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Abstract

A new method is presented for calculating the electrical conductivity of natural waters that is accurate over a large range of
effective ionic strength (0.0004–0.7 mol kg�1), temperature (0–95 �C), pH (1–10), and conductivity (30–70,000 lS cm�1). The
method incorporates a reliable set of equations to calculate the ionic molal conductivities of cations and anions (H+, Li+,
Na+, K+, Cs+, NHþ4 , Mg2+, Ca2+, Sr2+, Ba2+, F�, Cl�, Br�, SO2�

4 , HCO�3 , CO2�
3 , NO�3 , and OH�), environmentally impor-

tant trace metals (Al3+, Cu2+, Fe2+, Fe3+, Mn2+, and Zn2+), and ion pairs (HSO�4 , NaSO�4 , NaCO�3 , and KSO�4 ). These equa-
tions are based on new electrical conductivity measurements for electrolytes found in a wide range of natural waters. In
addition, the method is coupled to a geochemical speciation model that is used to calculate the speciated concentrations
required for accurate conductivity calculations. The method was thoroughly tested by calculating the conductivities of
1593 natural water samples and the mean difference between the calculated and measured conductivities was �0.7 ± 5%.
Many of the samples tested were selected to determine the limits of the method and include acid mine waters, geothermal
waters, seawater, dilute mountain waters, and river water impacted by municipal waste water. Transport numbers were cal-
culated and H+, Na+, Ca2+, Mg2+, NHþ4 , K+, Cl�, SO2�

4 , HCO�3 , CO2�
3 , F�, Al3+, Fe2+, NO�3 , and HSO�4 substantially con-

tributed (>10%) to the conductivity of at least one of the samples. Conductivity imbalance in conjunction with charge
imbalance can be used to identify whether a cation or an anion measurement is likely in error, thereby providing an additional
quality assurance/quality control constraint on water analyses.
Published by Elsevier Ltd.
1. INTRODUCTION

Electrical conductivity is a water-quality property often
measured when water samples are collected for chemical
analyses. Modern instrumentation allows rapid, straight-
forward, and reliable measurements to be made in the field
and laboratory. Electrical conductivity is often used to
monitor the water quality of streams (NWIS, 2011) and
effluent from industrial sites (Binkley et al., 2000) and
wastewater treatment facilities (Prieto et al., 2001). Electri-
cal conductivity measurements have been used to determine
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the salinity (Lewis, 1980), ionic strength (Lind, 1970), major
solute concentrations (Pollak, 1954; McNeil and Cox,
2000), and total dissolved solids concentrations (Gustafson
and Behrman, 1939; Lystrom et al., 1978) of natural waters.

In addition, several methods have been reported for cal-
culating the conductivity of a natural water sample from its
chemical composition (McNeal et al., 1970; Tanji and
Biggar, 1972; Rossum, 1975; Marion and Babcock, 1976;
Laxen, 1977; Miller et al., 1988; Talbot et al., 1990;
Pawlowicz, 2008; Appelo, 2010; Visconti et al., 2010). There
are also theoretical methods intended primarily for indus-
trial applications (Anderko and Lencka, 1997; Wang
et al., 2004). These theoretical methods have been success-
fully extended to concentrated aqueous solutions and may
be well-suited for determining the conductivity of brines.
However, empirical equations are typically used to
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determine the conductivity in multi-component systems
having low-to-medium concentrations typically studied in
environmental research (Visconti et al., 2010).

The existing conductivity methods for natural waters
have been limited by the lack of conductivity data in the lit-
erature for relevant electrolytes (Pawlowicz, 2008). For sev-
eral important electrolytes, the literature conductivity data
do not span the concentration and temperature range of
natural waters. Consequently, existing methods are limited
by the number of ions included and are only applicable to a
limited range of pH, temperature, and ionic strength. Fur-
thermore, many of the existing methods are subject to large
uncertainties because either ion-pairing is not accounted for
(McNeal et al., 1970; Tanji and Biggar, 1972; Laxen, 1977)
or it is accounted for by using reduction factors based on
conductivity (Miller et al., 1988) or by treating the system
as a particular sum of salts, each of which has a unique
dependence on the ionic strength (Pawlowicz, 2008). The
method of Talbot et al. (1990) takes advantage of a geo-
chemical speciation code, but the method is limited by the
number of ions included and their estimation of ionic con-
ductivities. Furthermore, several methods are only valid for
solutions at 25 �C (Rossum, 1949; McNeal et al., 1970;
Tanji and Biggar, 1972; Rossum, 1975; Marion and
Babcock, 1976; Laxen, 1977; Miller et al., 1988).

