent weight factor and determining the percent
of each ion of the total cation or anion.

3.1.4 equivalent weight factor—also called the combining
weight factor and reaction coefficient, this is used for convert-
ing chemical constituents expressed in ppm to epm and mg/L
to meq/L (see equivalent per million and milliequivalent per
litre). To determine the equivalent weight factor, divide the
formula weight of the solute component into the valence of the
solute component:

(valence solute component)
(formula weight solute component)
(€Y
To then determine the equivalent weight (meq/L) of the
solute component, multiply the mg/L value of the solute
component times the equivalent weight factor, as follows;

(equivalent weight factor) =

(meq/L solute component) = (mg/L solute component)
X (equivalent weight factor)
(@)
For example, the formula weight of Ca** is 40.10 and the
ionic charge is 2 (as shown by the 2 + ), and the equivalent

weight value is computed to be 0.9975 meq/L for a value of 20
mg/L Ca:

(0.9975 meg/L Ca) = (20 mg/L Ca) X (_4((305 @

3.1.4.1 Discussion—Many general geochemistry publica-
tions (14) and water encyclopedias (15) have a complete table
of equivalent weight factors for the ions found in natural
ground water.

3.1.5 grains per U.S. gallon (gpg)—for water chemistry, a
weight-per-volume unit; also, for irrigation water, it can be
expressed in tons per acre-foot (ton/acre-ft). The weight (grains
or tons) of solute within the volume (gallon or acre-foot) of
solution. A grain is commonly used to express the hardness of
water, where one grain is equal to 17.12 ppm CaCOs;.

3.1.6 hydrochemical facies—as described by Back (16), the
diagnostic chemical character of water solutions in aquifers.
These facies reflect the effects of chemical processes in the
lithologic environment and the contained ground water flow

patterns. Freeze and Cherry (17) state,” Hydrochemical facies
are distinct zones that have cation and anion concentrations
describable within defined composition categories.” The defi-
nition of a composition category is commonly based on
subdivisions of the trilinear diagram, as described by Back (16,
18).

3.1.7 milliequivalent per litre (meq/L)—for water chemistry,
an equivalent weight unit expressed in metric terms and also
expressed as milligram-equivalent per litre. The result is
expressed in meq/L when the concentration of an ion, ex-
pressed in mg/L, is multiplied by the equivalent weight
(combining weight) factor (see equivalent weight factor) of
that ion.

3.1.8 milligrams per kilogram (mg/kg)—for water chemis-
try, a weight-per-weight unit expressed in metric terms. The
number of mg of solute (for example, Na) per kg of solution
(water). For example, if the total weight of the solution (one
million mg/kg) has 99 % solvent and 1 % solvent, this is the
same as 990 000 mg/kg solution and 10 000 ppm solute in the
1 000 000 mg/kg of solution.

3.1.9 milligrams per litre (mg/L)—for water chemistry, a
weight-per-volume unit expressed in metric terms. The weight
in mg (10 — g) of the solute within the volume (L) of solute
and solution. The weight can be also expressed in micrograms
(um) (107° g). The use of the mg/L unit is the world-wide
standard for the analysis and reporting of water chemistry.

3.1.9.1 Discussion—The ppm and mg/L values of the con-
stituents in natural ground water are nearly equal (within
anticipated analytical errors) until the concentration of the
dissolved solids reaches approximately 7000 mg/L. A density
correction should be used when computing ppm from mg/L
(14) for highly mineralized waters.

3.1.10 natural ground water—as defined for this guide,
water positioned under the land’s surface that consists of the
basic elements, hydrogen and oxygen (H,O), and numerous
major dissolved chemical constituents, such as calcium (Ca),
magnesium (Mg), sodium (Na), potassium (K), carbonate
(COs3), bicarbonate (HCOs), chloride (Cl), and sulfate (SO,).

3.1.10.1 Discussion—

(1) In special cases, other major constituents can include
aluminum (Al), boron (B), fluoride (F), iron (Fe), nitrate
(NO;), and phosphorus (PO,). Minor and trace elements that
can occur in natural ground water vary widely, but they can
include arsenic (As), copper (Cu), lead (Pb), mercury (Hg),
radium (Ra), and zinc (Zn). In addition, natural ground water
may contain dissolved gases, such as hydrogen sulfide (H,S),
carbon dioxide (CO,), oxygen (O,), methane (CH,), ammonia
(NH;), argon (Ar), helium (He), and radon (Rn). Neutrally
charged mineral species such as silicate (SiO ,), naturally
occurring organics such as tanic acids and colloidal materials,
and particulates such as bacteria viruses and naturally charged
pollen spores.

(2) Most natural ground water is part of the hydrologic
cycle, which is the constant circulation of meteoric water as
vapor in the atmosphere as a result of evaporation from the
earth’s surface (land and ocean), liquid and solid (ice) on and
under the land as a result of precipitation from the atmosphere,
and liquid returned to the ocean from the land. A very small
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amount of the ground water may be magmatic water originat-
ing from rocks deep within the crust of the earth. Other ground
water is connate in that it is trapped in sediments and has not
moved actively in the hydrologic cycle for a period measured
in geologic time.

(3) While moving through the hydrologic cycle, chemical
elements in the water are exchanged with other ions and
dissolved into and precipitated out of the water, depending on
reactions with air and other gases, rock minerals, biological
agents, hydraulic pressure, and ambient temperature. The
chemical composition of natural ground water ranges from that
similar to distilled water with a minor amount of dissolved
solids to a brines, with at least 100 000 mg/L dissolved solids
(19). (Naturally occurring brine has been analyzed with more
than 300 000 mg/L dissolved chemical solids.)

3.1.11 Parts per million (ppm)—for water chemistry, a
dimensionless ratio of unit-of-measurement per unit-of-
measurement expressed in English terms. One part per million
is equivalent to 1 mg of solute to 1 kg of solution. For example,
if the total weight of the solution (1 000 000 ppm) has 99 %
solvent and 1 % solute, this is the same as 990 000 ppm solvent
and 10 000 ppm solute in the 1 000 000 parts of solution.

3.1.12 water analysis—a set of data showing the concen-
tration of chemical ions as analyzed from a water sample. In
this guide, it normally includes the common constituents as
found in natural ground water (see 3.1.10).

3.1.13 water analysis diagram—as used in this guide, a
graphical display method for multiple water analyses. This
method can be used to assist in scientific interpretation of the
occurrence of cations and anions in natural ground water. The
method consists of various combinations of triangular-shaped
cation and anion diagrams and diamond- or square-shaped
integrated cation and anion diagrams. The sides of the dia-
grams are divided into equal parts (commonly fifty 2 % or ten
10 % segments) for representing the percentage of each of the
cations or anions within the total cation or anion concentration
(100 %). The plotted positions of the cations and anions on the
diagrams offer an indication of the origin of a water sample,
chemical composition of the water (hydrochemical facies), and
interrelationship of a number of water samples within the
studied area.

