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Abstract

This paper presents a novel approach to estimate major ion concentrations in estuaries from a known specific conductance.
Assuming two-source conservative mixing at steady state, we propose an extension of the Practical Salinity Scale 1978 to
estimate concentrations of major ions and total dissolved solids as functions of the conductivity ratio, which is the ratio of
sample conductivity and seawater conductivity. We employ an extensive salinity data set that includes measurements of
specific conductance and concentrations of major ions and total dissolved solids to demonstrate its validity and limitations
for the San Francisco estuary. We show the proposed extension to be valid in waters influenced by seawater intrusion at
specific conductance values greater than or equal to 0.25 mS/cm and propose adjusted model constants to account for ionic
composition under less saline conditions. We observed evidence of seasonal bias in model residuals and hypothesize that
this bias is related to the simplified assumption of fixed upstream end member concentrations. This finding of seasonal
bias suggests that upstream end member concentrations are more reflective of high alkalinity freshwater contributions from

December through June, compared to other months.

Keywords Salinity constituents - Estuarine water quality - Conservative mixing - Seawater intrusion

Introduction

The salinity gradient resulting from mixing of ocean water
and riverine water is a fundamental feature of estuaries and
affects biota within the system as well as surrounding marine
waters (Reid and Wood 1976; Telesh and Khlebovich 2010).
The salinity gradient also plays a role in municipal and agri-
cultural uses of estuarine waters, i.e., water withdrawals
generally occur in the more upstream reaches of an estuary
where salinities are lower. Estuarine salinity gradients are
affected by several factors, including geometry, volumes,
and timing of freshwater inflows, tidal ranges, and wind-
driven mixing (Dyer 1997). Some of these factors are sub-
ject to change over longer time scales due to anthropogenic
drivers; common drivers include water diversions, dredg-
ing and filling activities, tidal wetland loss, and sea level
rise (Merrifield et al. 2011; Kennish 2021). While estuarine
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mixing studies typically focus on the state and transport of
bulk salinity measures, many studies consider the state and
transport of individual ions that are of interest for specific
beneficial uses (Yarish et al. 1980; Howland et al. 2000;
Sundaray et al. 2009; Carol and Kruse 2012; Denton 2015).

The most common measure of salinity in estuarine waters
is electrical conductivity because of the widespread use of
real-time sensors that can easily provide time-varying data.
Conductivity is related to salinity through the Practical
Salinity Scale 1978 (PSS-78) (Lewis 1980), an empirical
relationship expressing salinity in dimensionless units with
a value of 35 referring to ocean water salinity. Conductivity
measurements for estuarine waters are usually converted to a
standard temperature and pressure (25 °C and 1 atmosphere)
and reported as specific electrical conductance (EC). The
use of PSS-78 for estimating total salinity has been com-
monplace after publication in Lewis (1980).

Here, we build on the standard PSS-78 formulation by
proposing similar relationships between EC and individual
ionic concentrations to extend the utility of EC measure-
ments. We focus on San Francisco estuary, including the
western Sacramento-San Joaquin River Delta (hereafter
Delta), a region with abundant ionic and EC data and where
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an ongoing interest in ionic composition is motivated by
several regulatory and drinking water quality considera-
tions, including:

e  Water quality regulations (CSWRCB 1999) governing
the operation of Delta facilities by the California State
Water Project (SWP) and Federal Central Valley Project
(CVP) set chloride standards at various intakes to protect
municipal and industrial beneficial uses.

e Salinity intrusion introduces ocean-derived bromide
salts to the interior Delta (Hutton and Chung 1992). This
salinity ion is of special concern for municipal beneficial
uses of Delta water, as it promotes the formation of sev-
eral disinfection by-products that are suspected threats
to human health when present in sufficient quantities
in drinking water (Najm and Krasner 1995). Bromine-
containing disinfection by-products are of greater health
concern than their chlorine-containing analogs (Wagner
and Plewa 2017).

e Concerns about low alkalinity levels in exported Delta
waters have been raised by SWP contractors that serve
municipalities, prompting the California Department of
Water Resources” Municipal Water Quality Investigations
MWQI) program to develop capabilities to simulate and
forecast bicarbonate fate and transport in the Delta (Hutton
et al. 2022a). While moderately low alkalinity levels can
improve the effectiveness of the coagulation process in water
treatment plants, especially when aluminum sulfate is used
as a coagulant, extremely low alkalinity levels can depress
pH levels and can result in re-stabilization of organic carbon
(Krasner and Amy 1995).

e SWP contracts for water supply contain water quality
objectives for several salinity constituents, including total
dissolved solids, total hardness, chloride, sulfate, and
sodium. The State of California agreed to take all reason-
able measures to make available SWP water to its con-
tractors that does not exceed specific concentration limits
for these constituents (for example, see CDWR 2003).