Here we present a new method for calculating the elec-
trical conductivities for a wide range of natural waters
including dilute mountain waters, acid mine waters, geo-
thermal waters, seawater, and river water affected by muni-
cipal wastewater. Our method incorporates new electrical
conductivity measurements for electrolytes found in natural
waters having total ionic strengths of up to 1 mol kg�1 and
temperatures of 5–95 �C (McCleskey, 2011). The method
uses speciated water analyses calculated with geochemical
models, rather than total solute concentrations. Also, trans-
port numbers for individual ions in natural waters and a
quality control method that uses measured and calculated
conductivities and charge imbalances to identify erroneous
chemical analyses are presented.
2. CONDUCTIVITY CONVENTIONS

The electrical conductivity (j) of a solution can be deter-
mined using a commercially available conductivity meter
and probe using the following equation:

k ¼ KcellG ð1Þ

where Kcell is the conductivity cell constant and G is the
conductance. The Kcell is the ratio of the distance between
conductivity cell plates (d) to the area of the plates (A).
The electrical conductivity of a solution depends on the
ions that are present, their concentrations, and the solution
temperature. The SI unit for electrical conductivity is sie-
mens per centimeter (S cm�1) (Mills et al., 1993).

Depending on which electrolytes are present, the electri-
cal conductivity increases 1–3% per �C (Robinson and
Stokes, 1965). For natural waters, electrical conductivity
measurements typically are used to estimate the dissolved
ion concentration (e.g., salinity, ionic strength, and total
dissolved solids); therefore, electrical conductivity is
typically reported at 25 �C (j25) because it removes the
large effect of temperature (Radtke et al., 2005). The j25

is calculated using the following equation:

j25 ¼
j

1þ aðT � 25 �CÞ ð2Þ

where j is the electrical conductivity at the solution temper-
ature (T) in �C and a is the temperature compensation fac-
tor. Even though the electrical conductivity (j) of a solution
can be determined with great accuracy, the j25 is subject to
much greater uncertainty because it depends on a tempera-
ture compensation factor (a), which is not the same for all
natural waters and instruments. Most conductivity meters
designed for field use have a programmed temperature com-
pensation algorithm and automatically report j25. Linear
(0.019–0.020) and non-linear temperature compensation
factors are commonly used by conductivity meters. By mea-
suring the j25 of a standard KCl solution at various temper-
atures, the temperature compensation factor (a) used by
conductivity meters can be determined using Eq. (2) and
the known j for standard KCl solutions. Pratt et al.
(2001) determined the j for aqueous KCl standard
solutions with molalities of 0.001, 0.1, and 1.0 mol kg�1 in
the temperature range of 0–50 �C. Meaningful comparisons
of calculated and measured j25 require that the same a be
used.

Many of the techniques used to interpret electrical con-
ductivity measurements were introduced by Kohlrausch
(1902). He developed the concept of equivalent conductiv-
ity, the law of the independent migration of ions, and the
square-root law which has been widely used to determine
the equivalent conductivity at infinite dilution. For bin-
ary-electrolyte solutions, the equivalent conductivity is the
electrical conductivity of a solution normalized to the elec-
trolyte concentration (eq L�1) (Harned and Owen, 1958;
Robinson and Stokes, 1965). In this study, molal conduc-
tivity (K) will be utilized rather than equivalent conductivity
for three reasons: (1) molality is independent of tempera-
ture, (2) many geochemical programs (e.g., WATEQ4F
and PHREEQCI) use molality to calculate the chemical
speciation, and (3) the International Union of Pure and
Applied Chemistry (IUPAC) recommends the use of
equivalent conductivity be discontinued (Parsons, 1974).
The molal conductivity (K) of electrolytes can be deter-
mined using the following equation:

K ¼ j
m

ð3Þ

where m is molality (mol kg�1).
The law of the independent migration of ions states that

the equivalent conductivity of a strong electrolyte solution
is equal to the sum of the contributions of its negative
and positive ionic components (Robinson and Stokes,
1965). The molal conductivity of a strong electrolyte can
be determined from its ionic components using the follow-
ing equation:

K ¼ nþkþ þ n�k� ð4Þ

where k is the ionic molal conductivity and n is a dimen-
sionless number corresponding to the number of moles of
the cation (+) and anion (�). Eq. (4) is only applicable
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for fully dissociated electrolytes. If the molal conductivity
of the strong electrolyte solution (K) and one of the ionic
molal conductivities (e.g., k+) are known, the other ionic
molal conductivity can be determined by difference (e.g.,
k�).

