QHny) Designation: D 5754 — 95 (Reapproved 2000)

Standard Guide for

Displaying the Results of Chemical Analyses of Ground
Water for Major lons and Trace Elements—Trilinear
Diagrams for Two or More Analyses

This standard is issued under the fixed designation D 5754; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonejf indicates an editorial change since the last revision or reapproval.

1. Scope course of action. This document cannot replace education or

1.1 This guide describes the category of water ana|ysi§xperience and should be used in conjunction with professional
diagrams that use two-dimensional trilinear graphs as a techiddgment. Not all aspects of this guide may be applicable in all
nique for displaying the common chemical components fronfircumstances. This ASTM standard is not intended to repre-
two or more complete analyses of natural ground water (se8€nt or replace the standard of care by which the adequacy of
Section 3) on a single diagram. This category includes not onli 9iven professional service must be judged, nor.sh?uld this
trilinear-shaped diagrams but also the diamond- O,dog:ument be applied without conS|derat|on ofa project’s many
parallelogram-, rectangular-, or square-shaped graphs that haygique aspects. The word “Standard” in the title of this
trilinear subdivisions. document means only that the document has been approved

1.2 This guide is the first of several documents to informthrough the ASTM consensus process.
professionals in the field of hydrology with the traditional 2 Referenced Documents

graphical methods available to display ground water chemistry.
2.1 ASTM Standards:

Note 1—Subsequent guides are planned that will describe the other b 596 Practice for Reporting Results of Analysis of Water

categories of diagrams that have been developed to display ground water D 653 Terminology Relating to Soil, Rock, and Contained
chemical analyses. Fluidst ! !

(1) A guide for diagrams based on data analytical calculations will ) .
include those categories of water analysis graphs in which one analysis is D 1129 Terminology Relating to Water

plotted on each diagram (for example, the pattern, bar, radial, and circlg .
diagrams). . Terminology

(2) A guide for statistical diagrams will include those categories of 3.1 Definitions—Except as listed as follows, all definitions
water analysis graphs in which multiple analyses are analyzed statisticallyre jn accordance with Terminology D 653.
and the results plotted on the diagram (for example, the box, etc.). 3.1.1 anion—an ion that moves or would move toward an
1.3 Numerous methods have been developed to display thgnode; the term is thus nearly always synonymous with
ions dissolved in water on trilinear diagrams. These diagramaegative ion.
are valuable as a means of interpreting the physical and 3.1.2 cation—an ion that moves or would move toward a
chemical mechanisms controlling the composition of water. cathode; the term is thus nearly always synonymous with
1.4 The most commonly used trilinear methods were develpositive ion.
oped by Hill(1-3),%2 Langelier and Ludwid4), Piper(5, 6), and 3.1.3 equivalent per million (epm}-for water chemistry, an
Durov (7-13). These techniques are proven systems for interequivalent weight unit expressed in English terms and also
preting the origin of the ions in natural ground water and forexpressed as milligram-equivalent per kilogram. When the
facilitating the comparison of results from a large number ofconcentration of an ion, expressed in parts per million (ppm),
analyses. is multiplied by the equivalent weight (combining weight)
Note 2—The use of trade names in this guide is for identification factor (seee_:quwalent weight factgrof that ion, the result is
purposes only and does not constitute endorsement by ASTM. expressed in epm.

1.5 This guide offers an organized collection of information 3.1.3.1 Discussior—
) 159 . 9 ... (1) For a completely determined chemical analysis of a water
or a series of options and does not recommend a specmg

ample, the total epm value of the cations will equal the total
epm value of the anions (chemically balanced). The plotted
* This guide is under the jurisdiction of ASTM Committee D18 on Soil and Rock values on the water analy5|s dlagrams described in this gwde

and is the direct responsibility of Subcommittee D18.21 on Ground Water andc@n be eXpressed In percentages of the total epm (although all

Vadose Zone Investigations.

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

2The boldface numbers in parentheses refer to the list of references at the end of * Annual Book of ASTM Standardgol 11.01.
this guide. 4 Annual Book of ASTM Standardgol 04.08.
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illustrations are in milliequivalent per litre) of the cations and 3.1.7 milliequivalent per litre (meg/l-}-for water chemistry,
anions of each water analysis. In order to use the diagraman equivalent weight unit expressed in metric terms and also
analyses must therefore be converted from ppm to epm bgxpressed as milligram-equivalent per litre. The result is
multiplying each ion by its equivalent weight factor and expressed in meg/L when the concentration of an ion, ex-
determining the percent of each ion of the total cation or anionpressed in mg/L, is multiplied by the equivalent weight
(2) For a completely determined chemical analysis of a watefcombining weight) factor (seequivalent weight factrof
sample, the total value of the cations will equal the total valughat ion.
of the anions (chemically balanced). The plotted values on the 3.1.8 milligrams per kilogram (mg/kg)-for water chemis-
water analysis diagrams described in this guide are expressény, a weight-per-weight unit expressed in metric terms. The
in percentages of the total milliequivalent per litre (meg/L) of number of mg of solute (for example, Na) per kg of solution
the cations and anions of each water analysis. In order to ugavater). For example, if the total weight of the solution (one
the diagrams, analyses must therefore be converted fromillion mg/kg) has 99 % solvent and 1 % solvent, this is the
milligram per litre (mg/L) to meg/L by multiplying each ion by same as 990 000 mg/kg solution and 10 000 ppm solute in the
its equivalent weight factor and determining the percent ofl 000 000 mg/kg of solution.
each ion of the total cation or anion. 3.1.9 milligrams per litre (mg/Ly—for water chemistry, a
3.1.4 equivalent weight facter-also called the combining weight-per-volume unit expressed in metric terms. The weight
weight factor and reaction coefficient, this is used for convertin mg (102 g) of the solute within the volume (L) of solute
ing chemical constituents expressed in ppm to epm and mg/and solution. The weight can be also expressed in micrograms
to meg/L (seeequivalent per millionand milliequivalent per ~ (um) (10° g). The use of the mg/L unit is the world-wide
litre). To determine the equivalent weight factor, divide thestandard for the analysis and reporting of water chemistry.
formula weight of the solute component into the valence of the 3.1.9.1 Discussior~The ppm and mg/L values of the con-
solute component: stituents in natural ground water are nearly equal (within
(valence solute componént anticipated analytical errors) until the concentration of the
(formula weight solute componant dissolved solids reaches approximately 7000 mg/L. A density
(1) correction should be used when computing ppm from mg/L

To then determine the equivalent weight (meg/L) of the(14) for highly mineralized waters.

solute component, multiply the mg/L value of the solute 3.1.10natural ground water-as defined for this guide,
component times the equivalent weight factor, as follows; water positioned under the land’s surface that consists of the

basic elements, hydrogen and oxygen, @ and numerous

major dissolved chemical constituents, such as calcium (Ca),
(2 magnesium (Mg), sodium (Na), potassium (K), carbonate
For example, the formula weight of €ais 40.10 and the (CO,), bicarbonate (HCG), chloride (CI), and sulfate (SR

ionic charge is 2 (as shown by the 2 +), and the equivalent 3.1.10.1DiscussioA—

weight value is computed to be 0.9975 meg/L for a value of 20 (1) In special cases, other major constituents can include
mg/L Ca: aluminum (Al), boron (B), fluoride (F), iron (Fe), nitrate

(NO,), and phosphorus (PP Minor and trace elements that
(0.9975 meg/L Ca= (20 mg/L Ca X % ©) can occur in natural ground water vary widely, but they can
' include arsenic (As), copper (Cu), lead (Pb), mercury (Hg),
3.1.4.1 Discussior—Many general geochemistry publica- radium (Ra), and zinc (Zn). In addition, natural ground water
tions (14) and water encyclopedigd5) have a complete table may contain dissolved gases, such as hydrogen sulfigg)(H
of equivalent weight factors for the ions found in natural carbon dioxide (C©), oxygen (Q), methane (Ch), ammonia
ground water. (NH3), argon (Ar), helium (He), and radon (Rn). Neutrally
3.1.5 grains per U.S. gallon (gpg)-for water chemistry, a charged mineral species such as silicate (§Onaturally
weight-per-volume unit; also, for irrigation water, it can be occurring organics such as tanic acids and colloidal materials,
expressed in tons per acre-foot (ton/acre-ft). The weight (graingnd particulates such as bacteria viruses and naturally charged
or tons) of solute within the volume (gallon or acre-foot) of pollen spores.
solution. A grain is commonly used to express the hardness of (2) Most natural ground water is part of the hydrologic cycle,
water, where one grain is equal to 17.12 ppm CgCO which is the constant circulation of meteoric water as vapor in
3.1.6 hydrochemical facies-as described by Baqd6), the  the atmosphere as a result of evaporation from the earth’s
diagnostic chemical character of water solutions in aquiferssurface (land and ocean), liquid and solid (ice) on and under
These facies reflect the effects of chemical processes in tHbe land as a result of precipitation from the atmosphere, and
lithologic environment and the contained ground water flowliquid returned to the ocean from the land. A very small amount
patterns. Freeze and Che(fy7) state,“ Hydrochemical facies of the ground water may be magmatic water originating from
are distinct zones that have cation and anion concentratiorfocks deep within the crust of the earth. Other ground water is
describable within defined composition categories.” The deficonnate in that it is trapped in sediments and has not moved
nition of a composition category is commonly based onactively in the hydrologic cycle for a period measured in
subdivisions of the trilinear diagram, as described by Baék  geologic time.
18). (3) While moving through the hydrologic cycle, chemical