4. Summary of Guide

4.1 This guide includes descriptions of the water analysis
diagrams that graphically display common chemical compo-
nents of multiple sets of water analyses from natural ground
water sources.

4.1.1 The historical development of four of the more com-
monly used diagrams (1-13) is described in Section 1.

4.1.2 Other less commonly known methods of graphically
displaying multiple sets of water analyses are described briefly.

4.2 The minimum required chemical constituents from each
water analysis for inclusion on the four more commonly used
diagrams are listed.

4.3 The recommended analytical accuracy or chemical bal-
ance of the minimum required chemical constituents is defined.

4.4 Calculations required for the preparation of an analysis
for plotting on a diagram are described.

4.5 Detailed descriptions and applications for the following
more commonly used water analysis diagrams are given:

4.5.1 Hill geochemical pattern diagram,

4.5.2 Langelier and Ludwig water classification diagram,

4.5.3 Piper water analysis diagram, and

4.5.4 Durov water classification diagram.

4.6 Automated procedures (computer-aided graphics) for
basic calculations and the placement of analysis plot symbols
onto computer-generated water analysis diagrams are de-
scribed.

4.7 A list of references is cited and provided for additional
information.

4.8 A bibliography (non-referenced documents) is provided
for further sources of information.

5. Significance and Use

5.1 Many thousands of water samples are collected each
year and the chemical components are determined from natural
ground water sources.

5.2 A single analysis can be interpreted easily regarding
composition and geochemical type; however, it is difficult to
comprehend all of the factors of similarities, interrelationships,
and differences when large numbers of analyses are being
compared.

5.3 One of the methods of interpreting the implication of
these chemical components in the water is by displaying a
number of related water analyses graphically on a visually
summarizing water analysis diagram.

5.4 The water analysis diagrams described in this guide
display the percentages of the individual cation and anion
weights of the total cation and anion weights on graphs shaped
as triangles, squares, diamonds, and rectangles.

Note 3—The concentration of dissolved solids determined for each
analysis is not evident by the plotted location. Scaled symbols, usually
circles, can represent the amount of dissolved solids for each analysis
plotted on the diagrams.

5.5 Classification of the composition of natural ground
water is a major use of water analysis diagrams.

Note 4—Palmer (20) developed a tabular system for the classification
of natural water. Hill (1) classified water by composition using two
trilinear and one diamond-shaped diagrams of his own design combined.
Back (21) improved the classification techniques for determining the
hydrochemical facies of the ground water by a modification of the Piper
diagram.

5.6 The origin of the water or degree of mixing may be
postulated by examination of the placement and relationship of
the cations and anions from different water samples that are
plotted on the diagrams.

5.7 Numerous interpretive methods are possible from the
examination of water analysis diagrams. For example, it is
reasonable to hypothesize the path that the ground water has
traveled while in the hydrologic regime, the amount of mixing
that has occurred with water from a different origin, and the
effects of ambient conditions, such as air, temperature, rock,
and man-induced contaminants, on the water.

Note 5—It should be noted that for many hydrochemical research
problems involving the interpretation of the origin, chemical reactions,
and mixing of natural water, the water analysis diagram is only one
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segment of several analytical methods necessary to understand the
condition.

6. Documentation

6.1 Introduction:

6.1.1 An outline of graphical plots by Hem (14) describes
the trilinear plotting systems developed to display the chemical
composition of natural waters. Hem’s summary states,” All
trilinear plotting techniques are, in a sense, descendants of the
geochemical classification scheme of Palmer” (20).

Note 6—The publication by Hem (14) offers an overview of the
geochemistry of natural waters and was used throughout this guide as a
source of information. A number of other excellent publications are
available for the geochemistry of natural ground water; most of those are
referred to in the text and listed in the bibliography.

6.1.2 The earliest reference to the use of trilinear plots to
study ground water was by Emmons and Harrington (22) for
the study of mine water composition. Their method was
designed principally to examine some of the less common ions
that are found in the mineralized waters associated with mines,
not with potable ground water.

Note 7—Earlier uses of the trilinear diagram, attributed to Gold-
schmidt (23), were in the study of the geochemistry of metamorphic rocks
in Norway. Brownlow (24) has numerous examples of the use of trilinear
diagrams in the study of igneous and metamorphic rocks. Bumb, et al (25)
presented a trilinear diagram designed by the U.S. Department of
Agriculture, Soil Conservation Service, that delineates the basic soil
texture classification.

6.1.3 The first documented use of the cation and anion
trilinear diagrams that incorporated a combined cation/anion
diamond-shaped diagram for assisting in the interpretation of
quality data for potable ground water was by Hill (1) (Fig. 1).
Developed from work performed by Palmer (20), Hill’s dia-
gram provides a graphical representation of the chemical
characteristics of different natural waters and mixtures of these
waters.

6.1.4 Langelier and Ludwig (4) developed a rectangular
graph without the trilinear plots (Fig. 2) that they described as
an adaptation of the trilinear method of Hill (1). They changed
the outward form of the diagram in order to permit the use of
standard triangular graph paper.

6.1.5 Piper (5, 6) developed a method (Fig. 3) similar to
Hill’s independently. He describes the graphical procedure as
“an effective tool in segregating analytical data for critical
study with respect to sources of the dissolved constituents in
waters, modifications in the character of a water as it passes
through an area, and related geochemical problems.”

Note 8—The method developed by Piper was distributed originally as
an unpublished document to his coworkers in the Ground Water Branch of
the Water Resources Division (WRD), U.S. Geological Survey (USGS),
on Oct. 5, 1942. Because of Piper’s influence and his promotion of the
technique, the trilinear form that he identified as the water analysis
diagram became used widely and known subsequently as the Piper
diagram (Fig. 3).

6.1.6 Durov developed a series of diagrams (7-13) similar to
those of Hill, Langelier and Ludwig, and Piper that provides
the percentage of cations and anions on individual trilinear
diagrams, and the intersection of lines extended from the cation
and anion diagrams to a square gives the major-ion type of the

water (Fig. 4). However, in addition, Durov extended the
cation and anion lines to two rectangles adjacent to the square
to provide for the representation of two other parameters, for
example, dissolved solids, pH, specific conductance, etc. (de-
scribed by Freeze and Cherry (17)).