Another important concept used to interpret electrical
conductivity data is the transport number (t), which is the
relative contribution of a given ion to the overall electrical
conductivity. Thus, the transport numbers for all of the
ions in a solution sum to unity. For a uni-univalent electro-
lyte solution, the transport number of an ion is equal to the
mobility of the ion divided by the sum of mobilities of the
two ions and is equal to the ratio of the ionic molal conduc-
tivity of the ion of interest (ki) to the molal conductivity (K)
of the electrolyte solution:

ti ¼
ki

K
ð5Þ

Independent methods can be used to determine the trans-
port numbers of ions in simple solutions (Harned and
Owen, 1958; Robinson and Stokes, 1965). By knowing
the transport number (ti) and molal conductivity (K) of
the electrolyte solution, the ionic molal conductivity (ki)
can be determined. For mixed electrolyte solutions, the fol-
lowing equation can be used to determine the transport
numbers for the individual ions:

ti ¼
kimiPn
i¼1kimi

ð6Þ

Transport numbers in mixed electrolyte solutions are useful
for identifying the ions that substantially contribute to the
electrical conductivity and thus for interpreting the electri-
cal conductivity.

The electrical conductivity (j) of an aqueous solution
can be calculated from its chemical composition using the
following equation:

j ¼
X

kimi ð7Þ

where ki is the ionic molal conductivity and mi is the
speciated molality (mol kg�1) of the ith ion. To determine
the electrical conductivity using Eq. (7), the ionic molal
conductivity and speciated ion concentration must be
known for ions that significantly contribute to the electrical
conductivity. The speciated ion concentrations can be
calculated using geochemical speciation models.
3. METHODS

One of the objectives of this research was to develop a
new method that can be used to reliably calculate the elec-
trical conductivity of natural waters ranging in temperature
from 0–95 �C and ionic strengths up to 1 mol kg�1.
Because electrical conductivity data in the literature are
lacking for many electrolytes, the first step (1) was to mea-
sure the electrical conductivities (j) of 34 electrolytes com-
monly found in natural waters from 5–90 �C and from
10�4–1.0 mol kg�1. These data, reported by McCleskey
(2011), provide a better basis for determining ionic molal
conductivities. The next step (2) was to determine the ionic
molal conductivities (k) for the ions found in natural waters
at concentrations high enough to affect the electrical con-
ductivity. Then (step 3) equations were developed as func-
tions of temperature and ionic strength that can be used to
calculate the ionic molal conductivities (k). The geochemi-
cal speciation computer code WATEQ4F (Ball and Nord-
strom, 1991) was modified (step 4) to compute electrical
conductivity (j), electrical conductivity corrected to 25 �C
(j25), and conductivity imbalance (dj25). As a check of
the method, calculated conductivities of the electrolytes re-
ported by McCleskey (2011) were compared to measured
values. This methodology was also used to calculate the
conductivities of a wide range of natural waters including
acid mine waters, geothermal waters, dilute mountain
waters, seawater, and river water affected by municipal
wastewater.

3.1. Ionic molal conductivities

Accurate electrical conductivity calculations using Eq.
(7) depend on reliable calculations of the ionic molal con-
ductivity (k) at various temperatures and ionic strengths.
The equation proposed by Lattey (1927) can be used to reli-
ably predict the equivalent conductivities of electrolytes
applicable to natural waters with temperatures ranging
from 0–95 �C and ionic strengths up to 1 mol kg�1

(McCleskey, 2011). By substituting ionic strength (I) for
concentration, Lattey’s Equation also can be used to reli-
ably calculate k at various temperatures and ionic strengths:

k ¼ k�ðT Þ � AðT ÞI1=2

1þ BI1=2
ð8Þ

where k� and A are functions of temperature (�C) and B is
an empirical constant. Ionic strength, which is a measure of
the concentration of all charged ions in solution, can be
calculated using:

I ¼ 1=2
X

miz2
i ð9Þ

where zi is the charge of the ith ion. Because electrical
conductivity is a collective measure of dissolved ions
(Hem, 1982), the incorporation of I into Eq. (8) is appropri-
ate. Eq. (8) is a linear equation when plotted against
(I1/2)(1 + BI1/2)�1, and for dilute solutions it approaches
the behavior of the square root law (Jones and Dole,
1930). The [A(T)(I1/2)(1 + BI1/2)�1] term in Eq. (8) accounts
for relaxation and electrophoretic effects. The equations in
Table 1 can be used to compute the ionic molal conductiv-
ity over a wide range of temperatures and molalities for 28
environmentally relevant ions. The ionic molal conductivi-
ties are plotted against (I1/2)(1 + BI1/2)�1 in Figs. 1–4.
The dashed lines are calculated using the equations in
Table 1. The solid symbols are ionic molal conductivities
determined from the data presented in McCleskey (2011).
In addition, the calculated ionic molal conductivities at
0 �C were calculated for K and Cl and compared to litera-
ture values (NRC, 1929) to demonstrate that extrapolation
below 5 �C is accurate. The R2 values ranged from 0.923–
1.000 for 174 of the 177 linear regressions suggesting that
Eq. (8) can be used to accurately predict the ionic molal
conductivity from 0–95 �C and ionic strength of up to



Table 1
Equations used to calculate individual ionic molal conductivities (mS kg cm�1 mol�1) for the ions applicable to natural waters. [Eq. (8)
parameters; T is temperature (�C)].