(equivalent weight factor=

(meg/L solute component (mg/L solute componept
X (equivalent weight factor
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elements in the water are exchanged with other ions anHbasic calculations and the placement of analysis plot symbols
dissolved into and precipitated out of the water, depending ooento computer-generated water analysis diagrams are de-
reactions with air and other gases, rock minerals, biologicascribed.

agents, hydraulic pressure, and ambient temperature. The4.7 A list of references is cited and provided for additional
chemical composition of natural ground water ranges from thainformation.

similar to distilled water with a minor amount of dissolved 4.8 A bibliography (non-referenced documents) is provided
solids to a brines, with at least 100 000 mg/L dissolved solidgor further sources of information.

(19). (Naturally occur_ring brine has .been a_nalyzed with moreg Significance and Use

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 milligffoUnd water sources. . . .
is equivalent to 1 mg of solute to 1 kg of solution. For example, 5.2 A_ _smgle analysis can be mierpreted e?‘s_"y Tegafd'”g
if the total weight of the solution (1 000 000 ppm) has 99 o, COMPposition and geochemical type; however, it is difficult to

solvent and 1 % solute, this is the same as 990 000 ppm solveﬁ?mprehend all of the factors of similarities, interrelationships,
and 10 000 ppm soluté in the 1 000 000 parts of solution. and differences when large numbers of analyses are being

3.1.12 water analysis—a set of data showing the concen- compared. . . o
tration of chemical ions as analyzed from a water sample. In 5.3 One (_)f the methods Of_ interpreting t_he 'mp'_'ca“of‘ of
this guide, it normally includes the common constituents aéhese chemical components in the water s by dlspla_ymg a
found in natural ground water (see 3.1.10). number_o_f related water gna_lyses graphically on a visually

3.1.13 water analysis diagram-as used in this guide, a summarizing water anaIyS|s _dlagram. . : : .
graphical display method for multiple water analyses. This 5.4 The water analysis diagrams described in this guide

method can be used to assist in scientific interpretation of thdiSPlay the percentages of the individual cation and anion

occurrence of cations and anions in natural ground water. Th&€ights of the total cation and anion weights on graphs shaped

method consists of various combinations of triangular-shape@® trangles, squares, diamonds, and rectangles.

cation and anion diagrams and diamond- or square-shapedNore 3—The concentration of dissolved solids determined for each
integrated cation and anion diagrams. The sides of the dianalysis is not evident by the plotted location. Scaled symbols, usually
grams are divided into equal parts (commonly fifty 2 % or tencircles, can represent the amount of dissolved solids for each analysis
10 % segments) for representing the percentage of each of tRitted on the diagrams.

cations or anions within the total cation or anion concentration 5.5 Classification of the composition of natural ground
(100 %). The plotted positions of the cations and anions on thevater is a major use of water analysis diagrams.

dlagre_lms offer an .mdlcatlon of the origin of a_Water _sample, Note 4—Palmer(20) developed a tabular system for the classification
chemical composition of the water (hydrochemical facies), and¢ natural water. Hill (1) classified water by composition using two
interrelationship of a number of water samples within thetilinear and one diamond-shaped diagrams of his own design combined.

5.1 Many thousands of water samples are collected each
_year and the chemical components are determined from natural

studied area. Back (21) improved the classification techniques for determining the
) hydrochemical facies of the ground water by a modification of the Piper
4. Summary of Guide diagram.

4.1 This guide includes deSCfiptionS of the water analySiS 5.6 The Origin of the water or degree of mixing may be
diagrams that graphically display common chemical compopostulated by examination of the placement and relationship of
nents of multiple sets of water analyses from natural grounghe cations and anions from different water samples that are

water sources. plotted on the diagrams.
4.1.1 The historical development of four of the more com- 5.7 Numerous interpretive methods are possible from the
monly used diagramgl-13)is described in Section 1. examination of water analysis diagrams. For example, it is

4.1.2 Other less commonly known methods of graphicallyreasonable to hypothesize the path that the ground water has
displaying multiple sets of water analyses are described briefl¥raveled while in the hydrologic regime, the amount of mixing

4.2 The minimum required chemical constituents from eachhat has occurred with water from a different origin, and the
water analysis for inclusion on the four more commonly usedkffects of ambient conditions, such as air, temperature, rock,
diagrams are listed. and man-induced contaminants, on the water.

4.3 The recommended analytical accuracy or chemical bal- )
ance of the minimum required chemical constituents is defined, NoTe 5—It should be noted that for many hydrochemical research

4.4 Calculations required for the preparation of an anal Sigroblems involving the interpretation of the origin, chemical reactions,
) a prep YSi3nd mixing of natural water, the water analysis diagram is only one

for plotting on a diagram are described. _ segment of several analytical methods necessary to understand the
4.5 Detailed descriptions and applications for the followingcondition.

more commonly used water analysis diagrams are given:

4.5.1 Hill geochemical pattern diagram, 6. Documentation

4.5.2 Langelier and Ludwig water classification diagram, 6.1 Introduction

4.5.3 Piper water analysis diagram, and 6.1.1 An outline of graphical plots by Hefi4) describes
4.5.4 Durov water classification diagram. the trilinear plotting systems developed to display the chemical

4.6 Automated procedures (computer-aided graphics) focomposition of natural waters. Hem’'s summary states,” All
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trilinear plotting techniques are, in a sense, descendants of tlggam in which the alkaline earths are compared with the alkalis
geochemical classification scheme of Palm@0). on the vertical axis, while the anions chloride, sulfate, and
Note 6—The publication by Hem(14) offers an overview of the hy_drogen carbonate (bica}rbonate) appear on the h.orizontal axis
geochemistry of natural waters and was used throughout this guide as(g'g' 5a). The analysis is represented on the diagram by a
source of information. A number of other excellent publications arehorizontal line, the length of which corresponds to the percent-
available for the geochemistry of natural ground water; most of those arage of sulfate conter(27).
referred to in the text and listed in the bibliography. 6.1.7.2 Water-type diagrams were developed by Tolstichin
6.1.2 The earliest reference to the use of trilinear plots tdFig. 5b) (28) and Furtak and Langguth (Fig. 5¢29) that
study ground water was by Emmons and Harringt®®) for ~ designate a number for the water type, depending on where the
the study of mine water composition. Their method wasanalysis plots on the diagrar(27). For example, for the
designed principally to examine some of the less common iongxample analysis (Table 1), the water type numbers are 11 for
that are found in the mineralized waters associated with mineghe Tolstichin diagram and 98 for the Furtak and Langguth
not with potable ground water. diagram (classified as a Ca-HG@ater).
Nore 7—Ear|ier_ uses of the trilinear diag_ram, attributed to Gold- tot%llﬁglsjnsezzwgggga i?gﬁg? diQSSrdgﬁzsntgr?gggotgactzmg%iess
schmidt(23), were in the study of the geochemistry of metamorphic rocks” - ’ ’ .
in Norway. Brownlow(24) has numerous examples of the use of trilinear (Fig. 5d) (27). In German hardness or meg/L units (one
diagrams in the study of igneous and metamorphic rocks. Bumb(25pl ~ German unit in degrees = 17.8 mg/L hardness), the scale of the
presented a trilinear diagram designed by the U.S. Department afliagram is determined by the highest hardness value to be
Agriculture, ‘S.Oil _Conservation Service, that delineates the basic soiplotted. The plot symbol can represent the sampling category
texture classification. (for example, aquifer unit, lithology, etc.). Equal symbols can
6.1.3 The first documented use of the cation and anioe enclosed by lines and the enclosed areas filled in with a
trilinear diagrams that incorporated a combined cation/aniopattern to emphasize a particular category. In addition, other
diamond-shaped diagram for assisting in the interpretation abn values (for example, Cl and S{for each analysis can be
quality data for potable ground water was by Hil) (Fig. 1).  plotted on scaled rectangular diagrams that are positioned
Developed from work performed by Palmg&o), Hill's dia-  parallel to the sides of the triangular hardness diagram. Fig. 5d
gram provides a graphical representation of the chemicalemonstrates the technique of plotting the individual ions.
characteristics of different natural waters and mixtures of these 6.1.7.4 Filatov (31) proposed a two-point system with
waters. cation and anion equilateral triangles having a common side
6.1.4 Langelier and Ludwid4) developed a rectangular (Fig. 6a), thus forming a diamond-shaped diagram (described
graph without the trilinear plots (Fig. 2) that they described asy Hem(14)). Each triangle is divided into ten segments. The
an adaptation of the trilinear method of Hill). They changed segments are of three different sizes. Each segment is identified
the outward form of the diagram in order to permit the use ofoy the predominate ion or ions. Areas with no predominate ion

standard triangular graph paper. are classified as mixed.

