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Abstract

Changes in seawater pH resulting from anthropogenic influence, termed ocean acidification, have significant
implications. Monitoring and evaluating ocean acidification requires highly precise measurements comparable
among many laboratories over decades. Short-term repeatability can be achieved with spectrophotometric
methods, but comparability among studies is much less certain. The indicator used plays an important role in
measurement quality. Meta-cresol purple (mCp), which is used for most seawater pH measurements, is known to
break down under exposure to ultraviolet light, which can impact the long-term stability of the indicator, and
thus the quality of the measurements. Here, certified reference material and 2-hydroxymethyl-1,3-propanediol
(TRIS) buffers were used to assess the long-term stability of mCp solutions. Purified indicator solutions were found
to be stable (within 0.0025) at room temperature in a dark container for at least 5.3 years. Uncertainties in
unpurified indicators made the stability assessment inconclusive. Such long-term stability minimizes one potential
source of uncertainty when comparing measurements and can reduce costs and waste by not prematurely dispos-
ing of indicator solutions that remain useable. Changes in the pH of the indicator solution indicate the indicator
perturbation correction should be regularly determined. The A434imp correction method for determining impurities
could be used as a quality assurance measure by making measurements over the life of the indicator solution to
monitor for changes in the solution. However, the choice of molar absorptivities required for the calculation
impacts the magnitude of the correction and thus warrants further study to improve best practices for making cor-

rections to impure indicators.

Ocean pH has been decreasing rapidly as a result of the
uptake of anthropogenically produced CO, from the atmo-
sphere (Sabine et al. 2004; Waters et al. 2011; Woosley
et al. 2016; Carter et al. 2017; Woosley and Millero 2020). This
process, termed ocean acidification, has significant implica-
tions for many biological (Kroeker et al. 2010; Andersson
et al. 2015; Bednarsek et al. 2019) and physical/chemical pro-
cesses (Millero et al. 2009; Millero and DiTrolio 2010), particu-
larly those involving calcium carbonate (Feely et al. 2004;
Woosley et al. 2012). As pH is defined by a logarithmic scale,
even small changes in pH reflect significant changes in the
acid-base balance of seawater. Therefore, detection of ocean
acidification requires high-quality, accurate, and precise mea-
surements (Newton et al. 2015; Dickson et al. 2016). Given
that ocean acidification occurs over decades and centuries,
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detection and monitoring require measurements made by
multiple different laboratories to be directly comparable over
years and decades. Such comparability requires consistency in
methods, and clearly defined protocols with standardization
whenever possible.

Highly precise pH measurements (with short term [a few days]
standard deviations of ~ 0.0005) are readily achieved using sim-
ple spectrophotometric methods (Clayton and Byrne 1993; Liu
et al. 2011). These methods rely on a pH-sensitive indicator dye
with characterized physical and chemical properties. Concerning
the typical pH range of seawater, meta-cresol purple (mCp) is
most often used (Clayton and Byrne 1993) although other indi-
cators are available (Zhang and Byrne 1996; French et al. 2002;
Patsavas et al. 2013). A full and accurate characterization of an
indicator dye (e.g., indicator pK and extinction coefficients) is
paramount to achieving accurate and comparable pH measure-
ments (Clayton and Byrne 1993; Liu et al. 2011; DeGrandpre
et al. 2014). The indicator itself is a proton donor/acceptor, caus-
ing a small but detectable perturbation to the pH of the sample,
and requiring a corresponding correction (Clayton and
Byrne 1993; Carter et al. 2013). Impurities in commercially
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available indicators have been shown to cause pH-dependent
errors (Yao et al. 2007; Liu et al. 2011; Patsavas et al. 2013).
The mCp indicator is also known to be sensitive to ultraviolet
(UV) light, which can break down the indicator, potentially causing
errors and instability in the indicator solution and reducing the
quality of measurements (Carter et al. 2013). Aside from UV radia-
tion, oxidation can also alter the chemical properties of the
solution, meaning the storage vessel may also be important for
long-term stability. Therefore, solutions are often stored in dark
containers with small headspaces to minimize interactions with the
atmosphere.