Ion k0 A B

K+ 0.003046T2 + 1.261T + 40.70 0.00535T2 + 0.9316T + 22.59 1.5
Na+ 0.003763T2 + 0.8770T + 26.23 0.00027T2 + 1.141T + 32.07 1.7
H+ �0.01414T2 + 5.355T + 224.2 �0.00918T2 + 1.842T + 39.23 0.3
Li+ 0.002628T2 + 0.7079T + 19.20 0.00412T2 + 0.4632T + 13.71 0.2
Cs+ 0.003453T2 + 1.249T + 43.94 0.00646T2 + 0.7023T + 21.79 1.3
NHþ4 0.003341T2 + 1.285T + 39.04 0.00132T2 + 0.6070T + 11.19 0.3
Ca2+ 0.009645T2 + 1.984T + 62.28 0.03174T2 + 2.334T + 132.3 2.8
Mg2+ 0.01068T2 + 1.695T + 57.16 0.02453T2 + 1.915T + 80.50 2.1
Ba2+ 0.01059T2 + 2.090T + 68.10 0.03127T2 + 2.248T + 93.91 1.9
Sr2+ 0.006649T2 + 2.069T + 61.63 0.00702T2 + 0.9009T + 33.41 0.1
SO2�

4 0.01037T2 + 2.838T + 82.37 0.03324T2 + 5.889T + 193.5 2.6
Cl� 0.003817T2 + 1.337T + 40.99 0.00613T2 + 0.9469T + 22.01 1.5
F� 0.002764T2 + 1.087T + 26.66 0.00178T2 + 0.6202T + 19.34 0.5
Br� 0.000709T2 + 1.477T + 40.91 0.00251T2 + 0.5398T + 12.01 0.1
CO2�

3 �0.000326T2 + 2.998T + 64.03 �0.00181T2 + 5.542T + 120.2 2.3
HCO�3 0.000614T2 + 0.9048T + 21.14 �0.00503T2 + 0.8957T + 10.97 0.1
NO�3 0.001925T2 + 1.214T + 39.90 0.00118T2 + 0.5045T + 23.31 0.1
OH� 0.003396T2 + 2.925T + 121.3 0.00933T2 + 0.1086T + 35.90 0.01
Al3+ 0.02376T2 + 3.227T + 90.24 0.06484T2 + 5.149T + 76.79 3.0
Cu2+ 0.00818T2 + 1.939T + 53.26 0.0292T2 + 6.745T + 151.5 8.0
Fe2+ 0.009939T2 + 1.878T + 54.80 0.03997T2 + 3.217T + 164.5 4.0
Fe3+ 0.02077T2 + 4.390T + 82.42 �0.09676T2 + 20.76T � 22.18 4.0
Mn2+ 0.01275T2 + 2.109T + 46.19 0.1071T2 + 9.023T + 135.4 7.6
Zn2+ 0.01249T2 + 1.912T + 48.20 0.08284T2 + 5.188T + 75.73 7.0
KSO�4 �0.002439T2 + 4.253T + 129.7 �0.01576T2 + 6.210T + 146.8 1.3
NaSO�4 0.002309T2 + 5.459T + 219.2 0.01454T2 + 5.193T + 253.6 0.5
HSO�4 0.000927T2 + 0.8337T + 29.56 0.02887T2 + 0.8730T + 36.25 7.0
NaCO�3 0.00336T2 + 3.845T + 89.51 0.00061T2 + 6.387T + 141.7 2.0
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1 mol kg�1. The three other R2 values were 0.809, 0.879,
and 0.884 for the Al3+ at 5 �C and Fe3+ at 5 and 10 �C lin-
ear regressions, respectively. Because it may be useful to
incorporate additional ions, a detailed description of the
algorithm used to derive the equations in Table 1 is pre-
sented in Electronic annex EA-1.
3.2. Conductivity method coupled to geochemical models

Chemical speciation affects the electrical conductivity of
electrolyte solutions. Electrical conductivity is so sensitive
to the presence of complexes that it has been used to deter-
mine numerous dissociation constants (Shedlovsky, 1938;
Davies, 1962). Even though the effects of chemical specia-
tion on electrical conductivity are well known, many meth-
ods used to calculate the conductivity ignore chemical
speciation (McNeal et al., 1970; Tanji and Biggar, 1972;
Laxen, 1977). One of the most significant improvements
over most methods is the coupling of the electrical conduc-
tivity method presented here with the speciated chemistry
calculated with geochemical models.

