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Abstract
The marine carbonate system is influenced by anthropogenic CO2 uptake, biogeochemical processes, and

physical changes that involve freshwater input and removal. Two frequently used parameters to quantify sea-
water carbonate system are total alkalinity (TA) and total dissolved inorganic carbon (DIC). To account for
the physical changes, both TA and DIC are usually normalized to a reference salinity (i.e., nTA and nDIC),
and then the relationship between nTA and nDIC is used to identify major biogeochemical processes that
regulate the carbonate system, based on process-specific reaction stoichiometry. However, the theoretical
basis of this interpretation has not been holistically examined. In this study, we validated this method under
idealized conditions and discussed the associated assumptions and limitations. Furthermore, we applied this
method to interpret field TA and DIC data from a lagoonal estuary in the northwestern Gulf of Mexico. Our
results demonstrated that evaluating field data that encompass multiple stations and time periods could be
problematic. In addition, various combinations of biogeochemical processes can lead to the same nTA–nDIC
relationship, even though the relative importance of each individual process may vary significantly. There-
fore, the stoichiometric relationship relying solely on TA and DIC data is not a definitive approach for
uncovering dominant biogeochemical processes. Instead, measurements of process-specific parameters are
necessary.

Total alkalinity (TA) and total dissolved inorganic carbon
(DIC) are key parameters in marine carbonate chemistry and
are often directly measured and used for speciation calcula-
tions (Orr et al. 2018). TA represents the number of moles of
hydrogen ion equivalent to the excess of proton acceptors
over proton donors with respect to the proton condition
defined by the value pK = 4.5 in 1 kg of seawater
(Dickson 1981). Wolf-Gladrow et al. (2007) expanded
Dickson’s definition of TA by using the electroneutrality of
conservative species. TA is typically considered a semi-
conservative parameter because its distribution in the open
ocean is primarily influenced by physical processes (e.g., water
mass mixing, precipitation, and evaporation) that control
salinity (Millero et al. 1998). In addition, TA may also be

influenced by biogeochemical reactions (Brewer and
Goldman 1976; Goldman and Brewer 1980). DIC is the sum
of dissolved inorganic carbon species in seawater, including

aqueous CO2, HCO�
3 , and CO2�

3 . Unlike TA, DIC is signifi-
cantly influenced not only by air–sea exchange but also by
processes that control TA, including biogeochemical processes
such as respiration and photosynthesis, along with carbonate
precipitation and dissolution (e.g., Hunt et al. 2022; Van Dam
et al. 2021). Temperate and pressure changes affect pH and
pCO2, but both TA and DIC are not affected by those changes.

To account for conservative mixing of water masses with
different salinities on TA and DIC, a normalization scheme
against a fixed salinity (nTA and nDIC) (Chen and
Millero 1979; Friis et al. 2003) is commonly employed to
investigate the impacts of metabolic activities on seawater car-
bonate chemistry (e.g., Courtney et al. 2021) or to differentiate
metabolic effect from anthropogenic CO2 signals (Peng
et al. 1998). Moreover, the slope of nTA–nDIC relationship is
also widely used to infer major biogeochemical processes
affecting carbonate chemistry in coastal environment (Hunt
et al. 2022; Szymczycha et al. 2023; Xiong et al. 2023; Yin
et al. 2023). This data interpretation method is based on the
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premise that different biogeochemical processes affect TA and
DIC differently (Table 1).

However, the theoretical basis and assumptions of this
widely used method have not been holistically discussed. In
this study, we examined the theoretical relationship between
nTA and nDIC as well as ΔTA*

i =ΔDIC*
i ratio under idealized

conditions with defined boundary values (i.e., two
endmember salinity, TA and DIC values), physical effects
(i.e., mixing, precipitation, and evaporation), and reaction

terms. Here, ΔTA*
i andΔDIC*

i are defined as the differences
between the linearly regressed values from TA–S and DIC–S
relationships and the corresponding measurement values, and
i denotes a random observation (Fig. 1A,B). Results showed
that both the slope of nTA–nDIC relationship and

ΔTA*
i =ΔDIC*

i ratio would reflect the stoichiometry of biogeo-
chemical reactions under these idealized conditions, but this
approach has significant limitations when applied to
field data.