6.1.7 Other researchers developed graphical display meth-
ods that are similar to those described above.

6.1.7.1 Kiss (26) developed a square four-coordinate dia-
gram in which the alkaline earths are compared with the alkalis
on the vertical axis, while the anions chloride, sulfate, and
hydrogen carbonate (bicarbonate) appear on the horizontal axis
(Fig. 5a). The analysis is represented on the diagram by a
horizontal line, the length of which corresponds to the percent-
age of sulfate content (27).

6.1.7.2 Water-type diagrams were developed by Tolstichin
(Fig. 5b) (28) and Furtak and Langguth (Fig. 5c) (29) that
designate a number for the water type, depending on where the
analysis plots on the diagram (27). For example, for the
example analysis (Table 1), the water type numbers are 11 for
the Tolstichin diagram and 98 for the Furtak and Langguth
diagram (classified as a Ca-HCO; water).

6.1.7.3 Schwille (30) devised a hardness triangle to compare
total hardness, carbonate hardness, and noncarbonate hardness
(Fig. 5d) (27). In German hardness or meq/L units (one
German unit in degrees = 17.8 mg/L hardness), the scale of the
diagram is determined by the highest hardness value to be
plotted. The plot symbol can represent the sampling category
(for example, aquifer unit, lithology, etc.). Equal symbols can
be enclosed by lines and the enclosed areas filled in with a
pattern to emphasize a particular category. In addition, other
ion values (for example, Cl and SO,) for each analysis can be
plotted on scaled rectangular diagrams that are positioned
parallel to the sides of the triangular hardness diagram. Fig. 5d
demonstrates the technique of plotting the individual ions.

6.1.7.4 Filatov (31) proposed a two-point system with
cation and anion equilateral triangles having a common side
(Fig. 6a), thus forming a diamond-shaped diagram (described
by Hem (14)). Each triangle is divided into ten segments. The
segments are of three different sizes. Each segment is identified
by the predominate ion or ions. Areas with no predominate ion
are classified as mixed.

Note 9—The diagram is scaled with each side representing 50 % of the
total ions (cations plus anions), so that a cation or anion plot position
would be computed, for example, as follows:

Ca meq/L units

% Ca = {Ca+ Mg ¥ Na + C + SO, + HCO,) meg/L umits ¥

Filatov presented an anion coefficient that identifies mixed waters numeri-
cally (see Analysis 3 in Table 2). Anion coefficients that are in the range
from 0.5 to 1.0 units plot in the mixed area of the diagram. The same is
true with cation coefficients. The anion computation is as follows:
% predominate anion
2 % remaining anions

6.1.7.5 The method given by Franko, et al (32) uses a water
chemistry classification based on the principle of ion combi-
nations that is attributed to the Gadza (33) and a modification
of the Palmer system (20). The classification diagram of
chemistry of mineral water (Fig. 6b) shown by Franko, et al

anion coefficient =

®
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(32) consists of two trilinear plots with a log-scaled,
rectangular-shaped graph placed between the bases of the
trilinear plots. The trilinear plots are for providing the percent-
ages of the combined ion meq/L values. The rectangular-
shaped graph is for providing the mg/L value of the dissolved
solids for each analysis.

Note 10—Table 3 lists selected analyses from Franko, et al (32). Table
3 also gives the combined ion meq/L percentages in the order dictated by
using the principle of ion combinations. Fig. 6b uses these meq/L
percentages as plot positions. The dissolved solids value is positioned on
the rectangular graph at right angles to the plotted point on the trilinear
diagram.

Note 11— In Fig. 6b and Table 3, the symbol S1 is primary salinity, S2
is secondary salinity, S3 is tertiary salinity, Al is primary alkalinity, A2 is
secondary alkalinity, and is tertiary alkalinity. In Fig. 6b and Table 3, the
S1 (Cl) is combined with S1 (SO,), and the S2 (Cl) is combined with S2
(SO ,) + S3 for plotting. The A2 and A3 (CaHCO; and MgHCO5) are also
combined.

6.1.7.6 D’Amore, et al (34) proposed a classification dia-
gram that uses the diamond-shaped plot of Piper in conjunction
with rectangular-shaped graphs (Fig. 7). The purpose of the
combined graphs is to improve the definition of hydrochemical
facies and to determine the percentages of parent waters in
mixed waters better. The number of rectangular graphs in-
cluded on a complete classification diagram depends on the
number of categories to be portrayed, with a category being
one or more water analyses from an individual aquifer,
lithologic unit, or distinct hydrologic source.

Note 12—The Piper plot is conventional, with the cations meq/L %
plotted against anions meq/L %. As defined by D’Amore, et al, the
rectangular graph uses six computations (Parameters A through F) to
emphasize distinct water groups. Parameters other than those defined may
be useful, depending on the geochemistry of the area studied. The anion
and cation components are in meq/L units in the computations (see Table
4 for four analyses from four different sources). The minimum, maximum,
and mean values can be plotted for each parameter when multiple analyses
exist for a single source. Fig. 7 includes an example of the symbol used
for multiple samples. Resultant parameters are normalized between —100
and +100 to widen the range of the plotted values. The computations as
given by D’Amore are as follows:

Parameter A: m (HCO; — SO,) (6)

Parameter A assists in distinguishing between water that circulates through
calcareous terrains and those occurring in evaporitic rocks.

SO, Na >

@)

Parameter B: 100 <Z (anions) = (cations)
Parameter B discriminates between sulfate-enriched waters circulating in
evaporitic terrains and sodium-enriched waters that have encountered
marly, clayey sedimentary terrains.

] Na Cl
Parameter C: 100 | 5 (cations) = (anions) ®

Parameter C tends to distinguish between waters deriving from volcanites
and those coming from carbonate-evaporitic series or from a regional
quartzitic schistose basement.
P D: 100( —— Mg
arameter D: m
Parameter D distinguishes between waters that have circulated
in dolomitized limestones.

(©)]

Ca + Mg HCO;
Parameter E: 100 -

S (cations)  >(anions)

(10)

Parameter E distinguishes between waters that have circulated in carbon-

ate aquifers and those in sulfate-bearing aquifers.

Ca— Na— K
> (cations)

Parameter F: 100 < (11)

Parameter F reveals the increase of K concentration in water samples.

6.1.7.7 Carrerro (14, 35) described a system (he attributed
to Hermion Larios) that consists of individual cation and anion
trilinear diagrams (Fig. 8) that are divided into ten equal areas.
These areas are numbered from zero through nine.