6.1.5 Piper(5, 6) developed a method (Fig. 3) similar to

Hill's independently. He describes the graphical procedure a: Note 9—The diagram is scaled with each side representing 50 % of the
. %tal ions (cations plus anions), so that a cation or anion plot position

an effe_ctlve tool in segregating analytlcal data for_ C”t'cal_would be computed, for example, as follows:

study with respect to sources of the dissolved constituents in .

waters, modifications in the character of a water as it passes o, ca= Ca meg/L units S
through an area, and related geochemical problems.” (Ca+ Mg + Na+ Cl + 50, + HCO;) meg/L units

Note 8—The method developed by Piper was distributed originally asFilatov presented an anion coefficient that identifies mixed waters numeri-
an unpublished document to his coworkers in the Ground Water Branch dfally (see Analysis 3 in Table 2). Anion coefficients that are in the range
the Water Resources Division (WRD), U.S. Geological Survey (USGS)from 0.5 to 1.0 units plot in the mixed area of the diagram. The same is
on Oct. 5, 1942. Because of Piper’s influence and his promotion of thérue with cation coefficients. The anion computation is as follows:
te_chnique, the trilinear fo_rm that he identified as the water analy§is ' . % predominate anion
diagram became used widely and known subsequently as the Piper anion coefficient= $9% remaining anions 5)

diagram (Fig. 3). .
6.1.6 Durov developed a series of diagrgih<.3)similar to 6.1.7.5 The method given by Franko, e(&2) uses a water
chemistry classification based on the principle of ion combi-

those of Hill, Langelier and Ludwig, and Piper that provides™ = ; , A
the percentage of cations and anions on individual trilineaf@tions that is attributed to the Gad#s) and a modification
the Palmer systen{20). The classification diagram of

diagrams, and the intersection of lines extended from the catio _ £ mi | . b) sh b K |
and anion diagrams to a square gives the major-ion type of th emisiry of mineral water (Fig. 6D) s own Dy Franko, et a
32) consists of two trilinear plots with a log-scaled,

water (Fig. 4). However, in addition, Durov extended the lar-shaped h blaced b he b ¢ th
cation and anion lines to two rectangles adjacent to the squaf§ctangular-shaped graph placed between the bases of the

to provide for the representation of two other parameters, folfilinear plots. The trilinear plots are for providing the percent-

example, dissolved solids, pH, specific conductance, etc. (d&9€S Of the combined ion meg/L values. The rectangular-

scribed by Freeze and Cherfy7)) shaped graph is for providing the mg/L value of the dissolved
' isolids for each analysis.

6.1.7 Other researchers developed graphical display met

ods that are similar to those described above. Note 10—Table 3 lists selected analyses from Franko, €32} Table
6.1.7.1 Kasq26) developed a square four-coordinate dia-3 also gives the combined ion meg/L percentages in the order dictated by
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using the principle of ion combinations. Fig. 6b uses these meg/lParameter F reveals the increase of K concentration in water samples.

percentages as plot positions. The dissolved solids value is positioned on - .
the rectangular graph at right angles to the plotted point on the trilinea; 6.1.7.7 Carrero (14, 35)described a system (he attributed

diagram. fo Hermion Larios) that consists of individual cation and anion
Note 11— In Fig. 6b and Table 3, the symbol S1 is primary salinity, S2 trilinear diagrams (Fig. 8) that are divided into ten equal areas.

is secondary salinity, S3 is tertiary salinity, Al is primary alkalinity, A2 is 1hese areas are numbered from zero through nine.

secondary alkalinity, and is tertiary alkalinity. In Fig. 6b and Table 3, the

S1 (Cl) is combined with S1 (S and the S2 (Cl) is combined with S2

(SO,) + S3 for plotting. The A2 and A3 (CaHCand MgHCQ) are also

combined.

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 % meqg/L scale) of the
meg/L percentage cations or anions of an analysis falls within a numbered
6.1.7.6 D’Amore, et al34) proposed a classification dia- segment of each diagram. The cation number is combined with the anion

gram that uses the diamond-shaped plot of Piper in conjunctioﬁ“mber to signify a two-digit classification number, for example, Analysis

- . is classified 44, a sodium chloride water, such as from the ocean. Others
with rectangular-shaped graphs (Fig. 7). The purpose of théhown in Fig. 8 and listed in Table 2 include Analyses 1 and 3 (99, calcium

COf_ﬂbIned graphs is to_ improve the definition of hydrOChem'ca_ﬁicarbonate with a quantity of magnesium and sulfate) and Analysis 2 (38,
facies and to determine the percentages of parent waters §dium sulfate with a quantity of calcium and bicarbonate).

mixed waters better. The number of rectangular graphs in- 6.2 Minimum Data RequiremenisThe basic water analysis
cluded on a complete classification diagram depends on th& :

number of cateqories to be portraved. with a category beingi2dram requires water analyses that have a minimum number
9 P yed, with a category beingy major ions determined. The constituents used commonly on
one or more water analyses from an individual aquifer

lithologic unit, or distinct hydrologic source the _diagrams are the cati_ons calcium (Ca), ”.‘agne?i“m (Mg),
' ' sodium (Na), and potassium (K) and the anions bicarbonate
Note 12—The Piper plot is conventional, with the cations meg/L % (HCO;), carbonate (CQ), sulfate (SQ), and chloride (CI). If
plotted against anions meg/L %. As defined by D'Amore, et al, thesome other ions, such as dissolved iron*(fF@and ammonia
rectangular graph uses six computations (Parameters A through F) K‘NHJ), exceed the conventional group described above in

emphasize distinct water groups. Parameters other than those defined m?r]?‘ : ;
be useful, depending on the geochemistry of the area studied. The anio ecial circumstances, and all water analyses for the study

and cation components are in meg/L units in the computations (see Tab!QCIUd,e the;e constituents, theY C,an replace or. be added to the
4 for four analyses from four different sources). The minimum, maximum,!ON with which they are most similar. If the major anions and
and mean values can be plotted for each parameter when multiple analyséations do not balance within a reasonable percent, normally O
exist for a single source. Fig. 7 includes an example of the symbol usetb +10 %, the analysis cannot be us@d, 18)

for multiple samples. Resultant parameters are normalized between -100

and +100 to widen the range of the plotted values. The computations as NOTE 14—Natural potable waters normally contain relatively few
given by D’Amore are as follows: dissolved constituents in concentrations greater than 1 mg/L. The maxi-

mum recommended dissolved solids for drinking water by the U.S. Public

1 Health Service is 500 mg/L. The World Health Organizati(36)

Parameter A5 (nions (HCO, = SO, ©) guidelines recommend a maximum of 1000 mg/L dissolved solids.

Parameter A assists in distinguishing between water that circulates through 6'3_Recommended Accurz_icy for (_:_he_m'cal Balandde
calcareous terrains and those occurring in evaporitic rocks. Chem'c_al balar!ce_ or Chem|C_a| eqU”'bnum of a Comp|9te
S0 Na analysis (all major ions determined) is calculated by converting

) h : . .
Parameter B: 1o€2(anion3 Z(cations)) (7)  the ions from mg/L to meqg/L values and adding the cations

together and the anions together. The computation for percent
Parameter B discriminates between sulfate-enriched waters circulating lalance is as follows, with zero as the optimum percentage
evaporitic terrains and sodium-enriched waters that have encounteracflue (the percentage is determined by multiplying the com-

marly, clayey sedimentary terrains. puted value times 100):
. Na cl %chemical balancer)
Parameter C: 10é S (cations S (anion3> (8)
total cations— total aniongmeq/L)
Parameter C tends to distinguish between waters deriving from volcanites ~ fotal cationst fotal aniongmeg/D) X100
and those coming from carbonate-evaporitic series or from a regional (12)

quartzitic schistose basement.