Theoretical basis
Mixing-reaction model and normalization of TA and DIC

A two endmember conservative mixing model has been
widely used to study TA and DIC behaviors along a salinity
gradient (e.g., Cabral et al. 2021; Cai et al. 2003; Friis
et al. 2003; Hunt et al. 2022; Liu et al. 2021; Yang and
Byrne 2023). In this model, there are n observations, with
each observation comprising measurements for salinity, TA,
and DIC. Both the observation of TA (TAobs) and observation
of DIC (DICobs) can be expressed by a conservative mixing
term and a biogeochemical reaction term. Air–sea exchange,
which affects DIC only, is included in the reaction term
throughout this paper, and to enhance clarity, we employ a

notation involving parameters such as TA and DIC, each sub-
scripted with a positive integer i or j to represent the ith or jth

observation of the parameter along the theoretical salinity gra-
dient. The model for TAobs is:

TAobs,i ¼ kTASiþ eTA0þΔTAi ð1Þ

where kTA is the slope of TA along with S due to conservative
mixing, derived from the mixing line based on two known
endmembers; Si is the salinity of the ith observation (assuming
not affected by biogeochemical reactions); e is the evaporation
factor, which accounts for the net evaporation effect
(Supporting Information Appendix A, see also in Yin et al.
(2023)); TA0 represents the river endmember (S=0) TA; and
ΔTAi represents the apparent change (i.e., evaporation effect is
included) in TA of the ith observation due to biogeochemical
reactions (i.e., reaction term). Therefore, kTASiþ eTA0 repre-
sents the conservative mixing term of the ith TA observation.

Similarly, the model for DICobs is:

DICobs,i ¼ kDICSiþ eDIC0þΔDICi ð2Þ

where kDIC is the slope of DIC along with S due to conserva-
tive mixing, derived from the mixing line based on two
known endmembers; DIC0 represents the river endmember
(S=0) DIC; and ΔDICi represents the apparent change in DIC
of the ith observation due to reactions. Therefore,
kDICSiþ eDIC0 represents the conservative mixing term of the
ith DIC observation.

Assuming the changes in TA and DIC due to biogeochemi-
cal reactions (i.e., ΔTAi and ΔDICi) in each observation follow
a constant ratio β, which is determined by the processes in
Table 1:

Table 1. Representative biogeochemical and physical processes that affect carbonate chemistry and their corresponding stoichiometric
alterations to TA and DIC. Note that this list is not exhaustive. Table compiled after Hunt et al. (2022) and Middelburg et al. (2020).

Process Formula ΔTA : ΔDIC

Primary production (nitrate) 106CO2 + 16HNO3 + H3PO4 + 122H2O ! (CH2O)106(NH3)16(H3PO4) + 138O2 17 : �106

Primary production (ammonium) 106CO2 + 16NH3 + H3PO4 + 106H2O ! (CH2O)106(NH3)16(H3PO4) + 106O2 �15 : �106

Aerobic remineralization (ammonium) (CH2O)106(NH3)16(H3PO4) + 106O2 ! 106CO2 + 16NH3 + H3PO4 + 106H2O 15 : 106

Aerobic remineralization (nitrate) (CH2O)106(NH3)16(H3PO4) + 138O2 ! 106CO2 + 16HNO3 + H3PO4 + 122H2O �17 : 106

Nitrification NH4
+ + 2O2 ! HNO3 + H2O + H+ �2 : 0

Denitrification 5(CH2O)106(NH3)16(H3PO4) + 424HNO3 ! 530CO2 + 212 N2 + 742H2O

+ 5H3PO4 + 80NH3

499 : 530

Sulfate reduction (CH2O)106(NH3)16(H3PO4) + 53SO4
2� + 53H+ ! 106CO2 + 53HS� + 106H2O

+ H3PO4 + 16NH3

121 : 106

Sulfide oxidation H2Sþ2O2 ! SO2�
4 þ2Hþ �2 : 0

Carbonate dissolution/precipitation CaCO3 $ Ca2+ +CO3
2� 2 : 1 or �2 : �1

Iron oxide reduction (CH2O)106(NH3)16(H3PO4) + 424Fe(OH)3 + 848H+ ! 106CO2 + 424Fe2+ + 1166H2O

+ H3PO4 + 16NH3

863 : 106

CO2 exchange CO2(g) $ CO2(aq) 0 : �1
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β¼ ΔTAi

ΔDICi
ð3Þ

ΔTA*
i and ΔDIC*

i should follow (Fig. 1A,B; Supporting
Information Appendix B):

β¼ ΔTA*
i

ΔDIC*
i

ð4Þ

At the same time, the differences between the predicted
values of the least squares regression and the conservative
mixing values after evaporation correction for TA and DIC
(ΔTA0

i and ΔDIC0
i, respectively; Fig. 1A,B) should also follow

(Supporting Information Appendix B):