There are numerous geochemical speciation models that
reliably calculate the distribution of chemical species in
solutions. We chose to couple the electrical conductivity
method to the U.S. Geological Survey geochemical specia-
tion codes WATEQ4F (Ball and Nordstrom, 1991) and
PHREEQCI (Parkhurst and Appelo, 1999; Charlton and
Parkhurst, 2002), which share the same thermodynamic
database and use the ion association model. The SELEC-
TED_OUTPUT feature of PHREEQCI, which was coded
to include the molalities of all ions in Table 1, was used
to generate the molalities and the speciated ionic strength
required to calculate the ionic molal conductivities for the
equations in Table 1. The WATEQ4F code was modified
to calculate the conductivity using the new method. The
programming for the text output (*.out) and the spread-
sheet output (*.eqp) were modified to include the j25 as well
as the conductivity imbalance (dj25) using the following
equation:

dj25 ¼
j25 calculated � j25 measured

j25 measured
ð10Þ

The dj25 is a comparison of calculated and measured con-
ductivity and can be used to identify erroneous chemical
analyses. The reliability of geochemical model simulations
was discussed in detail by Nordstrom (2004) and largely
depends on the thermodynamic database utilized. In a com-
parison of 14 different geochemical codes, WATEQ was
found to perform favorably for seawater and river water
analyses (Nordstrom et al., 1979). Furthermore, Nordstrom
et al. (1990) compiled and evaluated thermodynamic data
utilized by WATEQ4F for the range 0–100 �C and up to 1
molal ionic strength for major univalent and divalent ions,
a limited set of minor and trace elements, iron and
manganese redox species, and major carbonate minerals.



Fig. 1. Graphs of ionic molal conductivities (mS kg cm�1 mol�1) as a function of (I1/2)(1 + BI1/2)�1 for K+ (a), Na+ (b), Li+ (c), H+ (d), Ca2+

(e), Mg2+ (f), Ba2+ (g), and Sr2+ (h). The dashed lines are calculated using equations in Table 1.
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4. RESULTS AND DISCUSSION

4.1. Calculated conductivity of laboratory solutions

The j25 of each electrolyte reported in McCleskey (2011)
was calculated using WATEQ4F to confirm that the meth-
od reliably predicts the conductivity of electrolyte solutions
containing ions relevant to natural waters. This consistency
check also verifies the accuracy of the WATEQ4F code
modifications. The same linear temperature compensation
factor (0.019) was used for the measured and calculated
conductivities. With that source of uncertainty removed,
differences between the measured and calculated conductiv-
ities are mainly attributable to the calculation of ionic molal
conductivities.

The dj25 was calculated for the electrolytes in
McCleskey (2011) (Fig. 5). For 1250 comparisons, the mean
and median dj25 were both 0.1% and the first standard



Fig. 2. Graphs of ionic molal conductivities (mS kg cm�1 mol�1) as a function of(I1/2)(1 + BI1/2)�1 for Cl� (a), SO2�
4 (b), NO�3 (c), OH� (d),

CO2�
3 (e), HCO�3 (f), F� (g), and Br� (h). The dashed lines are calculated using equations in Table 1.

374 R.B. McCleskey et al. / Geochimica et Cosmochimica Acta 77 (2012) 369–382
deviation was 2.5%. Based on this evaluation, 99% of the
calculated conductivities were within 7.5% of the measured
value for data ranging in temperature from 5–90 �C, con-
ductivity from 10–200,000 lS cm�1, and ionic strength
from 10�4–1 mol kg�1. Detailed plots for selected electro-
lytes (NaCl, NaHCO3, CaCl2, CaSO4, H2SO4, and
Fe2(SO4)3) of dj25 against j25 are shown in Fig. 6. The
good agreement between the calculated and measured
conductivities demonstrates that the equations listed in
Table 1 are reliable and that the programming of
WATEQ4F is correct. The conductivity of H2SO4 can be
calculated accurately at pH values as low as 0.4. Sulfuric
acid is generated in natural waters by pyrite oxidation
(Nordstrom, 2000) and sulfur oxidation (Nordstrom
et al., 2009). Both oxidation scenarios can generate
waters with pH values below 2 where SO4 hydrolysis



Fig. 3. Graphs of ionic molal conductivities (mS kg cm�1 mol�1) as a function of (I1/2)(1 + BI1/2)�1 for Cs+ (a), NHþ4 (b), Mn2+ (c), Zn2+ (d),
Al3+ (e), Cu2+ (f), Fe2+ (g), and Fe3+ (h). The dashed lines are calculated using equations in Table 1.
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(pKa2 = 1.98; Nordstrom and Munoz, 1994) becomes sig-
nificant. The low dj25 for H2SO4 suggests that the ionic mo-
lal conductivities for HSO�4 , H+, and SO2�

4 are reliably
calculated. The dj25 for HCl solutions is also low
(dj25 < ±2%), but HCl is rarely generated by natural pro-
cesses. The largest values of dj25 occurred for the 70 and
90 �C measurements for Fe2(SO4)3 (Fig. 6f), where the
fraction of fully dissociated ions was small. Errors in the
Fe-SO4 speciation at these higher temperatures could ac-
count for the larger observed dj25 values. Another possible
explanation is that the predicted Fe3+ molal conductivity
may be in error at temperatures above 45 �C because of
the limited amount of ionic molal conductivity data avail-
able for Fe3+ at higher temperatures.