Assuming two-source conservative mixing at steady state
(a seawater source and a freshwater source), we extend the
PSS-78 formulation to estimate individual ionic concentra-
tions as a function of EC. We employ a salinity data set that
includes co-located measurements of EC and concentrations
of major ions and total dissolved solids to demonstrate its
validity and limitations for the San Francisco estuary. We show
the proposed extension to be valid in waters influenced by
seawater intrusion at specific conductance values greater than
or equal to 0.25 mS/cm and propose adjusted model constants
to account for ionic composition under less saline conditions.
This methodology is adaptable to other estuaries with a single
freshwater source and can easily account for a freshwater ionic
signature that is different from that of ocean water.
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Methods
Background
Study Area

The salinity gradient in San Francisco estuary, influenced
by California’s Mediterranean climate and altered to support
human beneficial uses, has been a focus of study for nearly
a century (California Department of Public Works 1931;
Hutton et al. 2015). Figure 1 shows a truncated map of San
Francisco estuary; this map (which excludes most of the
Sacramento-San Joaquin River Delta) identifies the conflu-
ence of the major riverine inflows at its upstream boundary
as well as the location of the downstream bays relative to
the Pacific Ocean. Freshwater flow to the estuary is highly
seasonal, with most of the volume occurring from Novem-
ber through June. As a result of this flow pattern, the salin-
ity gradient is also strongly seasonal, with greater salinity
intrusion during the dry months of July through October
(Hutton et al. 2015). The zone in which freshwater mixes
with seawater in the estuary extends upstream, as well as
seaward, from the confluence of the Sacramento and San
Joaquin Rivers. For purposes of this work, we define the
approximate upstream boundary of the study area as Emma-
ton along the Sacramento River and Jersey Point along the
San Joaquin River.

The estuary’s salinity gradient is regulated through
management of water discharges from reservoirs and
freshwater withdrawals for agricultural and municipal use
(CSWRCB 1999). While contemporary management has
typically focused on total salinity, expressed in the form of
specific electrical conductance (EC), interest in the concen-
trations of total dissolved solids (TDS) and individual major
ions also exists, as these measures are related to regulatory
standards and potential uses of these waters for municipal
supply (Denton 2015). Empirical quadratic relationships
between EC, total dissolved solids, and major ions have been
developed for different regions of the estuary to inform these
interests (Denton 2015; Hutton et al. 2022b).

Practical Salinity Scale

The Practical Salinity Scale 1978 (Lewis 1980) is widely used
as a conductivity-based measure of salinity in oceans and
estuaries. The scale produces a dimensionless quantity that
is defined as a function of a conductivity ratio (sample con-
ductivity divided by seawater conductivity), temperature, and
pressure. The scale, by definition, returns a value of 35 for sea-
water with a conductivity ratio of unity. Lewis (1980) reports
that the scale is valid over the range of 2 to 42. Hill et al.
(1986) presents a standard correction to the scale to extend
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Fig. 1 Map of San Francisco estuary with the Sacramento-San Joaquin River confluence as the upstream boundary

the applicability of PSS-78 below a value of 2. This correction
is based on dilutions of standard seawater with pure water and
thus is strictly applicable to waters that have the same propor-
tional ionic makeup as standard seawater. Hutton and Roy (in
review) found the scale to be valid in the study area at practical
salinity values as low as 0.06 (0.12 mS/cm EC).

Noting that conductivity data are typically collected in
the study area at shallow depths and are normalized to a
standard temperature of 25 °C, Schemel (2001) presents the
following simplified version of PSS-78 assuming a standard
temperature and atmospheric pressure:

S=K,+K, *R*>+K, *x R+ K; * R"> + K, » R + K5 * R*®

ey
where K,=0.0120, K, =-0.2174, K,=25.3283, K;=13.7714,
K,=-6.4788, Ks=2.5842, ZK: 35, and R is a conductivity
ratio which is defined as the sample conductance divided by
seawater conductance.