β¼ ΔTA0
i

ΔDIC0
i

ð5Þ

Equations (1) and (2) incorporate the mixing term, the
evaporation term, and the reaction term. The sequence of
these processes does not alter the explicit expressions of TAobs

and DICobs, as shown in Eqs. 1 and 2, and the hypothesized
relationship between ΔTAi and ΔDICi (i.e., Eq. 3) (Supporting
Information Appendix C). When considering a river
endmember with nonzero salinity, a pseudo freshwater
endmember can be extrapolated for use in Eqs. 1 and 2
(Supporting Information Appendix D). Under this special con-
dition, TA0 and DIC0 serve solely as formal representations of
the zero salinity endmembers for TA and DIC. These treat-
ments do not change the explicit expressions of TAobs, DICobs,
nor the ΔTAi=ΔDICi ratio (Supporting Information
Appendix D).

Based on Eqs. 1 and 2, observations for TA, DIC, and salin-
ity are explicitly listed in Box 1.

To correct for the salinity differences in observations, nTA
and nDIC can be calculated following Friis et al. (2003):

Fig. 1. Schematic plots of TA or DIC–salinity relationship (A,B), nTA–nDIC relationship (C), and changes of TA–changes of DIC relationship (D). In (A)
and (B), blue dots represent observation values. Blue lines represent linear regressions of observation values. Solid orange lines represent conservative
mixing after evaporation correction. Dashed orange lines represent conservative mixing without evaporation correction. Black vertical arrows represent
differences between observation values and conservative mixing lines after evaporation correction. Red vertical arrows represent differences between
observation values and conservative mixing lines without evaporation correction. Blue vertical arrows represent differences between linear regression lines
and observation values. Green vertical arrows represent differences between linear regression lines and conservative mixing lines after evaporation correc-
tion. Red triangles represent y-axis intercepts of three relationships. In (C), solid lines represent linear regressions of nTA and nDIC, which are calculated
by different methods. Note that blue and black dots follow the same linear relationship. In (D), color codings of dots represent changes of TA and DIC
calculated by different methods.
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nTA¼ TAobs�TA0
0

Sobs
�Sref

� �
þTA0

0 ð6Þ

nDIC¼ DICobs�DIC0
0

Sobs
�Sref

� �
þDIC0

0 ð7Þ

where Sref is the reference salinity; TA0
0 and DIC0

0 are the zero-
salinity TA and DIC, respectively. In practice, TA0

0 and DIC0
0

are determined from the corresponding intercept terms of the
linear regressions of TAobs and DICobs against salinity. Appar-
ently, TA0

0 and DIC0
0 also follow (Fig. 1):

TA0
0 ¼ eTA0þΔTA0

0 ð8Þ
DIC0

0 ¼ eDIC0þΔDIC0
0 ð9Þ

where again e,TA0,DIC0,ΔTA0
0,andΔDIC0

0 have the same defi-
nitions previously provided in Eqs. 1, 2, and 5.

The nTA–nDIC relationship and ΔTA*
i =ΔDIC*

i ratio derived
without endmember value

Based on Box 1 and Eqs. 6–9, nTA and nDIC can be
expressed as follows (Box 2):

For any two given ith and jth observations of nTA (i.e., nTAi

and nTAj) and nDIC (i.e., nDICi and nDICj), the slope of nTA–
nDIC relationship (i.e., ΔnTA=ΔnDIC) can be derived as
follows:

ΔnTA
ΔnDIC

¼ nTAi�nTAj

nDICi�nDICj

¼
Sref kTAþΔTAi�ΔTA0

0

Si

� �
þTA0

0�Sref kTAþ
ΔTAj�ΔTA0

0

Sj

� �
�TA0

0

Sref kDICþΔDICi�ΔDIC0
0

Si

� �
þDIC0

0�Sref kDICþ
ΔDICj�ΔDIC0

0

Sj

� �
�DIC0

0

¼
ΔTAi�ΔTA0

0

Si
�ΔTAj�ΔTA0

0

Sj
ΔDICi�ΔDIC0

0

Si
�ΔDICj�ΔDIC0

0

Sj

ð10Þ

According to Eqs. 3 and 5:

ΔTAi�ΔTA0
0

Si
ΔDICi�ΔDIC0

0
Si

¼ βΔDICi�βΔDIC0
0

ΔDICi�ΔDIC0
0

¼ β ð11Þ

ΔTAj�ΔTA0
0

Sj
ΔDICj�ΔDIC0

0
Sj

¼ βΔDICj�βΔDIC0
0

ΔDICj�ΔDIC0
0

¼ β ð12Þ

According to Eqs. 11 and 12, Eq. (10) can be rearranged as
follows:

ΔnTA
ΔnDIC

¼
β ΔDICi�ΔDIC0

0
Si

�β
ΔDICj�ΔDIC0

0
Sj

ΔDICi�ΔDIC0
0

Si
�ΔDICj�ΔDIC0

0
Sj

¼ β ð13Þ

The intercept of nTA–nDIC relationship can be calculated
from observations i or j as follows:

nTAi�βnDICi ¼ kTASiþΔTAi�ΔTA0
0

Si
Sref þTA0

0

�β
kDICSiþΔDICi�ΔDIC0

0

Si
Sref þDIC0

0

� �
ð14Þ

Furthermore, via Eqs. 3, 5, 8, and 9, Eq. 14 can be
rearranged as follows:

nTAi�βnDICi ¼ Sref kTA�βkDICð Þþ eTA0�βeDIC0 ð15Þ

Therefore, nTA and nDIC for all observations follow a lin-
ear relationship with a slope of β and an intercept of
Sref kTA�βkDICð Þþ eTA0� eβDIC0, and the linear relationship
quantitively reflects the reaction stoichiometry, the reference
salinity, the TA–S and DIC–S river–ocean conservative mixing
relationships, and the evaporation factor. Similarly,

ΔTA*
i =ΔDIC*

i ¼ β (Eq. 4) also reflects the reaction stoichiometry
(Fig. 1C,D).

The slope of nTA–nDIC relationship and ΔTA^
i =ΔDIC^

i ratio
derived from known endmember value

If river endmember TA0 and DIC0 are directly measured
and used for the nTA and nDIC calculations (i.e., assume

Box 1. Observations for S, TA, and DIC.

S TAobs DICobs

S1 kTAS1 + eTA0+ΔTA1 kDICS1 + eDIC0+ΔDIC1

S2 kTAS2 + eTA0+ΔTA2 kDICS2 + eDIC0+ΔDIC2

..

. ..
. ..

.

Sn kTASn + eTA0+ΔTAn kDICSn + eDIC0+ΔDICn

Box 2. Calculated nTA and nDIC.

S nTA nDIC

Sref kTAS1þΔTA1�ΔTA0
0

S1
SrefþTA0

0
kDICS1þΔDIC1�ΔDIC0

0
S1

Sref þDIC0
0

Sref kTAS2þΔTA2�ΔTA0
0

S2
SrefþTA0

0
kDICS2þΔDIC2�ΔDIC 0

0
S2

Sref þDIC0
0

..

. ..
. ..

.

Sref kTASnþΔTAn�ΔTA0
0

Sn
Sref þTA0

0
kDICSnþΔDICn�ΔDIC0

0
Sn

SrefþDIC0
0
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TA0
0 ¼TA0 and DIC0

0 ¼DIC0), nTA and nDIC can be calculated
according to Box 1 and Eqs. 6 and 7 as follows (Box 3):

For any two given ith and jth observations of nTA (i.e., nTAi

and nTAj) and nDIC (i.e., nDICi and nDICj), the slope of nTA–
nDIC relationship can be calculated as follows:

Therefore, when including the river endmember value
without evaporation correction, the nTA–nDIC relationship
does not reflect the stoichiometry of biogeochemical reactions
(Fig. 1C).

For the ith observation, let ΔTA^
i andΔDIC^

i be the differ-
ences between the TA or DIC observation values and the
corresponding values based on endmember conservative
mixing without evaporation correction (Fig. 1A,B). Similarly,

ΔTA^
i =ΔDIC^

i also does not reflect the reaction stoichiometry
(Fig. 1D):

ΔTA^
i

ΔDIC^
i

¼ kTASiþ eTA0þΔTAi�kTASi�TA0

kDICSiþ eDIC0þΔDICi�kDICSi�DIC0

¼ e�1ð ÞTA0þΔTAi

e�1ð ÞDIC0þΔDICi
ð17Þ

The slope of nTA–nDIC relationship and ΔTAi=ΔDICi ratio
derived from known endmember value and evaporation
factor

If river endmember TA0, DIC0, and evaporation factor
(i.e., eTA0, eDIC0) are known and used for the nTA and nDIC
calculations (i.e., assume TA0

0 ¼ eTA0 and DIC0
0 ¼ eDIC0), nTA

and nDIC can be calculated according to Box 1 and Eqs. 6 and
7 as follows (Box 4):