4.2. Calculated conductivity of natural waters

Values for j25 of acid mine waters, geothermal waters,
seawater, dilute mountain waters, and river water impacted
by municipal wastewater were calculated. A water-quality



Fig. 4. Graphs of ionic molal conductivities (mS kg cm�1 mol�1) as a function of (I1/2)(1 + BI1/2)�1 for KSO�4 (a), NaSO�4 (b), HSO�4 (c), and
NaCO�3 (d). The dashed lines are calculated using equations in Table 1.

Fig. 5. A frequency plot of the conductivity imbalance dj25 (for
all electrolytes measured in McCleskey (2011).
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database with nearly 1800 water samples was created and
speciated charge imbalances were calculated using WA-
TEQ4F. The majority of the water quality data were pro-
duced by the USGS laboratory in Boulder, Colo., and
can be found in a series of reports on Yellowstone National
Park (Ball et al., 2001; Ball et al., 2002; McCleskey et al.,
2005; Ball et al., 2006), the Questa baseline and pre-mining
ground water quality investigation (McCleskey et al., 2003;
Naus et al., 2005; Nordstrom et al., 2005; Verplanck et al.,
2006), the Boulder Creek Watershed (Verplanck et al.,
2003), and the Leviathan Mine drainage basin (Ball and
Nordstrom, 1985). Additional water-quality data generated
by the USGS for samples from Summitville Mine, Iron
Mountain, Upper Animas River, San Diego Bay, and
forty-one USGS Major ion (M) standard reference water
samples (SRWS) are also included in the database. Each
M SRWS is a natural surface water sample where the major
ion concentrations and conductivities have been determined
by multiple laboratories and the most probable values
(MPV) reported. Additional information about the USGS
SRWS program, including how the MPV values are deter-
mined, can be obtained at URL http://bqs.usgs.gov/srs. All
the water analyses used in this study are reported in
Electronic annex EA-2 and include pH, temperature, j25,
alkalinity, and concentrations of Ca, Mg, Na, K, Cl, SO4,
Fe(total), Fe(II), SiO2, NH4, Al, F, NO3, Li, Sr, Ba, Br,
Mn, Cu, and Zn. The quality of the chemical analyses
was checked by calculating the charge imbalance (CI) for
each sample. WATEQ4F uses the following equation to
calculate CI:

CI ¼ ð
P

cations�
P

anionsÞ
ð
P

cationsþ
P

anionsÞ � 2
ð11Þ

where
P

cations and
P

anions are in meq L�1. The charge
imbalance calculated by WATEQ4F (Eq. (11)) is twice the
value often calculated because the denominator is the aver-
age of the cation and anion sum rather than just the sum
(APHA, 1985). Nordstrom and Munoz (1994) have sug-
gested that analyses having a CI of less than ±10 % are
appropriate for speciation calculations. Samples with poor
CI (>10 %) were purged from the database and conductiv-
ity values were calculated for the remaining 1593 samples
(EA-2) and compared to the measured values (Fig. 7).
The ranges of conductivity, temperature, pH, and major-
ion and trace-metal concentrations for all the samples in

http://bqs.usgs.gov/srs


Fig. 6. Conductivity imbalance (dj25) (as a function of conductivity (j25) and either ionic strength (I) or pH for NaCl (a), NaHCO3 (b), CaCl2
(c), CaSO4 (d), H2SO4 (e), and Fe2(SO4)3 (f).
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the database are shown in Table 2. The dissolved organic
carbon concentrations in the 1593 samples ranged from
below detection to 33 mg/L. Naturally occurring DOC is
not expected to substantially contribute to the conductivity
because of its low mobility, but as far as we know these
effects have not been studied. A frequency plot of dj25 for
all the samples in the database is shown in Fig. 8. The mean
is �0.7% with a standard deviation of 5.2%. Approximately
95% of the calculated j25 were within 10% of the field
measurement. Fig. 9 shows plots of dj25 against ionic
strength, temperature, pH, and conductivity. The method
presented here reliably calculates the electrical conductivi-
ties of natural water samples having a large range of speci-
ated ionic strength (0.0004–0.7), temperature (0–95 �C), pH
(1–10), and conductivity (30–70,000 lS cm�1).