Na— Mg Recommended Chemical Balance for Use of Analyses on
Parameter D: 1 Om) (©) Water Analysis Diagrams
Dissolved Solids Chemical Balance
Parameter D distinguishes between waters that have circulateeb 100 mg/L within+ 5 %
in dolomitized limestones. 101 to 250 mg/L within =3 %
greater than 250 mg/L within £2 %
barameter E: 1 %Cz:;tigﬂr?s B Eéﬁ&lé) (10) Note 15—Minor amounts of ions such as fluoride (F), nitrate gNO

iron (Fe), and barium (Ba) may occur in natural ground water, but
e . . normally they do not influence the chemical balance significantly. If any
Parame_ter E dlstlngwshes between w_aters th_at have circulated in Carbogf_these ions (for example, Npoccur in amounts that alter the chemical
ate aquifers and those in sulfate-bearing aquifers. - . ) ;
balance, they can be included in the computations for construction of
Ca—Na—-K water analysis diagrams (for example, include the;M@h CI + SO, on
> (cations the diamond-shaped diagram and ,SENO 5 on the trilinear anion

diagram). Other constituents may occur in minor amounts in a colloidal or

Parameter F: 10é (11)
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suspended state, such as silica (3j@on hydroxide (Fe), and aluminum a complete chemical analysis for plotting on standard water
compounds (Al), and they are not considered in the chemical balancanalysis diagrams is given in Table 5.
because they are not dissolved constituents. 6.4.4.1 Chemical Analysis-The following is the chemical

Note 16— In a study of the Delmarva Peninsula, Hamilton, &{33) ; ; ;
used 10 % as the error limit for the ionic charge balance of analyses WitﬁmalySIS that is used as an example for demonstrating the steps

a complete set of major ions (nitrate was excluded as a major ion). Irﬁ1eeded for to plot constituent Values' .
addition, there may be circumstances under which the ionic balance is (1) Example of meqg/L Computation:

greater than 10 % due to analytical error. If so, specify the circumstances.  1.15 meg/L Ca= 23 mg/L Cax 0.04990(conversion factor

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 6-4-4.2 Chemical Balance-The chemical balance of the
analysis diagrams) to meg/L from mg/L or epm from ppmanalysis is checked as follows:

values are as follows: 3.09(aniong
97 %(balance = m

(15)

Cations Anions
calcium, 0.04990 bicarbonate, 0.01639 2.80+ 0+ 0.02+ 0.27(anions
magnesium, 0.08229 carbonate, 0.03333 “ 115+ 039+ 152+ 0.12(cations X100 (16)
sodium, 0.04350 sulfate, 0.02082 . . . .
potassium, 0.02558 chloride, 0.02821 6.4.4.3 Cation Trilinear Diagram—Plot positions (the per-

centage of each cation constituent) for the cation trilinear
I;gagram are determined by dividing the total cation amount in
meg/L into the meg/L amount for each cation (Fig. 11).

6.4.2 Individual Cation and Anion Diagram-The percent-
age values used for plotting on the water analysis diagram a
determined by multiplying by 100 the number derived from
dividing the total meg/L or epm value of either the cations or Nore 18—Plot values are rounded to a whole number for illustration in
anions into the individual cation or anion value. For example Fig. 11.
the number derived from dividing the total cation value (1) Example of Plot Value (Cation Percentage) Computation:

(Ca+ Mg + Na + K) into the meg/L or epm value of Ca is 1.15 meg/L Ca

multiplied by 100 to yield the percentage of Ca in the total 36.2% Ca= 373 meq/L cations’ 100 an
cations (by weight).
meg/L Ca _ 0.39 meg/L Mg
% Ca= megiL(Ca+ Mg + Na+ K) < 100 (13) 12.2% M9= 378 meq/L cations’ 100 (18)
This percentage is the plot value for Ca on the cation trilinear ; ;
diagram. This procedure of computation is followed for each of 51.6 % Nat K = w22 Med/L Nat 0.12 meglLK, (19)

the remaining cations (Mg and (Na + K)) (Fig. 9) and for each 3.18 meg/L cations

of the anions (Cl, SQ and (HCQ+ COy)) for the anion 6.4.4.4 Anion Trilinear Diagram—Plot positions (the per-

trilinear diagram. centage of each anion constituent) for the anion trilinear
6.4.3 Combined Cation and Anion Diagram The values diagram are determined by dividing the total anion amount in

used for plotting on the diamond-shaped, square, or rectanguled/L into the meg/L amount for each anion.

diagram are determined by multiplying by 100 the number (1) Example of Plot Value (Anion Percentage) Computa-

derived from dividing the total meg/L or epm value of either tion:

the cations or anions into the combined value of cations or . 2.80 meg/L HCQ + 0 meg/L CQ
anions. For example, the number derived by dividing the total 90-6 % HCQ + CO; = 3.09 meq/L anions X 100
cation value (Ca + Mg + Na + K) into the combined value of (20)
Ca+ Mg is multiplied by 100 to yield the percentage of 6.4.4.5 Cation/Anion Diamond or Square Diagram
Ca + Mg of the total cations. . _ 0.02meg/L SQ
. _ meg/L(Ca+ Mg) 0.7%5Q = 3.09 meg/L anion§’ 100 (1)
% (Cat+ M9) = meqiiCat Mg T Na T K) < 100 (14)
NoTe 17—The above percentage is the plot value for Ca + Mg on the 8.7 % Cl= 0.27 meg/L Cl 100 22)

cation axis of the diagram. The percentage of the cations (Na + K) is the 3.09 meg/L anion

remaining amount (percent of (Ca + Mg) + percent of (Na +K), equals  p|ot positions for the cation/anion diamond diagram are
100 %); only one plotted position is therefore required along the Catiorbetermined by dividing the Ca+Mg meg/L value and the

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 determinedNa + K meg/L value by the total cation meg/L value. The anion

using a similar procedure with the anion values. For example, the totdportion is determined by dividing the HG@ CO; meq/L
anion value (SQ+ Cl + CO 5 + HCQ,) divided in the combined value of Vvalue and the S+ Cl meqg/L value by the total anion meq/L
SO, + Cl yields the percentage §@ ClI of the total anions. This value.

percentage is the plot position for $®Cl on the anion axis of the (1) Examp|e of Plot Value (Cation/Anion Percentage) Com-
diamond-shaped diagram. The plot position of the cation value on th?utation:

cation axis is therefore placed at the cross point for the plot position of th

anion value on the anion axis. _ 1.15meq/L Cat 0.39 meq/L Mg
484 % Cat Mg = 3.18 meg/L cations < 100

6.4.4 Example of Computations Using an Actual Chemical (23)
Analysis—An example of the computations required to prepare
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1.52 meg/L Nat 0.12 meq/L Ky 100 (24) and anions are defined for an analysis by use of the lower left

3.18 meg/L cations 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:

51.6 % Nat+ K =

2.80 meg/L HCQ + 0 meqg/L CQ

3.09 meg/L anions % 100

90.6 % HCQ + CO, =

(25) .
Cation Subtypes
a—Mg dominant
0.02 meg/L SQ + 0.27 meq/L CI b—no cation dominant
9.4%SQ + Cl= 3.09 meq/L anions X 100 (26) c—Ca dominant
d—Na + K dominant
Note 19—Dissolved Fe (F& and F&%) can be a larger component in Anion Subtypes
some aquifers of terrestrial origin than Na + K (for example, coals, iron a—S0, dominant
bog ores, and deltaic deposits). The Fe usually occurs in the deposits as an b—no anion dominant
. 9 i p N y p c—HCO3 + CO5 dominant
iron carbonate (FeCg that dissolves to Fe and G@n the water or an d—Cl + NO, dominant
iron sulfate (FeSQ) that dissolves to Fe and S the water. . .
6.5 W Analvsis Di 6.5.1.6 Examples of geochemical classifications as deter-
6.2 L atﬁrG na;h/S|s. |ellgprams o mined on the Hill diagram and described by Langelier and
5.1 Hill Geochemical Pattern Diagram Ludwig (4) are illustrated in Fig. 12. Analysis 1 is classed as

_6.5.1.1 The geochemical display designed by Kiil con-  ¢,c (c"cation, Il primary type, and ¢ anion). Cation c is Ca
sists of three interconnected diagrams, a trlangular—shaquiominam, Primary Type Il is in the Z4 group (hardness or

cation, a triangular-shaped anion, and a diamond-shaped coaondary alkalinity), and anion ¢ is HG® CO, dominant.
bined cation-anion graph (see Fig. 1).
. o . ~ Note 22—The method for computing the ion plot positions for the Hill
Note 20—The bottom diagram in Fig. 1 is presented to assist iNdiagram is described in 6.4.

geochemical classification of the analyses by identifying the positions of

. ) Note 23—The li ing th I 1,2, i
the primary types and subtypes on the upper diagram. oTE 23 e lines connecting the analyses numbers ( and 3) in