For any two given ith and jth observations of nTA (i.e., nTAi

and nTAj) and nDIC (i.e., nDICi and nDICj), the slope of nTA–
nDIC relationship can be calculated as follows:

ΔnTA
ΔnDIC

¼
kTASiþΔTAi

Si
Sref þ eTA0� kTASjþΔTAj

Sj
Sref � eTA0

kDICSiþΔDICi
Si

Sref þ eDIC0� kDICSjþΔDICj

Sj
Sref � eDIC0

¼
ΔTAi
Si

�ΔTAj

Sj
ΔDICi

Si
�ΔDICj

Sj

ð18Þ

According to Eq. 3, Eq. 18 can be arranged as follows:

ΔnTA
ΔnDIC

¼
βΔDICi

Si
�β

ΔDICj

Sj
ΔDICi

Si
�ΔDICj

Sj

¼ β ð19Þ

Box 3. Calculated nTA and nDIC.

S nTA nDIC

Sref kTAS1þ e�1ð ÞTA0þΔTA1
S1

SrefþTA0
kDICS1þ e�1ð ÞDIC0þΔDIC1

S1
Sref þDIC0

Sref kTAS2þ e�1ð ÞTA0þΔTA2
S2

SrefþTA0
kDICS2þ e�1ð ÞDIC0þΔDIC2

S2
Sref þDIC0

..

. ..
. ..

.

Sref kTASnþ e�1ð ÞTA0þΔTAn
Sn

Sref þTA0
kDICSnþ e�1ð ÞDIC0þΔDICn

Sn
SrefþDIC0

Box 4. Calculated nTA and nDIC.

S nTA nDIC

Sref kTAS1þΔTA1
S1

SrefþeTA0
kDICS1þΔDIC1

S1
SrefþeDIC0

Sref kTAS2þΔTA2
S2

SrefþeTA0
kDICS2þΔDIC2

S2
SrefþeDIC0

..

. ..
. ..

.

Sref kTASnþΔTAn
Sn

Sref þeTA0
kDICSnþΔDICn

Sn
Sref þeDIC0

ΔnTA
ΔnDIC

¼
Sref kTAþ e�1ð ÞTA0þΔTAi

Si

� �
þTA0�Sref kTAþ e�1ð ÞTA0þΔTAj

Sj

� �
�TA0

Sref kDICþ e�1ð ÞDIC0þΔDICi

Si

� �
þDIC0�Sref kDICþ

e�1ð ÞDIC0þΔDICj

Sj

� �
�DIC0

¼
e�1ð ÞTA0þΔTAi

Si
� e�1ð ÞTA0þΔTAj

Sj
e�1ð ÞDIC0þΔDICi

Si
� e�1ð ÞDIC0þΔDICj

Sj

¼
e�1ð Þ TA0

Si
�TA0

Sj

� �
þ ΔTAi

Si
�ΔTAj

Sj

� �

e�1ð Þ DIC0

Si
�DIC0

Sj

� �
þ ΔDICi

Si
�ΔDICj

Sj

� �

ð16Þ
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The intercept of nTA–nDIC relationship can be calculated
from observations i or j as follows:

nTAi�βnDICi ¼ kTASiþΔTAi

Si
Sref þ eTA0

�β
kDICSiþΔDICi

Si
Sref þ eDIC0

� �

¼ Sref kTA�βkDICð Þþ eTA0�βeDIC0 ð20Þ

Therefore, nTA and nDIC for all observations follow a lin-
ear relationship with a slope of β and an intercept of
Sref kTA�βkDICð ÞþαTA0�αβDIC0 (Fig. 1C). By assumption
(Eq. 3), the ΔTAi=ΔDICi ratio also reflects the reaction stoichi-
ometry (Fig. 1D).

Will biogeochemical reaction affect the nTA–nDIC

relationship, ΔTA^
i =ΔDIC^

i , and ΔTA*
i =ΔDIC*

i by the
stoichiometry?