Note 13—The four small triangles shown within the larger triangles of
Fig. 8 individually have the same area as each of the six irregular
polygons. The plotted position (based on a 100 % meq/L scale) of the
meq/L percentage cations or anions of an analysis falls within a numbered
segment of each diagram. The cation number is combined with the anion
number to signify a two-digit classification number, for example, Analysis
4 is classified 44, a sodium chloride water, such as from the ocean. Others
shown in Fig. 8 and listed in Table 2 include Analyses 1 and 3 (99, calcium
bicarbonate with a quantity of magnesium and sulfate) and Analysis 2 (38,
sodium sulfate with a quantity of calcium and bicarbonate).

6.2 Minimum Data Requirements—The basic water analysis
diagram requires water analyses that have a minimum number
of major ions determined. The constituents used commonly on
the diagrams are the cations calcium (Ca), magnesium (Mg),
sodium (Na), and potassium (K) and the anions bicarbonate
(HCOs;), carbonate (COs), sulfate (SO,), and chloride (Cl). If
some other ions, such as dissolved iron (Fe**) and ammonia
(NH,*"), exceed the conventional group described above in
special circumstances, and all water analyses for the study
include these constituents, they can replace or be added to the
ion with which they are most similar. If the major anions and
cations do not balance within a reasonable percent, normally 0
to =10 %, the analysis cannot be used (16, 18).

Note 14—Natural potable waters normally contain relatively few
dissolved constituents in concentrations greater than 1 mg/L. The maxi-
mum recommended dissolved solids for drinking water by the U.S. Public
Health Service is 500 mg/L. The World Health Organization (36)
guidelines recommend a maximum of 1000 mg/L dissolved solids.

6.3 Recommended Accuracy for Chemical Balance—The
chemical balance or chemical equilibrium of a complete
analysis (all major ions determined) is calculated by converting
the ions from mg/L to meg/L values and adding the cations
together and the anions together. The computation for percent
balance is as follows, with zero as the optimum percentage
value (the percentage is determined by multiplying the com-
puted value times 100):

%chemical balance ()

total cations — total anions (megq/L)
" total cations + total anions (meq/L)

X 100
12)

Recommended Chemical Balance for Use of Analyses on
Water Analysis Diagrams
Chemical Balance
within+ 5 %
within =3 %

Dissolved Solids
0 to 100 mg/L
101 to 250 mg/L
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greater than 250 mg/L within £2 %

Note 15—Minor amounts of ions such as fluoride (F), nitrate (NO;),
iron (Fe), and barium (Ba) may occur in natural ground water, but
normally they do not influence the chemical balance significantly. If any
of these ions (for example, NO;) occur in amounts that alter the chemical
balance, they can be included in the computations for construction of
water analysis diagrams (for example, include the NO; with C1 + SO , on
the diamond-shaped diagram and SO, +NO 5 on the trilinear anion
diagram). Other constituents may occur in minor amounts in a colloidal or
suspended state, such as silica (SiO,), iron hydroxide (Fe), and aluminum
compounds (Al), and they are not considered in the chemical balance
because they are not dissolved constituents.

Note 16— In a study of the Delmarva Peninsula, Hamilton, et al (37)
used 10 % as the error limit for the ionic charge balance of analyses with
a complete set of major ions (nitrate was excluded as a major ion). In
addition, there may be circumstances under which the ionic balance is
greater than 10 % due to analytical error. If so, specify the circumstances.

6.4 Required Calculations for Diagram Construction:

6.4.1 Equivalent Weight Factors—The factors (see 3.1.4)
used for converting the most common ions (used on the water
analysis diagrams) to meq/L from mg/L or epm from ppm
values are as follows:

Anions
bicarbonate, 0.01639
carbonate, 0.03333
sulfate, 0.02082
chloride, 0.02821

Cations
calcium, 0.04990
magnesium, 0.08229
sodium, 0.04350
potassium, 0.02558
6.4.2 Individual Cation and Anion Diagram—The percent-
age values used for plotting on the water analysis diagram are
determined by multiplying by 100 the number derived from
dividing the total meq/L or epm value of either the cations or
anions into the individual cation or anion value. For example,
the number derived from dividing the total cation value
(Ca+ Mg+ Na+K) into the meq/L or epm value of Ca is
multiplied by 100 to yield the percentage of Ca in the total
cations (by weight).
meq/L Ca
meg/L (Ca + Mg + Na + K)

% Ca = X 100 (13)

This percentage is the plot value for Ca on the cation trilinear
diagram. This procedure of computation is followed for each of
the remaining cations (Mg and (Na + K)) (Fig. 9) and for each
of the anions (Cl, SO,, and (HCO; + CO;)) for the anion
trilinear diagram.

6.4.3 Combined Cation and Anion Diagram— The values
used for plotting on the diamond-shaped, square, or rectangular
diagram are determined by multiplying by 100 the number
derived from dividing the total meqg/L or epm value of either
the cations or anions into the combined value of cations or
anions. For example, the number derived by dividing the total
cation value (Ca + Mg + Na + K) into the combined value of
Ca+ Mg is multiplied by 100 to yield the percentage of
Ca + Mg of the total cations.

meq/L (Ca + Mg)

% (Ca + Mg) = meg/L (Ca + Mg + Na + K)

X100 (14)

Note 17—The above percentage is the plot value for Ca + Mg on the
cation axis of the diagram. The percentage of the cations (Na + K) is the
remaining amount (percent of (Ca + Mg) + percent of (Na + K), equals
100 %); only one plotted position is therefore required along the cation
axis (oriented from the lower right to upper left) (Fig. 10). The position on
the anion axis (oriented from the lower left to upper right) is determined

using a similar procedure with the anion values. For example, the total
anion value (SO, + Cl + CO ; + HCO;) divided in the combined value of
SO, + Cl yields the percentage SO, + Cl of the total anions. This
percentage is the plot position for SO, + Cl on the anion axis of the
diamond-shaped diagram. The plot position of the cation value on the
cation axis is therefore placed at the cross point for the plot position of the
anion value on the anion axis.

6.4.4 Example of Computations Using an Actual Chemical
Analysis—An example of the computations required to prepare
a complete chemical analysis for plotting on standard water
analysis diagrams is given in Table 5.

6.4.4.1 Chemical Analysis—The following is the chemical
analysis that is used as an example for demonstrating the steps
needed for to plot constituent values.

(1) Example of meq/L Computation:

1.15 meq/L Ca = 23 mg/L Ca X 0.04990 (conversion factor)
(15)

6.4.4.2 Chemical Balance—The chemical balance of the
analysis is checked as follows:

3.09 (anions)
97 % (balance) = 3.18 (cations)

_2.80+ 0+ 0.02 + 0.27 (anions)
=115+ 039 + 1.52 + 0.12 (cations) ~

100 (16)

6.4.4.3 Cation Trilinear Diagram—Plot positions (the per-
centage of each cation constituent) for the cation trilinear
diagram are determined by dividing the total cation amount in
meq/L into the meq/L amount for each cation (Fig. 11).