Fig. 12 are to illustrate the relationship of the three plot points for each
6.5.1.2 The Hill diagram was the first trilinear graph to beanalysis and are usually not included on the final diagram.
described in the United States that incorporated a combination g g 4 7 Analysis 2 in Fig. 12 is classed dViiid, which

of cation and anion fields to display the chemical constituentgofines the cation d as Na + K dominant Primary Type VIIl as

of natural water. _ o in the Z1 group (common salt or primary salinity), and anion d
6.5.1.3 The diagram was designed primarily to be a,q Cl + NQ, dominant.

geochemical chart that incorporates a modification of the g5 1 g Analysis 3 in Fig. 12 is classed dIVa, which defines
geochemical classification as proposed by Pali@@); used by 6 cation d as Na + K dominant, Primary Type IV as in the Z2
Rogers(39), and developed subsequently by Clatke). group (alkali or primary alkalinity), and anion a as SO
Note 21—Clarke (41) later concluded that the Palmer method was dominant.
limited because *“it takes no account of the silica in natural waters and is 6.5.1.9 Symbols for the ion plot positions on the Hill
of little use in the study of mineral springs and mine waters.” diagram can be scaled circles representing the amount of
6.5.1.4 Hill states, “Palmer grouped the strong acids todissolved solids in the water, numbers for cross-referenced
gether and arrived at four principal geochemical classificationsanalyses given in a separate table and described in a report, or
primary salinity; primary alkalinity; secondary salinity; and a variety of symbols (squares, circles, etc.) to identify the
secondary alkalinity.” Hill also states, “For engineering andgeologic source of the water, etc. The objective of the water
agricultural use, it seemed advisable to modify Palmer'sstudy project routinely dictates how the plot positions are
grouping and to use the following geochemical classifications”symbolized on the Hill diagram.
(1) Group Z:-The common salt group or primary salinity, ~ 6.5.2 Langelier and Ludwig Water Classification Diagram
including sodium chloride, potassium chloride, sodium nitrate, 6.5.2.1 The diagram presented by Langelier and Lud#jg
and potassium nitrate (Primary Types VII and VIII). consists of a square-shaped combined cation-anion graph (see
(2) Group Z2-The alkali group or primary alkalinity, Fig. 2) that is a modification of the design by Hill).
including sodium sulfate, sodium bicarbonate or carbonate, 6.5.2.2 Being familiar with the trilinear diagram method as
potassium sulfate, and potassium bicarbonate or carbonateeveloped by Hill(1), Langelier and Ludwig felt that “this
(Primary Types IV and VI). three-point method seems to be unnecessarily cumbersome in
(3) Group Z3—The bittern group or secondary salinity, execution and, in graph, difficult to visual interpretation.” Also,
including calcium chloride, magnesium chloride, calcium ni-“a more practicable method is one in which the general
trate, and magnesium nitrate (Primary Types lll and V). character of the sample is indicated by the position of a single
(4) Group Z4—The hardness group or secondary alkalinity, point, and where-in more specific or critical data are indicated
including calcium bicarbonate or carbonate, magnesium bicaby special characters or symbols.”
bonate or carbonate, calcium sulfate, and magnesium sulfate6.5.2.3 The diagram is designed primarily to assist in the
(Primary Types | and II). classification of waters based on the major chemical constitu-
(5) Group Undefined-Water that plots near the center of the ents, using a geochemical grouping as devised by PgR0&r
diamond diagram is not defined regarding geochemical group 6.5.2.4 The Langelier and Ludwig water classification dia-
(Primary Type X). gram is made of a square divided into two triangles by a 45°
6.5.1.5 The dominant geochemical subtypes of the cationne running from the lower left corner of the square to its
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upper right corner. The upper triangle, the A triangle, repre- 6.5.3.2 Pipen(5) described the method as having “certain
sents an alkali group, while the lower B triangle represents dundamental principles in a graphic procedure which appears to
hardness group. Each of the two type triangles is divided intdoe an effective tool in segregating analytical data for critical
four subtype triangles: the alkali A triangle into AA, Al, A2, study with respect to sources of the dissolved constituents in
and A3 and the hardness B triangle into BB, B1, B2, and B3waters, modifications in the character of a water as it passes
The plot location of the analysis in the subtype trianglesthrough the area, and related geochemical problems.”

indicates the dominant property class, as follows: 6.5.3.3 Piper stressed the usefulness of the diagram as a
Dominant Classes as Indicated by Subdivisions on the Diagram means for evaluating mixtures evolving from such phenom-
ﬁAc—cfﬁ)“bO”ate alkali (Na;SO4, NaHCOs, Na,COs, KzSO,, KHCO,, and enon as salt-water intrusion into aquifers of coastal areas. Piper
2~ V3, Y H H H H
BB—non-carbonate hardness (NaCl, KCI, NaNO3, and KNO3) states, MIXtur_eS_ of th Water§ in all proportlons, if all
Al and Bl—carbonate hardness (Ca(HCOs),, CaCOs, Mg(HCOs),, MgCOs, products remain in solution, plot in the three fields on respec-
CaS0,, and MgSO,) _ tive straight lines that join the points representing the respec-
A3 and B3—non-carbonate alkali (CaCl,, MgCl,, Ca(NOs),, and Mg(NO;),) ti h ical ch t f the tw t ixed”
A2 and B2—no dominant class ive chemical characters of the two waters mixed” (see

. - . Analyses A, B, and M in Fig. 14). A study by Poland, e{44)
6.5.2.5 In Fig. 13, the plot position for analysis number one fth | f thi f luati
is in the Al triangle (carbonate hardness), the second is in thlg one of the many examples of this type of evaluation.
AA triangle (carbonate alkali), the third is in A3 (non- Note 29—The following equations can be used to estimate the volumes

carbonate alkali), and the fourth is in B2 (no dominant class)of parent Waters A and B in the assumed Mixture M (after Wa(tf)):

Note 24—The method for computing the ion plot positions for the E - EEu(a + by) @7)
Langelier and Ludwig diagram is described in 6.4. mo ak, + biE,

6.5.2.6 The analysis numbers (see Nos. 1, 2, 3, and 4 in Fig. V. = __bE
13) are a cross-reference index to an accompanying table of ® ak thik,
chemical constituent values in meqg/L, percentages of indi- V. = &k,
vidual ion weights, dissolved solids in mg/L, and the Langelier/ b ak, + b,
Ludwig classifications (Table 6). The analyses used by Lange- Cn=C.V,+ CV,
lier and Ludwig(4) are from a publication by Collins, et al
(42). where:

concentration of Mixture M (mg/L or meq/L),
concentration of Water A (mg/L or meg/L),

m

6.5.2.7 Symbols shown on the original Langelier and Lud- Ea
wig diagram are scaled circles, with the size representing thes, concentration of Water B (mg/L or meg/L),

dissolved solids value, in meq/L, for each plotted analysis. Thea; intercept between the plotting of A and M, measured in any of
approximate value is determined by comparing the diameter of the three fields (cation trilinear, anion trilinear, or cation/anion
the circle with an accompanying scale (Fig. 13). diamond) of the diagram and any convenient scale,

b, = intercept between the plotting of B and M, measured in any of

Note 25—The method of determining the meg/L value of the Analysis the three fields (cation trilinear, anion trilinear, or cation/anion
No. 1 circle is given by comparing the scale shown on the full diagram, diamond) of the diagram and any convenient scale,
the offset, and the expanded scale. Note that each 1 % value on the fuV¥, = proportionate volume in Mixture M of water having Compo-
diagram and the offset represents 1 unit on the expanded scale. The circle sition A,
of Analysis No. 1 is approximately 6.5 units (6.5%) in diameter. V, = proportionate volume in Mixture M of water having Compo-
Therefore, as given on the expanded unit and meg/L log scale, 6.5 units is sition B,
equal to approximately 11 meg/L of dissolved solids. Cn concentration in mixture Water M (mg/L or meg/L),

) ) ) C. concentration in component Water A (mg/L or meg/L), and
6.5.3 Piper Wa_ter An‘_ﬁ"yS'S D|agram _ C, concentration in component Water B (mg/L or meg/L).
_6'5'3'1 The_ Piper diagram COUS'StS Of_ three interrelated For example, in Fig. 14, if the hypothetical concentration of parent
diagrams: a triangular-shaped cation, a triangular-shaped afater A is 50 meq/L E,) and parent Water B is 100 meg/Ey), the
ion, and a diamond-shaped combined cation-anion graph (seemputed concentratiorE() of mixed Water M is 83 meg/L (the line
Fig. 3). The combined cation-anion diagram is essentially d@etween Aand B is 10 units in length, 8 units between A andaf)} and
mirror image of the Langelier and Ludwig water classification?2 Units between B and M).