Assuming that biogeochemical reactions affect TA and DIC
through a constant ratio (β), kTA,kDIC,TA0,DIC0, and e remain
constant for all the observations, the nTA–nDIC relationships
are derived accordingly in three considerations: without
endmember value; with only endmember value; and with
endmember value and evaporation factor (Fig. 1C; Table 2).
The slope of the nTA–nDIC relationship would not be β if nTA
and nDIC are calculated using freshwater endmember values
directly (i.e., TA0

0 ¼TA0 and DIC0
0 ¼DIC0) (Eq. 16). In the

other two scenarios, the derived linear nTA–nDIC relationship
has a slope of β and an intercept of
Sref kTA�βkDICð Þþ eTA0� eβDIC0 (Fig. 1C; Table 2). In the

meantime, ΔTA*
i =ΔDIC*

i equals β, while ΔTA^
i =ΔDIC^

i does not

(Fig. 1D; Table 2). Thus, we recommend using ΔTA*
i =ΔDIC*

i or
nTA–nDIC derived without endmember value for data inter-
pretation due to the irrelevance to the evaporation factor,
which is usually difficult to quantify, and the following discus-
sion is based on this method. However, the values of the
endmembers and the evaporation factor are critical for under-
standing the actual magnitude of change in TA or DIC due to
biogeochemical processes.

In natural environments, a more realistic scenario involves
the mixing of multiple endmembers, such as various rivers,
hydrothermal vents, groundwater discharges, and different

water masses. The theoretical basis derivations focused only
on a mixing scenario with two endmembers, and the method
described above does not apply to scenarios where more than
two endmembers are involved. For instance, the normaliza-
tion method, as outlined in Eqs. 6 and 7, cannot be employed
in such cases. In addition, the effect of biogeochemical pro-
cesses from both the water column and sediment can exhibit
spatial and temporal variations and thus may not be constant
for all the observations, invalidating the assumptions underly-
ing this method. For example, in the Chesapeake Bay, there is
a spatial separation of carbonate mineral formation upstream
and carbonate dissolution downstream, which functions as a
pH buffer (Su et al. 2020). In addition, the relative contribu-
tion from aerobic respiration was also different in the same
region (Su et al. 2020). In another case, sulfide oxidation was
observed in semi-arid estuaries in the northwestern Gulf of
Mexico during prolonged periods of extreme drought, but this
sulfate enrichment signal was not observed during non-
drought years (Dias et al. 2022; Yin et al. 2023). Incorporating
observations from different spatial or temporal ranges, which
undergo a number of processes with different β values, can
lead to decreased linearity in the nTA–nDIC relationship as

well as changes in ΔTA*
i =ΔDIC*

i ratio. Furthermore, the spatial
and temporal variations in kTA,kDIC,TA0,DIC0,and e can also
affect the linearity of the nTA–nDIC relationship and

ΔTA*
i =ΔDIC*

i values. The method itself is overly simplistic in
some of the cases, and we therefore suggest thoroughly evalu-
ating the assumptions of the method when applying it to
interpret field data.

It is worthwhile to note that the regression-based TA0
0

and DIC0
0 can vary significantly from the directly measured

freshwater endmember TA and DIC values (i.e., TA0 and
DIC0). Only under certain conditions, such as a two
endmember mixing scenario with a low salinity freshwater
endmember (Supporting Information Appendix D), nearly bal-
anced freshwater evaporation and precipitation (i.e., e≈ 1) and
negligible ΔTA0

0 and ΔDIC0
0 (i.e., reaction terms being minor

or fast river–ocean mixing), can the respective intercepts accu-
rately reflect the freshwater endmember TA and DIC values. In
such cases, variations in nTA and nDIC may be small (Box 2),
but the slope of the nTA–nDIC relationship can still be signifi-
cant (Eq. 13). However, these assumptions may not always

Table 2. Summary of the theoretical relationship of nTA–nDIC, and ratios of ΔTA*
i =ΔDIC

*
i ,ΔTA

^
i =ΔDIC

^
i , and ΔTAi=ΔDICi .

Parameter requirement

nTA–nDIC
ΔTA*

i

ΔDIC*
i
, ΔTA^

i

ΔDIC^
i
,or ΔTAi

ΔDICi

Slope Intercept Ratio

No endmember value required β Sref kTA�βkDICð ÞþeTA0�βeDIC0 ΔTA*
i

ΔDIC*
i
¼ β

Endmember value only ≠ β Variable ΔTA^
i

ΔDIC^
i
≠ β

Endmember value and evaporation factor β Sref kTA�βkDICð ÞþeTA0�βeDIC0 ΔTAi
ΔDICi

¼ β
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hold in some estuaries (e.g., estuaries located in the northwest-
ern Gulf of Mexico), where both net evaporation and biogeo-
chemical influences cannot be ignored. Thus, it is not proper
to apply this method to extrapolate for the freshwater
endmember values in such cases.