Note 18—Plot values are rounded to a whole number for illustration in

Fig. 11.
(1) Example of Plot Value (Cation Percentage) Computation:

_ 1.15meq/L Ca
36.2 % Ca = m X 100 (17)

_ 0.39 meq/L Mg
12.2% Mg = 373 meq/L cations X 100 (18)

1.52 meq/L Na + 0.12 meq/L K

51.6 % Na + K = X 100 (19)

3.18 meq/L cations

6.4.4.4 Anion Trilinear Diagram—Plot positions (the per-
centage of each anion constituent) for the anion trilinear
diagram are determined by dividing the total anion amount in
meq/L into the meq/L amount for each anion.

(1) Example of Plot Value (Anion Percentage) Computa-
tion:

2.80 meq/L HCO; + 0 meq/L CO4 %

90.6 % HCO, + CO, = 3.09 meq/L anions 100
(20)
6.4.4.5 Cation/Anion Diamond or Square Diagram:
_0.02meq/L SO,
0.7 % SO, = m X 100 21)
0.27 meq/L Cl
8.7 % Cl = 100 22)

3.09 meq/L anions X

Plot positions for the cation/anion diamond diagram are
determined by dividing the Ca+ Mg meq/L value and the
Na + K meq/L value by the total cation meq/L value. The anion
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portion is determined by dividing the HCO; + CO; meq/L
value and the SO, + CI meg/L value by the total anion meq/L
value.

(1) Example of Plot Value (Cation/Anion Percentage) Com-
putation:

1.15 meq/L Ca + 0.39 meq/L Mg %

48.4 % Ca + Mg = 3.18 meq/L cations 100

(23)
_ 1.52meq/L Na + 0.12 meq/L K
51.6 % Na + K = 3.18 meq/L. cations X100 (24)
2.80 meq/L HCO; + 0 meg/L CO;4
90.6 % HCO; + CO ; = 3.00 mequ amions =X 100
(25)
0.02 meq/L SO, + 0.27 meq/L C1

9.4 % SO, + Cl = X 100 (26)

3.09 meq/L anions

Note 19—Dissolved Fe (Fe™ and Fe™) can be a larger component in
some aquifers of terrestrial origin than Na + K (for example, coals, iron
bog ores, and deltaic deposits). The Fe usually occurs in the deposits as an
iron carbonate (FeCOj) that dissolves to Fe and CO; in the water or an
iron sulfate (FeSO,) that dissolves to Fe and SO, in the water.

6.5 Water Analysis Diagrams:

6.5.1 Hill Geochemical Pattern Diagram:

6.5.1.1 The geochemical display designed by Hill (1) con-
sists of three interconnected diagrams, a triangular-shaped
cation, a triangular-shaped anion, and a diamond-shaped com-
bined cation-anion graph (see Fig. 1).

Note 20—The bottom diagram in Fig. 1 is presented to assist in
geochemical classification of the analyses by identifying the positions of
the primary types and subtypes on the upper diagram.

6.5.1.2 The Hill diagram was the first trilinear graph to be
described in the United States that incorporated a combination
of cation and anion fields to display the chemical constituents
of natural water.

6.5.1.3 The diagram was designed primarily to be a
geochemical chart that incorporates a modification of the
geochemical classification as proposed by Palmer (20), used by
Rogers (39), and developed subsequently by Clarke (40).

Note 21—Clarke (41) later concluded that the Palmer method was
limited because “it takes no account of the silica in natural waters and is
of little use in the study of mineral springs and mine waters.”

6.5.1.4 Hill states, “Palmer grouped the strong acids to-
gether and arrived at four principal geochemical classifications:
primary salinity; primary alkalinity; secondary salinity; and
secondary alkalinity.” Hill also states, “For engineering and
agricultural use, it seemed advisable to modify Palmer’s
grouping and to use the following geochemical classifications™:

(1) Group ZI—The common salt group or primary salinity,
including sodium chloride, potassium chloride, sodium nitrate,
and potassium nitrate (Primary Types VII and VIII).

(2) Group Z2—The alkali group or primary alkalinity,
including sodium sulfate, sodium bicarbonate or carbonate,
potassium sulfate, and potassium bicarbonate or carbonate
(Primary Types IV and VI).

(3) Group Z3—The bittern group or secondary salinity,
including calcium chloride, magnesium chloride, calcium ni-
trate, and magnesium nitrate (Primary Types III and V).

(4) Group Z4—The hardness group or secondary alkalinity,
including calcium bicarbonate or carbonate, magnesium bicar-
bonate or carbonate, calcium sulfate, and magnesium sulfate
(Primary Types I and II).

(5) Group Undefined—Water that plots near the center of
the diamond diagram is not defined regarding geochemical
group (Primary Type X).

6.5.1.5 The dominant geochemical subtypes of the cations
and anions are defined for an analysis by use of the lower left
and lower right triangular portions as delineated in the bottom
diagram (Fig. 1). The two diagrams are subdivided into four
smaller triangular segments, with each representing a dominant
ion subtype, described as follows:

Cation Subtypes
a—Mg dominant
b—no cation dominant
c—Ca dominant
d—Na + K dominant
Anion Subtypes
a—SO0, dominant
b—no anion dominant
¢c—HCO; + CO3 dominant
d—ClI + NO3 dominant
6.5.1.6 Examples of geochemical classifications as deter-
mined on the Hill diagram and described by Langelier and
Ludwig (4) are illustrated in Fig. 12. Analysis 1 is classed as
cllc (c cation, II primary type, and ¢ anion). Cation c is Ca
dominant, Primary Type II is in the Z4 group (hardness or

secondary alkalinity), and anion ¢ is HCO5; + CO5; dominant.

Note 22—The method for computing the ion plot positions for the Hill
diagram is described in 6.4.

Note 23—The lines connecting the analyses numbers (1, 2, and 3) in
Fig. 12 are to illustrate the relationship of the three plot points for each
analysis and are usually not included on the final diagram.

6.5.1.7 Analysis 2 in Fig. 12 is classed dVIIId, which
defines the cation d as Na + K dominant, Primary Type VIII as
in the Z1 group (common salt or primary salinity), and anion d
as Cl + NO; dominant.

6.5.1.8 Analysis 3 in Fig. 12 is classed dIVa, which defines
the cation d as Na + K dominant, Primary Type IV as in the Z2
group (alkali or primary alkalinity), and anion a as SO ,
dominant.