The method is very effective at calculating the j25 for
SRWS. The MPVs reported for the SRWS (EA-2) are
expected to be very accurate and as a result SRWS are ideal
test samples for determining the accuracy of the conductiv-
ity method. The SRWS had a wide range of pH (2.74–10.2),
ionic strength (0.0012–0.026), and j25 (102–2079 lS cm�1;
Fig. 9). The calculated j25 for the 41 U.S. Geological



Fig. 7. Calculated conductivity (j25calc) plotted against measured
conductivity (j25meas) for 1593 natural water samples. The solid line
is a 1:1 correlation and the dashed lines are ±10%. The open
symbols are U.S. Geological Survey SRWS and the closed symbols
are the remaining natural water samples included in EA-2.

Table 2
Ranges of conductivity (j25), pH, temperature, and major-ion and
trace-metal concentrations for all samples in the database.

Field-measured properties

j25 (lS cm�1) 33–70,000
pH 1.1–10.2
T (�C) 0–96
Concentration (mmol kg�1)

Ca 0.001–18
Mg 0.00001–52
Na 0.006–470
K <0.00003–11
HCO3 <0.02–14
SO4 0.0006–570
Cl 0.001–500
F <0.003–2.9
Br <0.0006–0.79
NO3 <0.0008–4.5
SiO2 0.0008–13
NH4 <0.003–49
Al <0.00003–35
Cu <0.00002–3.5
Fe(II) <0.00004–160
Fe(III) <0.00004–100
Li <0.0001–1.6
Mn <0.00002–9.1
Sr <0.00001–0.22
Zn <0.00002–19

Fig. 8. Frequency plot of conductivity imbalance (dj25) for all
1593 natural waters samples tested.
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Survey SRWS are in good agreement with the reported j25

(Figs. 7 and 9). The mean dj25 for the U.S. Geological Sur-
vey SRWS is �0.5% with a standard deviation of 1.3%.

4.3. Transport number of ions in natural waters

The method presented here allows the transport number
of individual ions in natural waters to be calculated. The
transport number was calculated for each ion listed in
Table 1 using Eq. (6). Transport numbers are useful for
identifying the ions that significantly contribute to the
electrical conductivity and can be used to predict the con-
centrations of major ions for water-quality monitoring.
The transport number was determined for every ion listed
in Table 1 for the 1593 natural water samples included in
the database (EA-2). Fig. 10 contains box plots displaying
the distribution of transport numbers for the major cations,
major anions, trace metals, and ion pairs. The transport
numbers for Ba, Cs, and Sr were not plotted because their
contribution to the electrical conductivity was negligible
(<1%). Using the maximum transport number, the ions
can be group into three categories. The first group includes
those ions that may contribute significantly (tmax > 10%) to
the electrical conductivities of natural waters (H+, Na+,
Ca2+, Mg2+, NHþ4 , K+, Cl�, SO2�

4 , HCO�3 , CO2�
3 , F�,

Al3+, Fe2+, NO�3 , and HSO�4 ). The ions in this group are
essential for accurate conductivity calculations. The next
group includes those ions than contribute a moderate
amount (2% < tmax < 10%) to the electrical conductivities
of natural waters (Li+, Fe3+, Cu2+, Mn2+, Zn2+, OH�,
NaSO�4 , and NaCO�3 ). The last group includes those ions
that contribute very little (tmax < 2%) to the electrical con-
ductivities of natural waters (Ba2+, Br�, Cs+, Sr2+, and
KSO�4 ).

4.4. Quality control method for water analyses

The calculated j25 can be used as an analytical quality-
control method for a wide range of natural water samples.
Rossum (1949) was the first to document the use of electri-
cal conductivity as a quality-control method for checking
water analyses. In Rossum’s approach, the electrical con-
ductivity is calculated for a sample that is diluted to a range
in which ion pairs are unlikely to exist. This approach
proved to be a good check for the analytical accuracy of
the anions, but does not work very well for samples with
high or low pH values, high Na concentrations, or low elec-
trical conductivities. Laxen (1977) calculated electrical con-
ductivity from the chemical composition and compared it
to the measured conductivity, with a discrepancy indicating
an error in the analyses. Miles and Yost (1982) used the
difference between calculated and measured electrical



Fig. 9. Plot of the conductivity imbalance (dj25) for 1593 natural waters against ionic strength (a), temperature (b), pH (c), and conductivity
(j25) (d). The open symbols are U.S. Geological Survey SRWS and the closed symbols are the remaining natural water samples included in
EA-2.
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conductivity in conjunction with the ion charge balance as
an analytical quality-control check, but their technique was
limited to samples with conductivities of about
100 lS cm�1.

The use of charge imbalance is regularly used to check
the quality of water analyses (APHA, 1985). However,
when a large charge imbalance exists there is no indication
whether the error is caused by a cation or an anion. A
second constraint is helpful to identify the constituent most
likely in error. Considering the importance of reliable
water-quality analyses and the time and expense of
analyzing samples, the ability to identify inaccurate
determinations is important.