Field data examination
Data collection

The Mission-Aransas Estuary (MAE) is a unique ecosystem
located in the northwestern Gulf of Mexico coast. It is a semi-
arid estuarine system that receives freshwater from the Mis-
sion River and the Aransas River. Both rivers experience low
base flows interspersed with periodic high flows during storms
(McCutcheon et al. 2021). Freshwater inflow plays a crucial
role in maintaining the balance of the estuarine ecosystem.

Water samples were collected from the MAE every 2 weeks
during the summer months and monthly during the winter
months between May and December in 2014, encompassing a
drought period. A total of six stations were visited during
each cruise (Aransas Bay [27.9797�N, 97.0286�W]; Copano
East [28.1322�N, 97.0344�W]; Copano West [28.0839�N,
97.2008�W]; Little Bay [28.0367�N, 97.0325�W]; Mesquite Bay
[28.1383�N, 96.8283�W]; Ship Channel [27.8381�N,
97.0503�W]). At each station, both surface (0.1 m) and bottom
(up to 7 m) water samples were collected following the stan-
dard protocol for ocean carbonate chemistry studies (Dickson
et al. 2007).

DIC was analyzed using infrared detection on an AS-C3
DIC analyzer (Apollo SciTech Inc.). TA was measured at 22�C
on an AS-ALK2 alkalinity titrator (Apollo SciTech Inc.) follow-
ing the principle of Gran titration (Gran 1952) for endpoint
determination. Salinity was measured using a benchtop sali-
nometer. To ensure the accuracy of DIC, TA, and salinity mea-
surements, Certified Reference Material from Scripps
Institution of Oceanography at University of California, San
Diego was used.

What information can be inferred from the field data TA
and DIC stoichiometry?

Data from all five stations were analyzed collectively
(Fig. 2A,C,E,G). The plots of TAobs and DICobs vs. salinity from
the MAE (R2 = 0.23 and 0.09, respectively) indicated that the
reaction terms, ΔTAi and ΔDICi, varied at each observation
during the sampling period (Fig. 2A,C). Based on the assump-
tion of constant kTA,kDIC,TA0,DIC0,β,and e, from both the

slope of nTA–nDIC relationship and individual ΔTA*
i =ΔDIC*

i

ratio (Fig. 2E,G), the reactions affected TA and DIC by β¼1:1.
Based on the β value alone, the major processes that led to
variations in TA and DIC would be sulfate reduction and
denitrification, which would theoretically result in ratios of
ΔTAi=ΔDICi 1.14 and 0.94, respectively (Table 1). However,
this interpretation is not likely to be true because the
studied area is typically nitrogen limited (Mooney and

McClelland 2012). Instead, sulfide oxidation and carbonate
dissolution/precipitation with different ΔTAi=ΔDICi likely
occurred during the study period (Dias et al. 2022; Yin
et al. 2023).

The high linearity of the nTA–nDIC relationship

(R2 = 0.93) and the consistency in individual ΔTA*
i =ΔDIC*

i

ratios (Fig. 2E,G) imply kTA,kDIC,TA0,DIC0,β,and e did not
change significantly throughout the observation period and
across locations. However, when a specific subset (i.e., Copano
West station) of the dataset was analyzed (Fig. 2B,D,F,H), a dif-
ferent ΔTAi=ΔDICi was obtained (Fig. 2F,H). Both nTA–nDIC
relationship and ΔTA*

i =ΔDIC*
i ratio suggested a β value rang-

ing from 1.4 to 1.9, which is higher than the calculated value
using the entire dataset. To adequately meet the conditions of
the assumptions, it is recommended to use a dataset that is
more localized and spans a shorter period of time. However,
in reality, establishing clear boundaries for the selection of
sample locations and timeframes could be challenging.

Although some reactions have similar stoichiometry
(e.g., sulfate reduction and denitrification), β value reflects the
combined influence from a series of x reactions, where x is
the total number of reactions considered. β can also be derived
as follows:

ΔTAi

ΔDICi
¼ ΔTA 1ð Þ� γ 1ð ÞþΔTA 2ð Þ� γ 2ð Þþ �� �þΔTA xð Þ� γ xð Þ
ΔDIC 1ð Þ� γ 1ð ÞþΔDIC 2ð Þ� γ 2ð Þþ �� �þΔDIC xð Þ� γ xð Þ :

ð21Þ

where ΔTA jð Þ and ΔDIC jð Þ represent changes due to the jth

biogeochemical reaction (e.g., ΔTA jð Þ¼�2 and ΔDIC jð Þ¼0 for
sulfide oxidation; Table 1), and γ jð Þ represents the molar num-
bers of the jth reaction as listed in Table 1. Accordingly, the
contributions of the specific reaction (ΔTA jð Þ� γ jð Þ and
ΔDIC jð Þ� γ jð Þ) to the overall biogeochemical reaction terms
(ΔTAi andΔDICi) can be quantified as follows:

TA% jð Þ¼ΔTA jð Þ� γ jð Þ
ΔTAi

�100% ð22Þ

DIC% jð Þ¼ΔDIC jð Þ� γ jð Þ
ΔDICi

�100% ð23Þ

Table 1 only includes several major biogeochemical pro-
cesses that affect TA and DIC. For simplicity, we choose five
major reactions and assume Redfield reaction stoichiometry
for a detailed examination of the MAE data (Table 3). There
are numerous combinations from the five reactions that can
result in the same β value, and three possible cases are listed
(β=1.1; Table 3). It is evident that the contribution of the spe-
cific reaction can vary significantly. For instance, in cases I
and II, sulfide oxidation is not considered, and the system is
slightly autotrophic, with primary production slightly exceed-
ing aerobic remineralization. The relative contributions of pri-
mary production and aerobic remineralization to the overall
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changes in TA and DIC vary, and in case II, carbonate dissolu-
tion plays a relatively important role in TA variation (TA%
[4]=92% and TA% ranges from �188% to 196%). When sul-
fide oxidation is included, as in case III, its contribution to TA
change (TA% [5]=�1176%) can be significant compared to the
other reactions (TA% ranges from �2400% to 2500%). The
examples provided in Table 3 are all theoretically possible and
demonstrate that relying solely on β value will not be sufficient
to quantitatively discern the metabolic processes driving the
variations in TA and DIC. Therefore, the subjective assign-
ment of processes could introduce biases in the interpretation.

Only positive ΔTAi and positive ΔDICi are considered in
the above discussion to reach a ratio value of β. However, neg-
ative ΔTAi and negative ΔDICi can also lead to the same β.
Including these possibilities would further complicate the dis-

cussions. Furthermore, using the ΔTA*
i =ΔDIC*

i method can
also cause problems. Due to the theoretical basis of the least
squares regression method, both positive and negative differ-
ences (i.e., observation above and below the regression line)
must coexist (Fig. 1A,B). Thus, the data located in the first

quartile of the ΔTA*
i �ΔDIC*

i plot (positiveΔTA*
i andΔDIC*

i ;
Figs. 1D, 2G,H) does not necessary indicate addition of both

Fig. 2. DIC–salinity, TA–salinity, nTA–nDIC, and ΔTA*
i �ΔDIC*

i relationships from all stations in the MAE (A,C,E,G) and Copano West station only (B,D,
F,H). Sref=20. The linear regression slopes for nTA–nDIC are 1.1 for all stations (E) and 1.4 for Copano West (F). The ratios of 1.1 (G) and 1.4 (H) are also
indicated by the black lines in the ΔTA*

i �ΔDIC*
i plots, and the red lines indicate the mean ratios of all data in each analysis.
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TA and DIC, and vice versa for the data located in the third
quartile. The addition or consumption of TA or DIC should be
estimated relative to the conservative mixing values after
evaporation correction, which requires endmember values and
evaporation factor, instead of the linear regression of
observations.

Other limitations also exist when applying this ratiometric
method. Assuming organic matter with the Redfield composi-
tion and deriving reaction stoichiometry can be problematic.
In marine systems, the C : N : P ratio in organic matter can
vary significantly, leading to variations in the reaction stoichi-
ometry. Many studies have observed spatial and temporal vari-
ations in the Redfield ratio (e.g., Frigstad et al. 2011; Moreno
and Martiny 2018; Singh et al. 2013; Talarmin et al. 2016).
These studies suggest that using a universal C:N:P ratio for
organic matter in interpreting the nTA–nDIC relationship and

ΔTA*
i =ΔDIC*

i may also pose issues.
In summary, we recommend that the TA and DIC data

should not be solely relied upon for interpreting the metabolic
processes in the coastal ocean, because the simple deduction
method could lead to erroneous interpretations. Instead, it is
important to consider other parameters simultaneously for a
comprehensive analysis. For example, chlorophyll levels can
serve as a direct indicator of primary production, nitrate
enrichment and depletion (N*) can support the occurrence of
nitrification and denitrification, respectively, and dissolved
oxygen levels can provide information on whether it is aero-
bic or anerobic process. By incorporating multiple parameters,
a more robust understanding of the metabolic processes can
be achieved using the inorganic carbon measurements.
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