Indicator solution stability has been assessed at the short-term
scale of individual measurements (Carter et al. 2013), but long-
term stability has not. This knowledge gap leads to uncertainty
and questions of indicator solution preparation and storage. Indi-
cator purification is expensive, thus revealing the long-term sta-
bility of the dye would reduce cost and time expenditure. Each
batch of indicator requires the pH of the solution to be carefully
adjusted, making it desirable to prepare indicator solutions in
large batches. Yet, if the indicator breaks down rapidly, smaller
batches prepared as needed would be required to maintain data
quality. Regarding practicality for a research cruise, there is
debate whether the better practice is preparing a large batch in
the laboratory (possibly months ahead of time) or making several
smaller batches throughout the cruise, requiring dedicated hours
of precious sea time and resulting in potential variability between
batches. Additional questions relate to whether a single batch
can be used for multiple cruises or for autonomous platforms
over the span of months or years (Seidel et al. 2008; Rérolle
et al. 2013; Reggiani et al. 2016; Pinto et al. 2019).

To address the feasibility for making larger batches of indi-
cator solutions that can be used across cruises or integrated for
deployment on autonomous platforms, an experiment was
undertaken to evaluate the long-term stability and storage of
multiple mCp indicator solution batches over 5.3 years. The
results of this work will be useful in maximizing efficiency
and reducing time and cost expenditure while also ensuring
that the highest-quality measurements are maintained.

Methods

A custom-designed automated spectrophotometric pH sys-
tem similar to that of Carter et al. (2013) was used. Briefly, the
system consists of an Agilent 8454 UV-Vis spectrophotometer
(Agilent Technologies) connected to a 10-mL Kloehn v6 syringe
pump (Norgren, Inc.) that draws the sample, mixes in the indi-
cator, and injects the sample into a 10-cm quartz micro-volume
spectrophotometric cell (Starna, Inc.). The sample and cell
holder were thermostated to 25 £+ 0.1°C with a Versacool rec-
irculating water bath (Fisher Scientific). Temperature was mea-
sured with a platinum resistance thermometer (Fluke 1523,
Fluke Calibration). Each analysis took approximately 5 min.
Further details of the instrument and procedures can be found
in Woosley (2021). The spectrophotometer spectral bandwidth
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and absorbance (A) calibrations were verified using National
Institute of Standards and Technology (NIST) traceable certified
references. The spectral bandwidth was checked with a hol-
mium glass filter and A was checked using neutral density filters
(both at 440, 546, 635, 434, 578, and 730 nm wavelengths;
Starna Cells, Inc.) before the start of the experiments. The accu-
racy of the spectral bandwidth was within manufacturer specifi-
cations (< 0.5 nm), and the absorbances were within the
expanded uncertainty of the reference material over an absor-
bance range of 0.3-1.2 (< + 0.0027 A).

Eight separate batches of indicator solutions made between
2007 and 2019 were compared to the reference indicator solu-
tion (Batch 3) prepared immediately prior to the experiment
in September 2020. Details of each indicator solution, includ-
ing date of production, purity, and storage container, are pro-
vided in Table 1. Two batches were stored in different types of
containers (P18_2016 and ARCO1), allowing for the influence
of storage container on stability to be assessed. All indicator
solutions were stored in dark containers, or the container was
covered (with either black electrical tape or aluminum foil) to
minimize UV exposure and were stored at room temperature
(generally ~ 20°C, but not monitored or strictly controlled).
Both pure and impure indicator solutions were analyzed as
the older batches were prepared before purified indicator
became available. All pure indicators were obtained from
Robert H. Byrne (University of South Florida). For pure indica-
tors, the pH on the total scale (pH;) was calculated using the
equations of Liu et al. (2011). All impure indicators are
believed to have been prepared from the same lot of Sigma-
Aldrich mCp (87H3629), but this cannot be verified as the lot
number was only reported for A16. The impure indicators
were prepared before purification was developed and purified
indicator became widely available. As a result, a correction to
pure indicator was not determined at the time that they were
prepared. Determining individual corrections now is not pos-
sible because it would, by definition, make the solutions agree
with the reference indicator. This is problematic for this evalu-
ation study. Attempts were made to use different correction
methods to account for impurities. The uncertainty in the cor-
rections was found to be too great to provide a quantitative
evaluation of the impure indicator stability. Thus, the impure
indicator stability was inconclusive and will only be discussed
qualitatively.