diagram; however, the shape is a diamond with trilinear 83 meq/L(E,) =
coordinates instead of being a square with Cartesian coordi- (50 meqg/L(E,) X 100 meg/L(E,)) X (8 units(a) + 2 units(b;))
nates. (8 units(a;) X 50 meq/L(E,)) + (2 units(b;) X 100 units(E,))

(28)
the version now used is a Hill's modification from 1944” that was given If this value is in agreement with the analytical concentration of M
in the Discussion section of Piner's article (along with other hydrologic data), it can be assumed that M is a mixture
P ' of parent Waters A and B. This would indicate that the mixed water

Note 27—The Piper diagram is basically used as support for evaluating.; heists of a 0.333 portion (33.3 %) of parent WatenA ) and 0.667
scientific interpretations of the hydrology of ground water aquifers. Thisge 7 %) of parent water B ).

diagram and modifications of the diagram are the most common methods

Note 26—According to Zaporoze@3)," Actually, Piper’s diagram in

used in the United States by the hydrologic profession for illustrating a 0.333(Vy,)
number of chemical analyses, with each as single point on a graph. 2 units(b;) X 100 meq/L(E,)

Note 28—Names that the diagram has been referred to are the Piper = (8 units(a;) X 50 med/L(E,)) + (2 units(b;) X 100 meg/L(E,))
diagram, Piper trilinear diagram, water analysis diagram, hydrochemical (29)

classification system, trilinear diagram, and water chemistry diagram.
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0.667(V,) ture of these three types of water is demonstrated by plotting
_ 8 units(a;) X 50 meq/L(E,) the analyses on the diagram.
(8 units(a) < 50 meq/L(E,)) + (2 units(by) X 100 meq/L(E,)) 6.5.3.9 Symbols on the Piper diagram are used as an

. . : identification of the water sourc@9, 51-54) For example,
Many altering factors are involved in nature, such as base exchange a 18 sh th di bols f ter f th
sulfate reduction; the plot positions of the three analyses may therefore n t9- shows three diverse Symbols for water irom the

fall on a line and the volumes determined from the proportions ofperi_phe_ral bedrock (a solid circle), alluvial fans, and outer
chemical components may not be absolute. basin fill (an open square), and salt flats (an “x”).

6.5.3.4 Amixture of three parent waters can be evaluated by 6.5.3.10 Symbols consisting of scaled circles (usually log
use of the above computation method (see Analyses A, B, Gcale) are used to represent the dissolved solid concentrations
and M in Fig. 15). The plot position of the assumed mixedin pPpm, mg/L, epm, or meg/L unitg5, 37, 43, 55-58)
water (M) will fall within a triangular area formed by connect- Examples of scaled symbols using meg/L are shown in Fig. 13.
ing the plot positions of the three parent waters (A, B, and C) 6.5.3.11 Concentrations of other ions of interest to a par-
(5). ticular study, for example, selenium (Se) or oxygen{%8),
can be shown on the diagrams by the use of scaled or

Note 30—To determine the proportionate volumes of three hypotheti- . .. .. . . i
cal parent waters in the mixed water, draw a line from one of the paren&iIStInCtIVe symbols. Piper, et £8) used scaled lines extend

waters (for example, C) through the presumed mixed water (M) tdNd from the center of the analysis plot position to give the
intersect (Point X) a line drawn between the other two parent waters (£oncentrations, in meg/L %, of the Mg and Sions.

and B). The point X represents a hypothetical mixture of parent Waters A 6.5.3.12 Numbers adjacent to the plot points or symbols are
and B in the same proportions that these waters would enter into the mixedsed for cross reference to an accompanying table of analyses
water (M). Use the above two-parent waters formulas to compute th?GO), sample collection depth$1), geographical area of data

composition and concentration of hypothetical Water X from the known . e e .
values of parent Waters A and B. In turn, determine the value of the mixe&onecnon(ls)’ aquifer identificatior(62), cross reference to an

water (M) from the value of parent Water C and hypothetical Water x. aréal mag37, 63) or identifications on a geologic secti(46).
6.5.3.5 BacK15, 21)presented the concept of hydrochemi- 6.5.3.13 Three statistical methods were developed by Helsel

cal facies for the study of ground water in the Atlantic Coastaland Slack(64) to provide repeatable _and quar_1titative proce-
Plain. Back used the parallelogram or diamond diagram for thigures _for ||.|ustrat|ng curves representing chemical chara_ctens-
cs, directions of chemical change, and group boundaries on

study as a method for categorizing the chemical analyses inlt?l pi di Based hi d he fi
the various facies. The evolution of the hydrochemical facies a € Fiper diagram. based on smoot INg procedures, the first
ethod characterizes the general location of data. The second

the water moves through the aquifer was shown by the use dF
a cov;/nbined cvation—antijgn diamgr?(lj di;\éram inWa gr)(/)und l\JNatel;nethod draws a line that defines the central backbone of the
study of the Gulf Coastal Plain in Louisiaié6). Seabe(47) data. The third method draws envelopes of confidence intervals

included the cation and anion triangular diagrams along witffor locations of data groups when multivariate normality can be
the diamond diagram (see Fig. 16), thereby strengthening th&Ssumed. _
method by being able to comprehend the relationships of the 6-5-3.14 Distinct groups of plotted points or symbols can be
individual ions more easily. highlighted by enclosing the group with a line or an envelope
6.5.3.6 Water analysis diagrams can be used to illustrate tH&4, 65)(Fig. 18). Further emphasis can be placed on various
hydrochemical facies change by the use of arrows to indicat€™ups in the diagram by the use of a pattern within the
the direction that the water moves from the recharge area to tH1closed areg62).
discharge zone of the ground water aquifer (Fig. 17 and Table 6.5.3.15 An example of contouring directly on a Piper
7) (48) (see p. B18 in Hamilton, et &B7)) or from the recharge diagram is demonstrated by illustrating a chemical change in
area to the salt-water interfa¢d6). Poland, et a(44) used Water moving downdip in two related aquife(60). The
arrows to indicate a time sequence of salt-water contaminatioflissolved solid values were contoured to show the relationship
of ground water over a 15-year period in a well field at ElOf the hydrochemical facies (which changed from a calcium-
Segundo, CA. magnesium bicarbonate to a sodium bicarbonate and a sodium
6.5.3.7 Schmidt, et g49) demonstrated the value of using Sulfate type) and the dissolved solids (which increased from
the trilinear diagram to study the pollution of a ground waterless than 400 mg/L to over 1000 mg/L).
aquifer resulting from the disposal of brines into surface pits. 6.5.3.16 A three-dimensional (3-D) version of the Piper
The salt-water plume was traced over a 26-year period as thiagram has been developed by Br{€6). This computer-
polluted water moved down the hydraulic gradient. Otherdriven procedure projec&dimension data from the surface of
possible uses of the diagram are in studies of pollution fronin ordinaryX- Y dimension Piper plot into a triangular prism to
highway salting, septic tanks, or other situations in which andicate how variations in chemical composition can be related
water of one type is contaminated deliberately or inadvertentljo variations in other water quality variables. Any third
by a foreign liquid or dissolvable substance. dimension variable relating to the analyses can be illustrated,
6.5.3.8 Another example of use of the Piper diagram issuch as the sample depth, specific conductance, dissolved
demonstrated by a study of the infiltration of moderatelysolids, and pH. The 3-D Piper diagram can be rotated about all
contaminated water from a river and the upflow of water fromthree axes , Y, and2) to permit the data to be seen from
an underlying carbonate bedrock aquifer, both of which aremany different viewpoints and reduce the bias introduced by
induced by the pumping of wells in a contiguous glacial-drift any single viewpoint.
ground water aquife(50). The resulting hydrochemical mix-  6.5.4 Durov Water Classification Diagram
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6.5.4.1 The Durov diagram consists of three interconnectedsed by Welch(69) on the Durov diagram to group, by
diagrams, a triangular-shaped cation, an triangular-shapestatistically determined envelopes, the analyses of water from
anion, and a combined cation-anion square-shaped graph (skeee aquifers in the Carson and Eagle Valleys of Nevada.
Fig. 4). In addition, the interconnected diagram has rectangular 6.5.4.6 Numbered solid circles have been used to identify
extensions to plot additional water characteristic values ofhe analyses on each of the segments of the diagram (cation and
importance to the study. anion trilinear plots, major-ion square plot, and two rectangular