To demonstrate the utility of identifying the constituent
or measurement most likely in error using a dj25–CI plot,
the effects of artificially increasing or decreasing the major
cation (meq L�1) were tested for 50 samples originally
having a CI and dj25 6±1% (Fig. 11). Increasing the major
cation by 20% resulted in an increase in dj25 and an
increase in CI, while decreasing the major cation by 20%
resulted in a decrease in dj25 and a decrease in CI
(Fig. 11). Pawlowicz (2008) suggests that CI/2 is a good
estimate for dj25 caused by charge imbalance in natural
water analyses. The dashed box in Fig. 11 (CI = ±10%
and dj25 = ±5%) is the area where the analyses are accept-
able or the errors are too small to identify using this
approach. However, the size of the target is somewhat
arbitrary and for some sample sets a larger target may be
justified (CI = ±10% and dj25 = ± 10%). For example we
found that approximately 95% of the calculated dj25 were
within 10% of the field measurements for a large variety
of natural waters (Fig. 8). It is possible that multiple
erroneous analytical values may have a canceling or
additive effect for both CI and dj25. This type of situation
may be identified if either the CI or dj25 is low and the other
is high. For example, if both a major cation and anion are
overestimated, the CI may be low but the dj25 may be high.
Conversely, if the analytical errors for the major cation and
anion are in opposite directions, the dj25 may be low and
the CI high. In addition, the error associated with the field
conductivity measurement may be larger for some samples.
Nonetheless, a dj25–CI plot is straightforward to use and in
many cases can identify the measurement most likely in
error.

5. SUMMARY

A new method has been developed for calculating the
electrical conductivities of natural waters having a large
range of effective ionic strength (0.0004–0.7 mol kg�1),
temperature (0–95 �C), pH (1.0–10), and conductivity
(30–70,000 lS cm�1). The method was used to calculate
the conductivity of 1593 natural water samples and the
mean difference between the calculated and measured con-
ductivity was �0.7 ± 5%. Many of the samples tested were
selected to determine the limits of the method and include
acid mine waters, geothermal waters, seawater, dilute
mountain waters, and river water impacted by municipal
waste water.

Compared to other conductivity methods in the litera-
ture, three important advancements have been made. First,
the electrical conductivities of 34 electrolyte solutions rang-
ing from 10�4�1 mol kg�1 in concentration and from
5�90 �C in temperature were used to calculate the ionic



Fig. 10. Box plots displaying the distribution of transport numbers (t) for the major cations (a), major anions (b), trace metals (c), and ion
pairs (d).

Fig. 11. The effects on conductivity imbalance and charge imbal-
ance of increasing or decreasing the major cation concentration for
natural waters.
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molal conductivity for the ions pertinent to natural waters.
Second, using the new electrical conductivity measure-
ments, a reliable set of equations was developed that can
be used to calculate the ionic molal conductivities of cations
and anions (H+, Li+, Na+, K+, Cs+, NHþ4 , Mg2+, Ca2+,
Sr2+, Ba2+, F�, Cl�, Br�, SO2�

4 , HCO�3 , CO2�
3 , NO�3 , and

OH�), environmentally important trace metals (Al3+,
Cu2+, Fe2+, Fe3+, Mn2+, and Zn2+), and ion pairs
(HSO�4 , NaSO�4 , NaCO�3 , and KSO�4 ). The ionic molal con-
ductivity equations are functions of both temperature and
ionic strength and are the most comprehensive presented
to date. Third, the effects of ion pairing have been
accounted for by determining the concentrations of ion
pairs and complexes using geochemical speciation models.
Treating ion pairs in the same manner as other ions allows
the method to be reliable at much greater ionic strengths.

For the wide range of natural waters tested in this study,
transport numbers were calculated to identify the ions that
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contribute significantly to the conductivity (H+, Na+, Ca2+,
Mg2+, NHþ4 , K+, Cl�, SO2�

4 , HCO�3 , CO2�
3 , F�, Al3+, Fe2+,

NO�3 , and HSO�4 ). Besides identifying the ions that contrib-
ute significantly to the conductivity, transport numbers can
also be used to better predict the concentrations of ions in
natural waters.

Another important application of the conductivity
method is checking the accuracy of water analyses. By cou-
pling charge imbalance and conductivity imbalance, the
measurement most likely in error can be identified or nar-
rowed down to a few possibilities. Considering the time, ex-
pense, and importance of reliable water quality analyses,
the ability to identify inaccurate determinations is extre-
mely useful.

The method presented to calculate the electrical conduc-
tivity of natural waters has been incorporated into the USGS
geochemical speciation code WATEQ4F. The WATEQ4F
program can be obtained at: http://wwwbrr.cr.usgs.gov/
projects/GWC_chemtherm/software.htm.
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