Measurements were made to determine the absorbance of
impurities at the 434 nm wavelength following Douglas and
Byrne (2017). A 2-L solution of 0.7 M NaCl adjusted to a pH
of ~ 12 with NaOH (final concentration ~ 0.01 M) was pre-
pared. For each batch of indicator solution, the absorbances of
the NaCl solution were measured three times following
the same protocol as the certified reference material (CRM)
and  2-hydroxymethyl-1,3-propanediol ~ (TRIS)  samples
(Woosley 2021). From these measurements, the correction fac-
tor for impurities which absorb at 434 nm was determined
according to:
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Table 1. Details of the production and storage of the different batches of indicator used in these experiments.

Batch Date produced Age (yr) Purity” Solution  Container Initial pH Final pH' Agzgimp (L11)F Agzgimp (D14)F
3 (ref)? 14 Sept 2020 0.00  Pure NaCl Labtainer (HDPE)'! 7.8 7.8 —0.0018 —0.0002
1 7 Jun 2019 1.27  Pure NaCl Labtainer (HDPE)!! 7.8 7.6 —0.0011 0.0005
Falkor180624 6 Jun 2018 2.28 Pure NaCl Glass serum bottle 7.8 7.5 —0.0012 —0.0002
107N 7 Nov 2017 2.85 Pure NaCl Glass vial 7.8 7.7 —0.0008 0.0001
P18_2016 9 Aug 2016 410  Pure NaCl PE vial 7.8 7.5 —0.0011 0.0001
P18_2016Bag 9 Aug 2016 4.10  Pure NaCl Tedlar PVF bag 7.8 7.4 —0.0003 0.0008
ARCO1 27 May 2015 5.31 Pure Milli-Q Brown HDPE 7.8 7.5 —0.0001 0.0010
ARCO1_Bag 27 May 2015 5.31 Pure Milli-Q Tedlar PVF bag 7.8 7.2 —0.0008 0.0001
Al6 19 Jun 2013 7.24  Impure Milli-Q Glass vial 7.8 7.2 0.0024 0.0036
P06 22 Jul 2009 11.16  Impure Milli-Q PE vial 7.8 6.4 0.0017 0.0024
P06_Adj 22 Jul 2009 11.16  Impure Milli-Q PE vial 7.8 7.8 0.0075 0.0082
P18_2007 1 Sept 2007 13.05  Impure Milli-Q Glass vial 7.8 7.4 0.0013 0.0026

“All pure indicators were obtained from Robert H. Byrne (University of South Florida). All impure indicators are thought to be from Sigma-Aldrich (Lot

#87H3629).
"Measured using a nanodrop spectrophotometer on 21 September 2020.

iA343imp determined using the methods of Douglas and Byrne (2017), L11 uses the :% of Liu et al. (2011) and D14 uses the % of DeGrandpre et al. (2014).

SReference indicator to which other indicators are compared.

lLabtainer (ThermoFischer, Inc.) is a layered bioprocessing container of PE, ethylene vinyl-alcohol, polyester plastic (inner to outer layers).

e
A434imp = (1 - é X Robs) X A4q340bs, (1)

where Ag3smp is the batch specific correction factor for
the absorbance at 434nm, ¢ is the molar absorptivity.
Two different values of 5—2 were considered. One was deter-
mined an artificial seawater media (Liu et al. 2011), the other
was determined in NaCl (DeGrandpre et al. 2014). Ryps is the
observed absorbance ratio, and A4340ps is the observed absor-
bance at 434nm. Both observed variables are corrected for
background absorbance at 730 nm.

The sample R is then adjusted using the batch specific
A434imp according to:

where Ry is the adjusted absorbance ratio of the sample and
is used to calculate pH; with the equations of Liu et al. (2011).
Note that the As34imp adjustment was determined approxi-
mately 5 months after the stability experiments, which adds a
small, but likely negligible, amount of uncertainty.