6.5.1.9 Symbols for the ion plot positions on the Hill
diagram can be scaled circles representing the amount of
dissolved solids in the water, numbers for cross-referenced
analyses given in a separate table and described in a report, or
a variety of symbols (squares, circles, etc.) to identify the
geologic source of the water, etc. The objective of the water
study project routinely dictates how the plot positions are
symbolized on the Hill diagram.

6.5.2 Langelier and Ludwig Water Classification Diagram:

6.5.2.1 The diagram presented by Langelier and Ludwig (4)
consists of a square-shaped combined cation-anion graph (see
Fig. 2) that is a modification of the design by Hill (1).

6.5.2.2 Being familiar with the trilinear diagram method as
developed by Hill (1), Langelier and Ludwig felt that “this
three-point method seems to be unnecessarily cumbersome in
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execution and, in graph, difficult to visual interpretation.” Also,
“a more practicable method is one in which the general
character of the sample is indicated by the position of a single
point, and where-in more specific or critical data are indicated
by special characters or symbols.”

6.5.2.3 The diagram is designed primarily to assist in the
classification of waters based on the major chemical constitu-
ents, using a geochemical grouping as devised by Palmer (20).

6.5.2.4 The Langelier and Ludwig water classification dia-
gram is made of a square divided into two triangles by a 45°
line running from the lower left corner of the square to its
upper right corner. The upper triangle, the A triangle, repre-
sents an alkali group, while the lower B triangle represents a
hardness group. Each of the two type triangles is divided into
four subtype triangles: the alkali A triangle into AA, Al, A2,
and A3 and the hardness B triangle into BB, B1, B2, and B3.
The plot location of the analysis in the subtype triangles
indicates the dominant property class, as follows:

Dominant Classes as Indicated by Subdivisions on the Diagram
AA—carbonate alkali (Na,SO,, NaHCO3, Na,CO3, K,SO,, KHCO3, and
K2COy)

BB—non-carbonate hardness (NaCl, KCI, NaNOg, and KNO3)

A1 and B1—carbonate hardness (Ca(HCO3),, CaCOg3, Mg(HCO3),, MgCOs,

CaS0O,, and MgSO,)

A3 and B3—non-carbonate alkali (CaCl,, MgCl,, Ca(NOs),, and Mg(NOs),)

A2 and B2—no dominant class

6.5.2.5 In Fig. 13, the plot position for analysis number one
is in the A1 triangle (carbonate hardness), the second is in the
AA triangle (carbonate alkali), the third is in A3 (non-

carbonate alkali), and the fourth is in B2 (no dominant class).

Note 24—The method for computing the ion plot positions for the
Langelier and Ludwig diagram is described in 6.4.

6.5.2.6 The analysis numbers (see Nos. 1, 2, 3, and 4 in Fig.
13) are a cross-reference index to an accompanying table of
chemical constituent values in meq/L, percentages of indi-
vidual ion weights, dissolved solids in mg/L, and the Langelier/
Ludwig classifications (Table 6). The analyses used by Lange-
lier and Ludwig (4) are from a publication by Collins, et al
(42).

6.5.2.7 Symbols shown on the original Langelier and Lud-
wig diagram are scaled circles, with the size representing the
dissolved solids value, in meq/L, for each plotted analysis. The
approximate value is determined by comparing the diameter of
the circle with an accompanying scale (Fig. 13).

Note 25—The method of determining the meq/L value of the Analysis
No. 1 circle is given by comparing the scale shown on the full diagram,
the offset, and the expanded scale. Note that each 1 % value on the full
diagram and the offset represents 1 unit on the expanded scale. The circle
of Analysis No. 1 is approximately 6.5 units (6.5 %) in diameter.
Therefore, as given on the expanded unit and meq/L log scale, 6.5 units is
equal to approximately 11 meg/L of dissolved solids.

6.5.3 Piper Water Analysis Diagram:

6.5.3.1 The Piper diagram consists of three interrelated
diagrams: a triangular-shaped cation, a triangular-shaped an-
ion, and a diamond-shaped combined cation-anion graph (see
Fig. 3). The combined cation-anion diagram is essentially a
mirror image of the Langelier and Ludwig water classification
diagram; however, the shape is a diamond with trilinear
coordinates instead of being a square with Cartesian coordi-
nates.

Note 26—According to Zaporozec (43),” Actually, Piper’s diagram in
the version now used is a Hill’s modification from 1944” that was given
in the Discussion section of Piper’s article.

Note 27—The Piper diagram is basically used as support for evaluating
scientific interpretations of the hydrology of ground water aquifers. This
diagram and modifications of the diagram are the most common methods
used in the United States by the hydrologic profession for illustrating a
number of chemical analyses, with each as single point on a graph.

Note 28—Names that the diagram has been referred to are the Piper
diagram, Piper trilinear diagram, water analysis diagram, hydrochemical
classification system, trilinear diagram, and water chemistry diagram.

6.5.3.2 Piper (5) described the method as having “certain
fundamental principles in a graphic procedure which appears to
be an effective tool in segregating analytical data for critical
study with respect to sources of the dissolved constituents in
waters, modifications in the character of a water as it passes
through the area, and related geochemical problems.”

6.5.3.3 Piper stressed the usefulness of the diagram as a
means for evaluating mixtures evolving from such phenom-
enon as salt-water intrusion into aquifers of coastal areas. Piper
states, “Mixtures of two waters in all proportions, if all
products remain in solution, plot in the three fields on respec-
tive straight lines that join the points representing the respec-
tive chemical characters of the two waters mixed” (see
Analyses A, B, and M in Fig. 14). A study by Poland, et al (44)
is one of the many examples of this type of evaluation.

Note 29—The following equations can be used to estimate the volumes
of parent Waters A and B in the assumed Mixture M (after Walton (45)):

_ EEa; + b)
En=QE,+5E, @n
_ biE,
Vo= aE, + biE,
_ aiEa
Vo= aE, + biE,
Cm . Cava + Chvh
where:
E,, = concentration of Mixture M (mg/L or meq/L),
E, = concentration of Water A (mg/L or meq/L),
E, = concentration of Water B (mg/L or meq/L),
a; = intercept between the plotting of A and M, measured in any of

the three fields (cation trilinear, anion trilinear, or cation/anion
diamond) of the diagram and any convenient scale,

b; = intercept between the plotting of B and M, measured in any of
the three fields (cation trilinear, anion trilinear, or cation/anion
diamond) of the diagram and any convenient scale,

V, = proportionate volume in Mixture M of water having Compo-
sition A,

V, = proportionate volume in Mixture M of water having Compo-

sition B,

C, = concentration in mixture Water M (mg/L or meq/L),

C, = concentration in component Water A (mg/L or meqg/L), and

C, = concentration in component Water B (mg/L or meq/L).