Conservative Mixing in Estuaries

Plots of dissolved constituents versus salinity, or “mixing
diagrams,” are commonly used to evaluate adherence to
conservative mixing behavior in estuaries. Maeda (1952)
used mixing diagrams to demonstrate linear (and thus con-
servative) relationships between silicate and chloride in
several estuaries in Japan. Silicate, unlike ionic constitu-
ents that constitute salinity, is a dissolved constituent that

is characterized by high concentrations in riverine source
waters and low concentration in ocean water. Boyle et al.
(1974) tabulated a literature review of early efforts follow-
ing Maeda (1952) to study conservative mixing processes
in estuaries; the emphasis of most of these early studies was
on silicate. Subsequently, the mixing diagram approach has
been used to study mixing behavior of other conservative
and non-conservative constituents (for example, see Warner
1972; Boyle et al. 1974; Wong 1979; Loder and Riechard
1981; Kimmerer 2005; Patra et al. 2012; Cloern et al. 2017;
Najjar et al. 2019; Zhang et al. 2020).

Cloern et al. (2017) point out that the mixing diagram
approach “... is informative and appealing because of its
simplicity, exploiting differences in the chemical and physi-
cal properties of seawater and freshwater.” In general, the
spatial structure of a conservative constituent is deter-
mined by steady state mixing of the two end members (i.e.,
upstream freshwater and downstream seawater), and concen-
tration varies linearly along the salinity gradient. Interpre-
tation of steady state conservative mixing behavior can be
complicated by factors such as (i) the presence of intermedi-
ate sources or sinks and (ii) temporal variability in end mem-
ber concentrations on time scales of estuary flushing (Loder
and Reichard 1981; Najjar et al. 2019). These complicating
factors aside, demonstration of non-linear behavior through
mixing diagrams suggests non-conservative behavior of the
constituent in question.
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Data

Grab sample data collected from waters in the study area
were used to evaluate the proposed extension of PSS-78 to
estimate major ion concentrations. All data are measure-
ments of surface conditions. In addition to specific con-
ductance (EC), these data include concentrations of total
dissolved solids (TDS); anions such as bromide (Br™), chlo-
ride (C17), sulfate (SO42_), and alkalinity; and cations such
as sodium (Na™), calcium (Ca*"), magnesium (Mg>*), and
potassium (K™). EC values are reported in SI units of micro-
siemens per cm (pS/cm) and TDS and ion concentrations are
generally reported in concentration units of mg/L. Alkalinity
data are reported as mg/L of calcium carbonate.

Table 1 summarizes the number of grab sample data
used in this work by constituent and location; this table
also indicates the periods in which these data were col-
lected. Data from monitoring locations near the conflu-
ence of the Sacramento and San Joaquin Rivers (D10A,
D10, and D15) were collected and continue to be col-
lected by the California Department of Water Resources
(CDWR) in support of its Municipal Water Quality Inves-
tigations program (Hutton et al. 2022a). A subset of data
collected by the program at the river confluence locations,
along with data representing miscellaneous Bay locations
downstream of the river confluence, were compiled from
CDWR’s Water Data Library http://www.water.ca.gov/
waterdatalibrary/ to represent the study area. As indicated
in Table 1, data from the three confluence monitoring loca-
tions are limited to samples with EC less than approxi-
mately 20,000 pS/cm. Complementing these data, data
from the miscellaneous downstream locations represent
samples with EC >20,000 pS/cm.

Denton (2015) notes that the quality of salinity grab sam-
ple data in the study area is generally very good and the
robustness of correlations between various ionic constituents
and EC at many locations within the study area allows for
easy identification of data outliers and errors. We adhered
to the following protocol to screen outliers:

Data range for locations
D10A, D10, and D15
117 - 18,232

67 - 11,630

0.01-20

7-6,044

6-853

37-96
7-3,298

8-143

4-424
0.9 134

EC <250
pS/cm
61

61

61

61

61

61

61

EC>250
pS/cm
563
431
299
546
339
398
340
341
336
339

EC <250
pS/em

Miscellaneous Bay
1957-1973

Locations®
EC>250
pS/cm

219

87

203

60

EC <250
pS/cm

SIR @ Jersey (D15)