Note 31—Durov was a prominent Russian hydrologist who developedeXtensmns)' The plotted numbers are ”‘?rma”y Cross-
a water classification diagram over a period of time, beginning in 1948. Hé€ferenced to an accompanying table of constituent values.
originally designed an inverted triangular diagram and later modified the 6.5.4.7 Symbols (for example, triangles, squares, and
graph to one similar to that shown in Fig. 13. The discussions of the Duroxircles) have been used to represent the five Durov chemical
Classification Diagram by Zaporozgé3) and Chilinger(67) are very  classes of the water. Various combinations of shading of the
informative. symbols have been used to portray transitional stages between
6.5.4.2 As defined by Chilingef67), the purpose of the the classe$67).
Durov diagram is to classify natural waters on the basis of ionic 6.5.4.8 As shown in Fig. 19 for giving the TDS and Free
composition. Duroy(7) divided the natural waters into five CO, values, the rectangular extensions can be used to furnish
classes: the values of Ph, specific conductance, hardness, and so forth.
(1) Class | (primary waters) results from the action of welch, et al(70) used the diagram in a traditional manner with
atmospheric precipitation on the Earth’s surface that waslissolved solids and pH on the extensions. In addition to pH,
leached of readily soluble salts. Knobel and Phillips(68) used an extension to give the"
(2) Class Il (secondary waters) results from the enrichmengiistance along flowpath, in miles” (the distance of sample
of primary waters with sulfates and chlorides of sodium anccollection from the outcrop area of the aquifer) to reveal the
magnesium that are present in sedimentary rocks. progressive change in the hydrochemical facies as the water
(3) Class Il (sulfate waters) results from secondary watersnoves down gradient in the aquifer. Katz and Choquigtis
upon the removal of bicarbonates and if the chlorides are ofised an extension to display the depth of the wells from which
secondary importance. the water samples were collected. Ward, ef7&) effectively
(4) Class IV (chloride waters) results from enrichment with ysed an extension as a time scale to illustrate the change in the
chlorides and the simultaneous loss of bicarbonates and suWuality of water from 1963 to 1979 in monitoring wells near
fates, due to the precipitation of CaGQCaMg(CQy),, and  two waste injection facilities.
CaSQ, with the secondary waters changing to chloride- 6549 Several examples of the use of the Durov diagram
predominant waters. for assisting in interpretation of the geochemistry of ground
(5) Class V (alkaline bicarbonate Waters) results from theyater are by Jackson and Lloy@3) and Howard(74). They
secondary waters upon the colloidal-chemical removal fCa ysed an adaptation of the diagram to interpret the regional flow
Mg~", and SQ~" ions by fresh-water clays. characteristics of aquifers in Eastern England. Sen and Al-
6.5.4.3 An example of a Durov diagram with plotted valuespgkheel (75) used the diagram in a study of the Umm Er
is shown in Fig. 19. The method is similar to other techniquesRadhuma carbonate aquifer of Saudi Arabia. Many general
(1, 4, 6) with the addition of the rectangular extensions.  gegchemistry documents and texts provide descriptions of the
Note 32—The Durov diagram illustrated in Fig. 19 shows the concen-Method; however, the use of the Durov diagram has not been
trations (Table 8) of the dissolved solids and free,@@ the extensions. common in interpretative studies of the United States.

As shown in the cation trilinear diagram, Analysis 2 has 22 % Ca, 73% 6.6 Automated Procedures for Water Analysis Diagrams
Na+ K, and 5% Mg of the total cation mg/L. As shown in the anion

diagram, Analysis 2 has 25 % Cl, 35 % HE®CO;, and 40 % SQof the Note 34—Literature searches and verbal inquires found computerized
total anion mg/L. The dashed horizontal line extends from Analysis 2 ofprocedures for the Piper and Durov diagrams. Although procedures for the
the cation diagram into the square diagram and on into the rectangulather water analysis diagrams discussed in this guide are probably
extension to yield the value of the dissolved solids (8500 mg/L). Theavailable, none could be found. Additional sources of computerized
dashed vertical line extends from Analysis 2 of the anion diagram into theprocedures can be added in the subsequent revisions of this guide.

square diagram, where it crosses the horizontal line (the cross point yields . . . .
the major ion composition on a percentage basis) and on into the 6.6.1 The Piper diagram was automated in 1966 for use with

rectangular extension to yield the value of the free £T00 mg/L). The ~ cOMputerized ground water quality file_s ar_‘d aline pri@’i@). B
water type for Analysis 2 is a transition between Class Ill and Class VIhe plot symbols on the water analysis diagram are identified

(sulfate and alkaline bicarbonate). by adjacent numbers, for either geologic units (aquifer) or
Nore 33—The method for computing the ion plot positions for the chemical analyses. These numbers are listed in accompanying
Durov diagram is described in 6.4. tables. Analyses are checked for completeness and balance of

6.5.4.4 An example of a modification of the Durov diagramcations and anions; both conditions must meet the quality
was used by Knobel and Philligg8) in a study of the Magothy standard to be plotted. A diagram showing the average plot
aquifer in Maryland where the Fe concentration in the samplegosition of each source aquifer is an option of the procedure.
water was significant. They modified the traditional trilinear . ) _ .

- . . - . Note 35—The cation/anion part of the first documented computerized
.Catlor.] portion of the diagram (see Flg. 4) bY replacmg.the IvlgPiper diagram was patterned after the square-grid-shaped diagram that
ion with Fe. The Mg was then combined with the Ca ion.  pingman and Fergusofv7) had modified from the design of Langelier

6.5.4.5 As developed by Helsel and SI46K) for the Piper  and Ludwig(4). A listing of the FORTRAN IV program for the Piper
diagrams, the method of using a polar smoothing routine wasiagram was published in 1988) by the Kansas Geological Survey. The

10
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original computer procedure was modified in the early 1970s to the classignalyses plotted on the Piper diagram. These techniques were
diamond shape. used on the Durov diagram by Wel¢B9).

6.6.2 A computer program PIPER, written by Morris, et al 6.6.6 A package of six water quality diagrams is available
(79) in BASIC language, is designed to run on a Hewlett-through documentation from the USG&5). Two versions of
Packard desktop computer with a cathode-ray tube (CRTYhe Piper diagram are included in the package. Of great
thermal printer, and peripherat- Y plotter. Many of the significance is a newly developed 3-D Piper diagram. This
concepts developed by Piper are incorporated into the progranersion of the Piper “projects data from the surface of a
output. The input water quality data are converted from ppm téwo-dimensional Piper plot into a triangular prism to indicate
meg/L units, and the percentage reacting values (plot valueyow variations in chemical composition may be related to
are computed. Both the input and output values are listed iwariations in an independent variable.” The third dimension
accompanying tables. The graphical output is of the standardariables illustrated were the specific conductance, dissolved
diagram with the analysis plot points or symbols numbered fosolids, and pH. For further information, contact USGS Books
identification in the tables. The analysis plot points on theand Reports Sales, Federal Center, Box 25425, Denver, CO
diamond part of the diagram have corresponding scaled circle30225, (303) 236-7476.

(either arithmetic or logarithmic) that indicate the dissolved 6.6.7 A graphics package called PLOTCHEWincludes a

solids concentration. Along with either two or three parentsyersion of the Piper diagram in which water quality data may
assumed mixed waters are examined numerically and arge entered directly or from a separate ASCII file. The program
included in the output if the results indicate mixing. has options for plotting a separate symbol for each sample

6.6.3 A relational ground water database with an extensiv@oint and also symbols for representing multiple, overlapping
collection of ground water, geology, and areal map proceduregoints. Circles representing dissolved solids concentrations can
(GEOBASE 6.0) for desktop computers is available frombe plotted using either arithmetic or logarithmic scales. Waters
Earthware of California. Included in this program package ardhat are presumed mixtures of two or three parent waters can be
routines for display of the Piper and Durov diagrams. Forevaluated by the software and the results plotted and tabulated.
further information, contact Earthware of California, 30100For further information, contact Scientific Software Group,
Town Center Drive No. 196, Laguna Niguel, CA 92677, (714)P.O. Box 23041, Washington, DC 20026-3041, (703) 620-
495-5727. 9214.

6.6.4 A package of software (ROCKSTAT) from Rockware 6.6.8 A comprehensive environmental database manage-
Scientific Software contains routines for plotting water analysignent system (GIS/KEY) includes a version of the PIPER
diagrams on a desktop computer. Included is a version of theiagram. For further information, contact GIS Solutions, 1800
Piper diagram. For further information, contact RockwareSutter Street, Suite 830, Concord, CA 94520-2500, (505)
Scientific Software, 4251 Kipling St., Suite 595, Wheat Ridge,827-5400.

CO 80033, (303) 423-5645.