For example, in Fig. 14, if the hypothetical concentration of parent
Water A is 50 meq/L (E,) and parent Water B is 100 meq/L (E,), the
computed concentration (E,,) of mixed Water M is 83 meq/L (the line
between A and B is 10 units in length, 8 units between A and M (q;), and
2 units between B and M (b,)).

83 meq/L (E,,) =
(50 meqg/L (E,) X 100 meq/L (E,)) X (8 units (a;) + 2 units (b))
(8 units (g;) X 50 meq/L (E,)) + (2 units (b;) X 100 units (E,))
(28)
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If this value is in agreement with the analytical concentration of M
(along with other hydrologic data), it can be assumed that M is a mixture
of parent Waters A and B. This would indicate that the mixed water
consists of a 0.333 portion (33.3 %) of parent Water A (V ) and 0.667
(66.7 %) of parent water B ( V).

0.333(V,)
_ 2 units (b;) X 100 meq/L (E})
~ (8 units (¢;) X 50 meq/L (E,)) + (2 units (b;) X 100 meq/L (E,))
(29)

0.667 (V,,)
8 units (a;) X 50 meq/L (E,)

~ (8 units (q;) X 50 meq/L (E,)) + (2 units (b;) X 100 meq/L (E,))
(30)
Many altering factors are involved in nature, such as base exchange and
sulfate reduction; the plot positions of the three analyses may therefore not
fall on a line and the volumes determined from the proportions of

chemical components may not be absolute.

6.5.3.4 A mixture of three parent waters can be evaluated by
use of the above computation method (see Analyses A, B, C,
and M in Fig. 15). The plot position of the assumed mixed
water (M) will fall within a triangular area formed by connect-
ing the plot positions of the three parent waters (A, B, and C)
(5).

Note 30—To determine the proportionate volumes of three hypotheti-
cal parent waters in the mixed water, draw a line from one of the parent
waters (for example, C) through the presumed mixed water (M) to
intersect (Point X) a line drawn between the other two parent waters (A
and B). The point X represents a hypothetical mixture of parent Waters A
and B in the same proportions that these waters would enter into the mixed
water (M). Use the above two-parent waters formulas to compute the
composition and concentration of hypothetical Water X from the known
values of parent Waters A and B. In turn, determine the value of the mixed
water (M) from the value of parent Water C and hypothetical Water X.

6.5.3.5 Back (15, 21) presented the concept of hydrochemi-
cal facies for the study of ground water in the Atlantic Coastal
Plain. Back used the parallelogram or diamond diagram for this
study as a method for categorizing the chemical analyses into
the various facies. The evolution of the hydrochemical facies as
the water moves through the aquifer was shown by the use of
a combined cation-anion diamond diagram in a ground water
study of the Gulf Coastal Plain in Louisiana (46). Seaber (47)
included the cation and anion triangular diagrams along with
the diamond diagram (see Fig. 16), thereby strengthening the
method by being able to comprehend the relationships of the
individual ions more easily.

6.5.3.6 Water analysis diagrams can be used to illustrate the
hydrochemical facies change by the use of arrows to indicate
the direction that the water moves from the recharge area to the
discharge zone of the ground water aquifer (Fig. 17 and Table
7) (48) (see p. B18 in Hamilton, et al (37)) or from the recharge
area to the salt-water interface (46). Poland, et al (44) used
arrows to indicate a time sequence of salt-water contamination
of ground water over a 15-year period in a well field at El
Segundo, CA.

6.5.3.7 Schmidt, et al (49) demonstrated the value of using
the trilinear diagram to study the pollution of a ground water
aquifer resulting from the disposal of brines into surface pits.
The salt-water plume was traced over a 26-year period as the
polluted water moved down the hydraulic gradient. Other

possible uses of the diagram are in studies of pollution from
highway salting, septic tanks, or other situations in which a
water of one type is contaminated deliberately or inadvertently
by a foreign liquid or dissolvable substance.

6.5.3.8 Another example of use of the Piper diagram is
demonstrated by a study of the infiltration of moderately
contaminated water from a river and the upflow of water from
an underlying carbonate bedrock aquifer, both of which are
induced by the pumping of wells in a contiguous glacial-drift
ground water aquifer (50). The resulting hydrochemical mix-
ture of these three types of water is demonstrated by plotting
the analyses on the diagram.

6.5.3.9 Symbols on the Piper diagram are used as an
identification of the water source (49, 51-54). For example,
Fig. 18 shows three diverse symbols for water from the
peripheral bedrock (a solid circle), alluvial fans, and outer
basin fill (an open square), and salt flats (an “x”).

6.5.3.10 Symbols consisting of scaled circles (usually log
scale) are used to represent the dissolved solid concentrations
in ppm, mg/L, epm, or meqg/L units (5, 37, 43, 55-58).
Examples of scaled symbols using meq/L are shown in Fig. 13.

6.5.3.11 Concentrations of other ions of interest to a par-
ticular study, for example, selenium (Se) or oxygen-18 (59),
can be shown on the diagrams by the use of scaled or
distinctive symbols. Piper, et al (58) used scaled lines extend-
ing from the center of the analysis plot position to give the
concentrations, in meq/L %, of the Mg and SO, ions.

6.5.3.12 Numbers adjacent to the plot points or symbols are
used for cross reference to an accompanying table of analyses
(60), sample collection depths (61), geographical area of data
collection (18), aquifer identification (62), cross reference to an
areal map (37, 63), or identifications on a geologic section (46).

6.5.3.13 Three statistical methods were developed by Helsel
and Slack (64) to provide repeatable and quantitative proce-
dures for illustrating curves representing chemical characteris-
tics, directions of chemical change, and group boundaries on
the Piper diagram. Based on smoothing procedures, the first
method characterizes the general location of data. The second
method draws a line that defines the central backbone of the
data. The third method draws envelopes of confidence intervals
for locations of data groups when multivariate normality can be
assumed.

6.5.3.14 Distinct groups of plotted points or symbols can be
highlighted by enclosing the group with a line or an envelope
(64, 65) (Fig. 18). Further emphasis can be placed on various
groups in the diagram by the use of a pattern within the
enclosed area (62).

6.5.3.15 An example of contouring directly on a Piper
diagram is demonstrated by illustrating a chemical change in
water moving downdip in two related aquifers (60). The
dissolved solid values were contoured to show the relationship
of the hydrochemical facies (which changed from a calcium-
magnesium bicarbonate to a sodium bicarbonate and a sodium
sulfate type) and the dissolved solids (which increased from
less than 400 mg/L to over 1000 mg/L).