1990-1995
EC>250
pS/cm

19

19

19

19

19

19

19

19

19

19

EC<250
pS/cm

2019-2019
EC>250
pS/em

e Grab sample data from monitoring locations D10A, D10,
and D15 were checked for “testability.” A testable data
sample was defined as one that had a measured value for
EC, TDS, CI-, SO,*~, Na*, and Mg**. Testability was
enforced to ensure that samples were generally mass- and
charge-balanced.

e Following the check for “testability,” two additional
screening criteria were imposed: (i) a data point asso-
ciated with a single constituent was removed if, when
plotted against EC or TDS, fell outside the 99% predic-
tion band (three standard errors) for the testable set of
observations for that constituent and (ii) an entire sample,
including all data points associated with it, was removed

EC <250
pS/cm
57

56

55

57

57

57

57

57

57

Sac. R. @ Mallard (D10A) Sac. R. @ Chipps (D10)
57

1986-2019
EC>250
pS/cm
325

325

280

324

320

319

321

322

317

320

1

1

1

1

1

1

1

1

1

1
“These samples include data from the following locations downstream of the Sacramento and San Joaquin Rivers confluence: Fort Point, San Pablo Bay near Rodeo, San Pablo Bay near Point
Davis, Suisun Bay at Bulls Head (D6), Sacramento River at Martinez (D6A), and Suisun Bay at Benicia (End-Pier). Data from these locations were limited to samples with EC >20,000 pS/cm

Table 1 Number of specific conductance, TDS, and ion data points by monitoring location

Salinity constituent

EC

TDS
Bromide
Chloride
Sulfate
Alkalinity
Sodium
Calcium
Magnesium
Potassium
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if three or more constituents in that sample fell outside
the 95% prediction band (two standard errors) for the
testable set of observations for the constituents.

The above screening is based on the assumptions that,
while total salinity can exhibit unusual behavior under
extreme hydrologic conditions, (i) relationships between
individual constituents and total salinity exhibit consistent
behavior for that region and (ii) major departures from these
relationships are indicative of outlier behavior. Grab sample
data from miscellaneous Bay locations downstream of the
river confluence were not subjected to the above screening
due to the limited number of constituents measured at these
locations (EC, TDS, CI~, and alkalinity).

Results

We adopt the conceptual model of steady state two-source
conservative mixing to develop an extension of PSS-78 for
predicting major ion concentrations from a known conduc-
tivity ratio. As summarized below, we first derive gener-
alized linear relationships between ion concentrations and
salinity based on conservative mixing assumptions; these
relationships are then substituted into the PSS-78 equation—
i.e., Eq. (1)—to derive ion-specific equations. We then
demonstrate the validity of these equations by comparing
predictions with measured data from the study area. Next,
we show that the generalized linear relationships are valid
for characterizing relationships between nearly all pair com-
binations of ions. Finally, we explore model sensitivity to
assumed upstream end member concentration.

Generalized Linear Relationships Between lon
Concentrations and Salinity

For regions that are dominated by two water sources, we
would expect to observe EC values and ion concentrations
that are bounded by the respective source values; we would
also expect to observe ionic proportions that are character-
ized by a linear combination (or “mix”) of the two sources.
One can derive salinity constituent mixing relationships
for an estuary with one upstream “fresh” water source and
one downstream ““saline” water source (Loder and Reichard
1981) for each constituent. Consider the following mixing
relationships for ionic constituent i and salinity:

Cin=Cis*M,+C;sx (1-M,) Q)

S,,:SS*M,,+Sf>x<(1—Mn) 3)

where C; , represents the concentration of ionic constituent i
for a given sample n, C; ; and C,are ionic constituent i end

member concentrations for seawater and freshwater, respec-
tively, S, represents the practical salinity value for a given sam-
ple n, S, and S, are the end member practical salinity values for
seawater and freshwater, respectively, and M, represents the
seawater mixing ratio (0 <M, <1) for a given sample n.
Substituting Eq. (3) into Eq. (2), combining terms and solv-
ing for C;,, result in the following relationship between ion
concentration and practical salinity for a given sample n:

Cin=A4;%S,+B; 4@

where the slope A, (a proportionality constant) and intercept
B; are expressed by Egs. (5) and (6) below:

Cis - Ci

4= oG )
(Ss - Sf)

B;=Cy— (A% 5) (6)

Assuming the sum of major ions for sample n, when
measured in units of ppt, is approximately equal to practical
salinity yields:

ZAi ~ 1 @

ZB,- ~0 (8)

We note that the above steady state conservative mixing
approach, while presented as functions of practical salin-
ity, can also be applied to represent relationships between
various ions (e.g., estimating Br™ concentration as a func-
tion of C1~ concentration). We also note that, although the
upstream end member of the San Francisco estuary is not
truly a single source water, the assumption of single source
is generally sufficient.