6.6.5 Three statistical methods were developed by Helsef- Keywords
and Slack(64) to provide repeatable and quantitative proce- 7.1 chemical ions; geochemical classification; ground wa-
dures for illustrating curves representing chemical characteriger; hydrochemical facies; trilinear diagram; water analysis
tics, directions of chemical change, and group boundaries fadiagram
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PA, 1977, p. 688. AAnalysis selected from Ref (27).
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TABLE 2 lon Percentages, Anion Coefficient, and Anion
Classification

A

il D 5754

Analysis 1 Analysis 2 Analysis 3 Analysis 4

Anions
%ClI
%S0,
%HCO4
Cations
%Ca
%Mg
%Na
Coefficient of
predominate anion
Anion classification

5.9
154
28.7

29.5
11.3
9.2
13

HCO4-SO,

7.25
33.35
9.4

14.6
11.2
24.2

2.0

SO,

25
24.0
23.5

23.7

18.6

7.7
0.92

SO,
HCO4-Cl

48.26
0.02
1.72

7.8
35
38.7
27.8

Cl

AAnalyses selected from Ref (31).
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TABLE 3 Water Chemical Data and Gazda Classification

Chemical Parameters Analysis 174 Analysis 56 Analysis 964 Analysis 1104

Cations—meg/L (%) Ca 26.2 (35.62) 7.44 (1.97) 0.60 (20.03) 24.6 (1.75)
Sr+Ba+ Mn + Fe + Al 0.35 (0.48) 0.53 (0.15) 0.08 (2.51) 4.87 (0.34)
Mg 8.80 (11.96) 2.84 (0.75) 0.25 (8.34) 12.8 (0.91)
Na + K 1.27 (1.74) 170.0 (45.14) 0.57 (19.02) 659.0 (46.82)
Li + NH, 0.15 (0.20) 7.49 (1.99) 0.01 (0.10) 2.49 (0.18)

Anions—meq/L (%) Cl 0.08 (0.10) 84.0 (22.02) 0.19 (6.01) 697.0 (49.13)
Br+B+F +NO, +NO; 0.04 (0.05) 0.31 (0.09) 0.05 (1.67) 1.84 (0.13)
SO, 30.9 (42.30) 0.09 (0.02) 0.11 (3.57) 0.09 (0.01)
HCO, 5.50 (7.53) 106.0 (27.83) 1.20 (38.56) 10.4 (0.73)
CO; + HPO, + OH 0.02 (0.02) 0.15 (0.04) 0.01 (0.19) 0.01 (0.00)

Total mg/L 2504 13 754 121 41 646

Classification 17 56 96 110

S1(Cl) NaCl® 0.30 % 44.22 % 15.36 % 94.00 %
Remaining Na 1.79 % 25.02 % 11.44 % 0%
Remaining ClI 0% 0% 0% 2.26 %

S2(Cl) Ca(Mg)CI© 0% 0% 0% 452 %
Remaining Ca 48.06 % 2.86 % 30.88 % 0.74 %
Remaining ClI 0% 0% 0% 0%

S1(SO,) Naso,” 3.58 % 0.04 % 7.14 % 0.00 %
Remaining Na 0% 25.00 % 7.87 % 0%
Remaining SO, 40.51 % 0% 0% 0.01 %

S2(S0,) + S3 Ca(Mg)S0,° 81.02 % 0% 0% 0.02 %
Remaining Ca 7.55 % 2.86 % 30.88 % 0.73%
Remaining SO, 0% 0% 0% 0%

A2 + A3 Ca(Mg)HCO,° 15.20 % 574 % 61.76 % 1.46 %
Remaining Ca 0% 0% 0% 0%
Remaining HCO4 0% 25.00 % 7.87 % 0%

Al NaHCO;” 0% 50.00 % 15.74 % 0.00 %
Remaining Na 0% 0% 0% 0%
Remaining HCO4 0% 0% 0% 0%

AAnalyses from Ref (32).

BNa includes Na + K + Li + NH ,, and Cl includes Cl + Br + B + F + NO , + NO,.
€ Ca includes Ca + Mg + Sr + Ba + Mn + Fe + Al and Cl (see Footnote B).
PNa (see Footnote B) and SO, includes SO,.

E Ca (see Footnote C), and SO,(see Footnote D).

F Ca (see Footnote C) and HCOyg includes HCO; + CO ; + HPO, + OH.
© Na (see Footnote B) and HCO,(see Footnote G).

TABLE 4 Water Chemistry and D’Amore Classification
Parameters

Aquifer 1 Aquifer 2 Aquifer 3 Aquifer 4
Cations—meq/L (%)
Ca 4.04 (6.7) 1.00 (13.7) 0.15 (1.5) 3.14 (38.7)
Mg 592 (9.7) 1.15 (15.8) 0.33 (3.3)  4.11 (50.6)
Na 50.90 (83.6) 5.13 (70.5) 9.44 (95.2) 0.87 (10.7)
Total 60.86 7.28 9.92 8.12
Anions—meq/L (%)
cl 25.39 (41.6) 0.31 (4.2) 054 (5.3) 0.65 (7.9)
S0, 27.90 (45.7) 0.96 (13.2) 2.96 (29.0) 1.31 (15.9)
HCO,4 7.74 (12.7) 6.03 (82.6) 6.70 (65.7) 6.28 (76.2)
Total 61.03 7.30 10.20 8.24
Parameter A —-33.03 69.45 36.67 60.32
B -37.91 -57.32 -50.98 5.18
C 42.03 66.22 89.87 2.83
D 73.91 54.67 91.83 -39.90
E 3.68 -53.07 -60.85 13.07
F -72.00 -56.73 -93.65 27.96

“Analyses selected from Ref (60).
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TABLE 5 Chemical Constituents of Ground Water Sample as Determined by Laboratory Analyses (After Ref (38))

caz* Mg?* Na* K* HCO5~ CO5” S0,%” cI-
Laboratory Determined Value
mg/L 23 4.7 35 4.7 171 0 1.0 9.5
Multiplied by
Factor 0.04990 0.08229 0.04350 0.02558 0.01639 0.03333 0.02082 0.02821
Results
meq/L 1.15 0.39 1.52 0.12 2.80 0 0.02 0.27
Plot Value (lon Percentage)
Percent 36.2 12.2 47.8 3.8 0 0.7 8.7
TABLE 6 Water Chemistry and Langelier/Ludwig Classification A 21
Analysis 1 Analysis 2 Analysis 3  Analysis 4 $
Cations—meg/L (%) 22\
Ca 1.20 (60.3) 1.10(17.4) 0.12 (11.9) 3.39 (53.9) 2
Mg 0.34 (17.1) 0.48(7.6) 0.06 (5.9) 2.14 (34.0) 2 > o>
Na + K 0.25 (12.6) 4.75(75.0) 0.83 (82.2) 0.76 (12.1) ° \ <
Total 1.99 6.33 1.01 6.29 * °
22 f< g Z 3
Anions—meq/L (%) ®
cl 0.04 (2.3) 1.35(20.9) 0.42 (38.5) 0.48 (7.6) )
SO, 0.16 (9.0) 0.16 (2.5) 0.33(30.3) 2.96 (46.8) 8
HCO4 1.57 (88.7) 4.93 (76.6) 0.34 (31.2) 2.88 (45.6) 2
Total 1.77 6.44 1.09 6.32 s \ z
Y
Dissolved solids (mg/L) 107 362 67 398 o
2]
Classification A1-1.8 AA-6.5 A3-1.1 B2-6.3 8
AAnalysis selected from Ref (42). & ©
P
TABLE 7 lon Percentages /S
Analysis 1 Analysis 2 Analysis 3 Analysis 4 PRIMARY TYPES “P"Q)
z
Anions % Cl 3.84 9.88 167 7.06 Y @
% SO, 15.95 76.95 71.66 53.83
% HCO4 80.21 13.17 26.67 39.11
Cations % Ca 47.54 65.80 68.13 33.74
% Mg 42.03 26.23 19.62 1.34
% Na + K 10.43 7.97 12.25 64.92
Total concentration (meg/L) 10.06 73.13 33.63 15.78
“Analyses selected from Ref (48). SUB-TYPES
FIG. 1 Geochemical Pattern Diagram (Adapted from Refs (1) and
TABLE 8 lon Percentages, Dissolved Solids, and Free CO  ,* (4))
Analysis 1 Analysis 2 Analysis 3
Anions % CI 2.05 20.63 6.50
% SO, 2.82 43.11 13.90
% HCO4 95.10 36.23 79.50
Cations % Ca 18.50 20.51 50.60
% Mg 11.40 9.41 45.60
% Na + K 68.24 70.24 4.40
Dissolved solids 929 8343 480
Free CO, 1700

“Analyses selected from Ref (43).
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FIG. 14 Example of Piper Diagram Showing Mixture of Two
Parent Waters (Adapted from Ref (5))

d ;

: : % Ca %PERCENT OF TOTAL
g = § — ¢ CATIONS  MILLIEQUIVALENTS PER LITER  ANIONS
CATIONS M[LLIl;zllﬁ\EI:[EgTFS1I?ETRALLITER ANIONS 3
@ Plot position of analyses from table 6
HYPOTHETICAL ANALYSES
A -- Parent Water 1 \Direcﬁon of water movement
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The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

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

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