Between analysis of each indicator solution batch the indicator
line was detached from the system and flushed with canned air,
and connections were wiped with a low-lint Kimwipe to ensure all
of the previous indicator was removed. The line was then flushed
with at least two times the volume of the line with the new indica-
tor solution. The system was then flushed with seawater twice and
two “junk” seawater measurements were made to ensure no carry
over from the prior indicator batch. All stability measurements were

A .
Rpure = Robs (1 + 434imp (2)

A4340bs — Ad3aimp
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made within 6 d of the preparation of the reference “Batch 3” indi-
cator. As there is no certified pH; standard, the stability was assessed
as the difference between the reference indicator (Batch 3) and each
indicator batch (ApH; = pHet — PHina)-

CRMs from batch 189 were obtained from Andrew Dickson
(Scripps Institution of Oceanography). A 3-L batch of TRIS
buffer was prepared according to Paulsen and Dickson (2020).
The TRIS was prepared as two separate batches (2 and 1 L),
then combined, and mixed overnight before bottling into
125-mL borosilicate glass serum bottles and sealed with butyl
rubber stoppers and aluminum seals. For each batch of indica-
tor, four bottles of the CRM were measured four times each
with varying amounts of indicator for a total of 16 pH, CRM
measurements per indicator. One bottle of TRIS was also mea-
sured four times per indicator batch.

The pH, perturbation caused by the addition of the indicator
was corrected for by extrapolation to zero indicator for CRM
measurements. A linear fit of the isosbestic point (488 nm
absorbance) vs. pH, was determined using Matlab® (version
2019Db) robust fit function with default tuning parameters. The
pH; without any indicator added is the intercept of the fit, and
the standard error of the intercept is taken as the standard error
of the measurement. The standard errors of the pure indicators
ranged from 0.0005 to 0.0033 (Table 2) and comprises both the
precision of the analysis and bottle-to-bottle variability of the
CRM. No dye perturbation correction was made for the TRIS
measurements due to the buffering capacity of TRIS. The mean
and standard error of the TRIS measurements were used in the
stability analysis. The standard error of the TRIS measurements
ranged from 0.0001 to 0.0023 (Table 2).
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Table 2. Measured pH, standard error, and ApH; (reference - indicator) for CRM and TRIS for each indicator batch.

CRM TRIS

Batch pH: SE ApH¢ pHt SE ApH¢
3* 7.8704 0.0010 - 8.0840 0.0004 -

1 7.8699 0.0033 0.0006 8.0816 0.0001 0.0023
Falkor180624 7.8681 0.0007 0.0024 8.0814 0.0023 0.0025
107N 7.8689 0.0009 0.0015 8.0863 0.0002 —0.0023
P18_2016 7.8695 0.0005 0.0009 8.0851 0.0005 —0.0012
P18_2016Bag 7.8685 0.0007 0.0019 8.0830 0.0003 0.0009
ARCO1 7.8704 0.0006 0.0000 8.0836 0.0001 0.0004
ARCO1_Bag 7.8680 0.0011 0.0024 8.0840 0.0003 —0.0001

*Reference indicator to which other indicators are compared.

Results and discussion

Evaluation of A434imp

The method of Douglas and Byrne (2017) for determination
of absorbances due to impurities is simple. The method can
act as a quality assurance measure by confirming that solu-
tions of pure indicator are still pure or as a quality control
measure by correcting for impurities in impure solutions. This
method assumes that most of the impurities absorb at the
434 nm wavelength and that they can be quantified as A434imp
(see “Methods” section). The values of A434imp were determined
for each batch of indicator including the purified batches
(Table 1; Fig. 1). According to the theory of the method, a
pure indicator would have A434imp = 0, and an impure indica-
tor would have a positive value.