Derivation of the PSS-78 Extension

The proposed extension of PSS-78 to estimate the concentra-
tions of ionic constituent i as a function of the conductivity
ratio is derived by substituting Eq. (1) into Eq. (4), resulting in:

Ci=Jiy+Jy # RO+ % R+ Ji3 % RS + Ty R+ Ji5 % R*

)
where
Jiop =A; * Ky + B, (10
Jn =A; x K, (D
Jo =A; * Ky (12)
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Js=A; *Kj (13)
Jyu=A; %K, (14)
Jis =A; % K; (15)
and

5

D =C Vi (16)
e=0

Application of PSS-78 Extension to Study Area

Results of an application of the PSS-78 extension to the
study area are reported below in concentration units of
mg/L for the various ions. We assumed equivalence between
dimensionless practical salinity units from Eq. (1) and salin-
ity concentration in ppt, acknowledging small differences
between the two (Millero et al. 2007). Appropriate density
adjustments were made to translate from ppt to mg/L.

End Member Concentrations

Table 2 summarizes end member concentrations proposed for
the San Francisco estuary. To improve fidelity of estimated
values to the study area’s observed data, downstream sea-
water end member concentrations were determined for each
constituent through a sum-of-squares minimization fitting
approach to data collected at the three confluence monitoring
locations (D10A, D10, and D15) rather than using published
values for standard seawater. Specifically, this fitting approach
attempted to minimize the difference between predicted and

Table 2 End member baseline and sensitivity values

observed ion concentrations. Reported ion and TDS values are
within 4% of seawater values reported by Riley and Skirrow
(1965). The downstream seawater end member EC value of
52,300 pS/cm was also determined through a sum-of-squares
minimization fitting approach (Hutton and Roy in review).
Upstream freshwater end member concentrations were gener-
ally determined for each constituent through a least-squares
regression approach, assuming (i) a quadratic fit applied
to samples with EC ranging between 250 and 1000 pS/cm
(Hutton et al. 2022b) and (ii) the upstream end member is
represented by an EC =250 pS/cm. This data subset repre-
sents 15% of the data measured at D10, D10A, and D15 with
EC>250 pS/cm. Resulting end member concentrations were
checked for appropriate charge balance between anions and
cations. Table 2 provides end member anion and cation sums
in milliequivalents per liter (meq/L).

Average annual inflows to the Delta from the Sacramento
and San Joaquin Rivers are approximately 30 and 4 billion
cubic meters, respectively (https://data.cnra.ca.gov/dataset/
dayflow). Given this stark difference in flows, we would
expect the ionic makeup of the confluence region (i.e.,
upstream end member) to be more reflective of Sacramento
River water than San Joaquin River water during periods of
minimal salinity intrusion from the Pacific Ocean. And since
much of the San Joaquin River inflow does not reach the con-
fluence due to out-of-basin exports and in-Delta agricultural
and urban diversions, the relative inflow contribution from
the Sacramento River at the confluence is even greater than
indicated by the inflow proportion. However, this simplistic
observation belies the fact that the ionic makeup of the conflu-
ence region (i.e., upstream end member) generally reflects a
blend of Sacramento and San Joaquin River water—possibly
due to the influence of agricultural drainage in the region.

Salinity constituent Units Downstream baseline Upstream baseline value High alkalinity Low alkalinity
value (seawater) (freshwater) upstream value upstream value

EC pS/cm 52,300 250 250 250

TDS mg/L 36,300 145 145 145

Br~ mg/L 67 0.09 0.05 0.12

CI- mg/L 19,630 25 16 38

Neka mg/L 2,660 17 16 19

Alkalinity mg/L as CaCO; 119 67 80 47

Na* mg/L 10,600 22 17 26

Ca** mg/L 420 14 16 12

Mg>* mg/L 1,295 9 8 10

K* mg/L 405 2.0 2.0 2.0

Practical salinity Dimensionless 35 0.122 0.122 0.122

Anion sum meq/L 612 24 24 24

Cation sum meq/L 599 2.5 2.3 2.6
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Model Constants