6.5.3.16 A three-dimensional (3-D) version of the Piper
diagram has been developed by Briel (66). This computer-
driven procedure projects Z-dimension data from the surface of
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an ordinary X- Y dimension Piper plot into a triangular prism to
indicate how variations in chemical composition can be related
to variations in other water quality variables. Any third
dimension variable relating to the analyses can be illustrated,
such as the sample depth, specific conductance, dissolved
solids, and pH. The 3-D Piper diagram can be rotated about all
three axes ( X, Y, and Z) to permit the data to be seen from
many different viewpoints and reduce the bias introduced by
any single viewpoint.

6.5.4 Durov Water Classification Diagram:

6.5.4.1 The Durov diagram consists of three interconnected
diagrams, a triangular-shaped cation, an triangular-shaped
anion, and a combined cation-anion square-shaped graph (see
Fig. 4). In addition, the interconnected diagram has rectangular
extensions to plot additional water characteristic values of
importance to the study.

Note 31—Durov was a prominent Russian hydrologist who developed
a water classification diagram over a period of time, beginning in 1948. He
originally designed an inverted triangular diagram and later modified the
graph to one similar to that shown in Fig. 13. The discussions of the Durov
Classification Diagram by Zaporozec (43) and Chilinger (67) are very
informative.

6.5.4.2 As defined by Chilinger (67), the purpose of the
Durov diagram is to classify natural waters on the basis of ionic
composition. Durov (7) divided the natural waters into five
classes:

(1) Class I (primary waters) results from the action of
atmospheric precipitation on the Earth’s surface that was
leached of readily soluble salts.

(2) Class II (secondary waters) results from the enrichment
of primary waters with sulfates and chlorides of sodium and
magnesium that are present in sedimentary rocks.

(3) Class III (sulfate waters) results from secondary waters
upon the removal of bicarbonates and if the chlorides are of
secondary importance.

(4) Class IV (chloride waters) results from enrichment with
chlorides and the simultaneous loss of bicarbonates and sul-
fates, due to the precipitation of CaCO;, CaMg(COs;),, and
CaSO,, with the secondary waters changing to chloride-
predominant waters.

(5) Class V (alkaline bicarbonate waters) results from the
secondary waters upon the colloidal-chemical removal of Ca*",
Mg?*, and SO, ions by fresh-water clays.

6.5.4.3 An example of a Durov diagram with plotted values
is shown in Fig. 19. The method is similar to other techniques
(1, 4, 6), with the addition of the rectangular extensions.

Note 32—The Durov diagram illustrated in Fig. 19 shows the concen-
trations (Table 8) of the dissolved solids and free CO, on the extensions.
As shown in the cation trilinear diagram, Analysis 2 has 22 % Ca, 73 %
Na+ K, and 5 % Mg of the total cation mg/L. As shown in the anion
diagram, Analysis 2 has 25 % Cl, 35 % HCO; + COj, and 40 % SO, of the
total anion mg/L. The dashed horizontal line extends from Analysis 2 of
the cation diagram into the square diagram and on into the rectangular
extension to yield the value of the dissolved solids (8500 mg/L). The
dashed vertical line extends from Analysis 2 of the anion diagram into the
square diagram, where it crosses the horizontal line (the cross point yields
the major ion composition on a percentage basis) and on into the
rectangular extension to yield the value of the free CO ,(1600 mg/L). The
water type for Analysis 2 is a transition between Class III and Class V
(sulfate and alkaline bicarbonate).
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Note 33—The method for computing the ion plot positions for the
Durov diagram is described in 6.4.

6.5.4.4 An example of a modification of the Durov diagram
was used by Knobel and Phillips (68) in a study of the Magothy
aquifer in Maryland where the Fe concentration in the sampled
water was significant. They modified the traditional trilinear
cation portion of the diagram (see Fig. 4) by replacing the Mg
ion with Fe. The Mg was then combined with the Ca ion.

6.5.4.5 As developed by Helsel and Slack (64) for the Piper
diagrams, the method of using a polar smoothing routine was
used by Welch (69) on the Durov diagram to group, by
statistically determined envelopes, the analyses of water from
three aquifers in the Carson and Eagle Valleys of Nevada.

6.5.4.6 Numbered solid circles have been used to identify
the analyses on each of the segments of the diagram (cation and
anion trilinear plots, major-ion square plot, and two rectangular
extensions). The plotted numbers are normally cross-
referenced to an accompanying table of constituent values.

6.5.4.7 Symbols (for example, triangles, squares, and
circles) have been used to represent the five Durov chemical
classes of the water. Various combinations of shading of the
symbols have been used to portray transitional stages between
the classes (67).

6.5.4.8 As shown in Fig. 19 for giving the TDS and Free
CO, values, the rectangular extensions can be used to furnish
the values of Ph, specific conductance, hardness, and so forth.
Welch, et al (70) used the diagram in a traditional manner with
dissolved solids and pH on the extensions. In addition to pH,
Knobel and Phillips (68) used an extension to give the*
distance along flowpath, in miles” (the distance of sample
collection from the outcrop area of the aquifer) to reveal the
progressive change in the hydrochemical facies as the water
moves down gradient in the aquifer. Katz and Choquette (71)
used an extension to display the depth of the wells from which
the water samples were collected. Ward, et al (72) effectively
used an extension as a time scale to illustrate the change in the
quality of water from 1963 to 1979 in monitoring wells near
two waste injection facilities.

6.5.4.9 Several examples of the use of the Durov diagram
for assisting in interpretation of the geochemistry of ground
water are by Jackson and Lloyd (73) and Howard (74). They
used an adaptation of the diagram to interpret the regional flow
characteristics of aquifers in Eastern England. Sen and Al-
Dakheel (75) used the diagram in a study of the Umm Er
Radhuma carbonate aquifer of Saudi Arabia. Many general
geochemistry documents and texts provide descriptions of the
method; however, the use of the Durov diagram has not been
common in interpretative studies of the United States.

6.6 Automated Procedures for Water Analysis Diagrams:

Note 34—Literature searches and verbal inquires found computerized
procedures for the Piper and Durov diagrams. Although procedures for the
other water analysis diagrams discussed in this guide are probably
available, none could be found. Additional sources of computerized
procedures can be added in the subsequent revisions of this guide.

6.6.1 The Piper diagram was automated in 1966 for use with
computerized ground water quality files and a line printer (76).
The plot symbols on the water analysis diagram are identified
by adjacent numbers, for either geologic units (aquifer) or
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