The model constants associated with Eq. (9) are summarized
in Table 3 for major ions and TDS. The values reported
in this table were computed from Eqgs. (5), (6), and (10)
thru (15) given PSS-78 fitting constants and end member
values reported in Table 2. These model constants are valid
for samples with EC >250 pS/cm. Model predictions from
Eq. (9) utilizing constants from Table 3 are not valid under
low salinity conditions when EC <250 pS/cm. Under such
conditions, waters in the study area overwhelmingly reflect
characteristics of upstream freshwater flows and do not
reflect seawater mixing. Using a least-squares regression
approach, we applied a quadratic adjustment to the model
that constrained modified concentration estimates to equal
unmodified concentration estimates at EC =250 pS/cm,
resulting in adjusted values for the J;, J;,, and J; 4 con-
stants. These adjusted values are reported in Table S1 of the
Electronic Supplemental Material.

Analysis of Model Residuals

Ion and TDS concentration data from confluence monitor-
ing locations (D10A, D10,and D15) were compared with
predicted values from Eq. (9) to access goodness of fit. A
frequency analysis of model residuals is summarized in
Table S2 of the Electronic Supplemental Material, with the
top table providing results for samples with EC >250 pS/
cm and the bottom table providing results for samples with
EC <250 pS/cm. Figure 2 presents scatter plots of ion and
TDS concentrations as functions of EC. This figure, which
is limited to samples with EC >250 pS/cm, includes TDS,
CI7, and alkalinity data from miscellaneous Bay locations
downstream of the confluence (see Table 1) and overlays
observed data and predicted values.

Predictions are generally very good for samples with
EC >250 pS/cm, with over 90% of estimates within+ 15% of
observed values for all constituents except Br~ and alkalin-
ity. For these samples, the model’s goodness of fit to alkalin-
ity data is distinctively poorer than for the other constituents
over the entire range of EC; this observation is discussed in

a subsequent section. For samples with EC <250 pS/cm,
the adjusted model goodness of fit is generally poorer, with
approximately 90% of estimates within+ 15% of observed val-
ues limited to TDS, alkalinity, Na*, Ca**, and Mg?*. Absolute
values of the adjusted model residuals frequently exceed 25%
for K*, Br™, and SO4%~ with an apparent bias toward over-
prediction. We recommend setting Br™ estimates at a constant
value of 0.03 mg/L at EC values below 170 uS/cm.

As shown in Fig. S1 in the Electronic Supplemen-
tal Material, the normality of model residuals associated
with the high salinity data set (EC >250 pS/cm) was tested
using Q-Q plots (which compare sample quantiles of model
residuals with the same quantiles from standard normal dis-
tributions). The Q-Q plots show reasonable matches with
normality in the central part of the distributions, although
deviations are apparent at the tails given the range of data
over multiple orders of magnitude (note the linear scale for
the y-axis in Fig. S1 compared to the log scale in Fig. 2).
The Q-Q plots provide additional context for the distribu-
tion of the residuals; in particular, the plots suggest most are
drawn from distributions that are over-dispersed relative to
normal distributions. Importantly, however, the residuals are
not derived from fitted regression models, but rather from
applications of Eq. (9) using literature-derived fitting con-
stants and assumed end member concentrations.

We also observed evidence of seasonal bias in model
residuals (EC >250 puS/cm), with bias being more pro-
nounced at the lower end of the salinity range. SO,*", alka-
linity, Ca**, and Mg?" were generally underpredicted by
the model in December thru June and overpredicted by the
model in July through November (see Fig. 3). The oppo-
site trend was observed for Br~, C1~, and Na™. No seasonal
bias was observed in the K* data. We hypothesize that this
observed seasonal bias is related to the simplified assump-
tion of fixed upstream end member concentrations. These
findings suggest that the upstream end member concentra-
tions are more reflective of high alkalinity freshwater from
the Sacramento River in the wetter December through June
season and less reflective of this freshwater source in the
drier July thru November season.

Table 3 Extended PSS-78 model constants (see Eq. 9) for samples with EC > 250 puS/cm. Concentrations are reported in mg/L

TDS Br~ clr- SO,* Alkalinity ~ Na® Ca>* Mg** K*
Jo 30.5249 -0.1246 -36.7037 9.0816 66.8347 -11.5083 12.3481 47570 0.6791
J, -225.3645 -0.4171 -122.2013 -16.4718 -0.3253 -65.9358 -2.5330 -8.0171 25123
J, 26,256.2028  48.5929 14,237.1225  1,919.0532  37.8988 7,681.8844 295.1074  934.0329 292.6960
J5 142759155  26.4207 7,740.9502 1,043.4198  20.6062 4,176.7628 160.4546  507.8486 159.1435
A -6,716.1510 2124297 -3,641.7552 -490.8802 -9.6942 -1,964.9717  -75.4864 22389190  -74.8696
Js 2,678.8722 4.9578 1,452.5875 195.7975 3.8667 783.7686 30.1093 95.2977 29.8632
SJ 36,300 67 19,630 2,660 119 10,600 420 1,925 405
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Fig.2 Predicted and measured ions and TDS as functions of EC

Model Sensitivity to Upstream End Member Concentration

Following our findings of seasonal bias in model residuals,
we conducted a sensitivity analysis on assumed upstream
end member values reported in Table 2. We evaluated two
charge-balanced end members, each with an approximate EC
of 250 pS/cm and baseline TDS and K* concentrations of
145 and 2 mg/L, respectively. One upstream end member is
representative of a higher alkalinity water (generally aligned
with the December through June period); a second upstream
end member is representative of a lower alkalinity water
(generally aligning with the July through November period).
The ionic makeup of these two upstream end members are
provided in Table 2 alongside the baseline values.

We found model predictions to be locally sensitive to
perturbation of the upstream end member concentrations.
The perturbed end members generally bounded ion data
scatter with EC at levels below 1,000 pS/cm (see Fig. S2 in
the Electronic Supplemental Material). However, at higher
EC levels, data scatter was generally not well-explained by
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variation in assumed upstream end member concentration.
To illustrate this finding, Fig. S3 in the Electronic Sup-
plemental Material shows model sensitivity results in the
higher EC range of 2,000-3,000 pS/cm. Alkalinity posed an
exception to these general findings. Alkalinity predictions
were found to be extremely sensitive to assumed upstream
end member concentration. As shown in Fig. 4, the per-
turbed end members bounded data scatter with EC over the
full range of available alkalinity data. This unique behavior
can be attributed to alkalinity’s flat concentration gradient
relative to the other ions, ranging between 67 mg/L and
119 mg/L for the baseline upstream (freshwater) and down-
stream (seawater) end members, respectively. To a lesser
extent, Ca®* also exhibits a relatively flat concentration gra-
dient, ranging between 14 mg/L and 420 mg/L for the base-
line upstream (freshwater) and downstream (seawater) end
members, respectively. Due to this flat gradient, Ca** esti-
mates were found to be more sensitive to assumed upstream
end member concentration than the other ions (excluding
alkalinity) at higher EC levels (see Fig. S2).
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Relationships Between lons

We noted earlier that the steady state conservative mixing
approach, while presented as functions of practical salin-
ity, can also be applied to represent relationships between
various ions (e.g., predicting Br~ concentration as a function
of CI™ concentration). Model constants and coefficients of
variation are summarized in Table S3 of the Electronic Sup-
plemental Material for all pairs of ions as well as TDS for
conditions when EC > 250 pS/cm. Model constants were cal-
culated from Eqgs. (5) and (6) assuming baseline downstream
and upstream end member concentrations. We observe
that the slopes computed from Eq. (5) are approximately
equal to the ionic ratios associated with seawater due to the
downstream end member values being much greater than
the upstream end member values. The reported coefficients
of variation suggest that TDS, C1~, and Na* are the most
effective independent variables for predicting ion concen-
trations. Specifically, C1™ is the most effective independent
variable in predicting Br~, SO,?~, and Na*, while Na™ is the
most effective independent variable in predicting TDS, CI1,
Mg?*, and K*. TDS, while not the most effective in predict-
ing any one ion, provides good estimates across the suite
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of ions. Notably, Mg?* is the most effective independent
variable in predicting Ca**. Similar to its relationship with
conductivity ratio, we found alkalinity, as a dependent vari-
able, to be weakly correlated with ions and TDS. However,
we did not find alkalinity to correlate as an independent
variable. Aligned with our finding of seasonal bias in model
predictions, we note that correlations between ions could be
improved by seasonal binning; however, detailed analysis of
such binning was beyond the scope of our work.

Discussion

This work presents a novel approach to estimate major ion
concentrations in estuaries from a known specific conduct-
ance through an extension of the Practical Salinity Scale
1978 and application of the assumption of steady state two-
source conservative mixing. This method, which builds
conceptually on the mixing diagram widely used for inter-
preting the transport of conservative and non-conservative
constituents in estuaries (e.g. Maeda 1952; Loder and
Riechard 1981; Wong 1979; and other more recent stud-
ies), has a similar broad application to other estuaries which
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can be approximated by two sources of salinity—one sea-
water and one freshwater. Using observed ionic constituent
and specific conductance data at the two end members, the
approach employed here can be directly used to estimate
ionic concentrations from specific conductance measure-
ments all along the estuarine salinity gradient. The general
methodology, as well as limitations outlined below, although
focused on San Francisco estuary, are applicable to other
estuarine settings with similar data availability.

Using an extensive salinity data set, we demonstrated the
model’s validity and limitation for the San Francisco estu-
ary when specific conductance values are >0.25 mS/cm and
developed adjusted model constants to account for ionic com-
position under less saline conditions. We observed evidence
of seasonal bias in model residuals and hypothesize that this
bias is related to the simplified assumption of fixed upstream
end member concentrations. This finding of seasonal bias
suggests that upstream end member concentrations are more
reflective of high alkalinity freshwater contributions in the
December through June season and less reflective of this
freshwater source in the July through November season.

The approach presented here offers advantages over least-
squares regression-based approaches for characterizing rela-
tionships between ion concentrations and specific conduct-
ance in an estuarine environment. One key advantage of this
approach is that, since it relies on conservative mixing assump-
tions rather than regression, it does not have significant data
requirements for model calibration at individual locations
across the salinity gradient. For our study, this was an impor-
tant advantage as measured data were sparse at conductance
levels greater than 17,000 pS/cm. Another key advantage of
this approach is that it provides a quasi-mechanistic framework
for interpreting the influence of variations in freshwater inputs
on salinity relationships. In our examination of the San Fran-
cisco estuary, we found weak correlation between alkalinity
and specific conductance. By accounting for seasonal varia-
tion in the upstream end member concentration, much of this
apparent data scatter could be attributed to freshwater inputs
rather than measurement uncertainty.

An important limitation of the approach presented here
is that it assumes one significant freshwater inflow to the
estuary. The San Francisco estuary receives most of its
freshwater inflow from two riverine sources—the Sacra-
mento River and the San Joaquin River. For purposes of this
work, we defined the approximate upstream boundary of the
study area near the confluence of these two rivers. Thus, we
assumed the composite flow from these sources to be a sin-
gle source. Our approach requires significant adaptation for
application to regions of the Sacramento-San Joaquin River
Delta significantly upstream of the river confluence. Simi-
larly, for estuaries with two or more freshwater tributaries

that are not confluent, significant adaptation of this approach
would be required.

Another important limitation of the approach presented
here is that it assumes that the upstream end member is ade-
quately characterized by PSS-78. Hutton and Roy (in review)
show that freshwater inflows from the Sacramento River are
well-characterized by PSS-78; however, waters from the San
Joaquin River and agricultural drainage are not. In the conflu-
ence region, the Sacramento River is volumetrically dominant
and thus dilutes the influence of the other sources. However,
in regions of the Delta significantly upstream of the river con-
fluence, this issue limits the applicability of the approach.

In estuarine settings, depending on the prevailing ben-
eficial uses, there may be a need to estimate the concentra-
tions of one or more individual salinity constituents from
EC measurements. Although location-specific empirical
relationships between ion concentration and EC are one
approach that has been used, such an approach offers no
straightforward way to represent variability across the
salinity gradient caused by variations in the freshwater end-
member constituent concentrations. The effect is notable for
freshwater inflows that have distinct ionic signatures from
ocean water. The two-source mixing approach presented
here addresses this source of variation, is simple to adapt to
other estuaries, and provides a more general framework to
relate ionic concentrations along the salinity gradient to EC
measurements. Exploration of this methodology across other
estuaries is recommended, especially for estuaries that are
dominated by a single freshwater inflow.
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