When the :—; value of Liu et al. (2011) was used to calculate
A434imp, the pure indicators had slightly negative values (Fig. 1a),
with the impure indicators having positive values. Liu
et al. (2011) determined the value in artificial seawater. When the
2—; value of DeGrandpre et al. (2014), which was determined in

NaCl, was used, the pure indicators were essentially zero and
impure indicators had positive values (Fig. 1b). The difference in
A434imp When using different values of ﬁ—; is likely due to media
effects that are known to exist for these parameters (Liu
et al. 2011). Ay34imp is determined in NaCl rather than natural
seawater due to problems of precipitation at the high pH of the
measurements. There are other possible explanations for the
differences between the ¢ values, which include improvements
to the indicator purification process since Liu et al. (2011),
impurities at 578 nm which have been ignored, or inaccuracies
due to limits of the spectrophotometer used. One of the chal-
lenges with this adjustment method is obtaining measure-
ments within the linear range of the spectrophotometer as the
absorbances at 578 nm are high and those at 434 nm are near
zero (<0.14). The linearity of the spectrophotometer was vali-
dated using NIST traceable certified references (see “Methods”
section). Any absorbance value higher than 1.2 was excluded
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from analysis. Subtraction of the background absorbance
determined at 730 nm helps to account for noise at low absor-
bances, but the overall signal to noise ratio may still be too
large.

Qualitatively, the A434imp measurements can be used as a
purity verification step. The Auz4imp value using the 2 of
DeGrandpre et al. (2014) of the pure indicators was near zero,
confirming their purity at least at 434 nm. Thus, regular mea-
surements of A434imp ON a given batch of indicator over time
could potentially be used as a quality assurance measure where
a change to positive A4z4imp values indicates the solution is no
longer stable. The threshold at which A434imp indicates an
unstable batch would need to be determined.

Quantitively, interpreting A434imp becomes challenging.
Applying the correction to the impure indicators here pro-
duced values in worse agreement with the reference indicator
than no correction at all. The youngest impure indicator
used here was 7.2 years making it difficult to interpret the
results and make conclusions applicable to other studies
because measurements were not made over time. It could be
that the solutions were unstable and A4z4imp is not able to
account for the changes. It could also be that there are unac-
counted for impurities at 578 nm, or that the signal to noise
ratio of A434imp using the Agilent 8454 spectrophotometer is
too small.

The choice of ¢ is also uncertain for seawater samples.

Given the known media effect (Liu et al. 2011), the values deter-
mined in artificial seawater should theoretically be better than
values determined in NaCl. However, the negative value for
pure indicators suggests a bias in those values. The difference in
pH values between the two was ~0.001-0.003, which intro-
duces a small but significant bias. Further work is warranted to
determine the best practices for correcting for impurities. It is
therefore suggested that any study using A434imp to adjust mea-
surements made with impure indicators verify the adjustment
with paired pure-impure measurements in the same media as
the samples and provide raw absorbance data, so results can be
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Fig. 1. The mean and standard deviation of As34imp determined for each batch of indicator solution according to methods of Douglas and Byrne (2017).
(@) The values using molar absorbtitivies of Liu et al. (2011), which were determined in an artificial seawater media, and (b) the values using molar
absorbtitivies of DeGrandpre et al. (2014), which were determined in NaCl.

updated in the future if needed. Further evaluation of A434imp is
not possible with the experiments presented here.

mCp stability analysis

The ApH, for the CRMs and TRIS of the pure indicator solu-
tions is shown in Fig. 2. The pH, and standard error values are
given in Table 2. The indicator was stable (within 0.0025) for
at least 5.3 years for both CRMs and TRIS buffers. The short-
term precision (standard error) of these measurements is often
smaller than 0.0025, but the long-term precision (including
bottle-to-bottle variability) for CRMs based on cruise measure-
ments is typically ~ 0.003 (Millero et al. 2014, 2016), which is
taken as the overall precision of the measurements here.

For the pure indicators, the A434imp adjustment can qualita-
tively act as further verification of the stability of the indicator.
The A4z4imp adjustment using 5—; of DeGrandpre et al. (2014)

was essentially zero (mean+SD = —0.0009 £0.0005). That
A4zaimp is stable over all of the pure indicators suggests it
could be used to qualitatively verify the purity of the indicator
by making measurements of A434imp OVer time. No correction
was applied to the pure indicators, the A434imp measurements
were only used as a qualitative assessment of the solutions.
For the impure indicators, the uncertainties in accounting
for impurities were too large to assess the stability. Neverthe-
less, some important observations resulted from the measure-
ments. The P06 indicator batch showed obvious signs of
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degradation. The color, which is typically a dark purple, had
become a pale orange. The pH of the indicator solution had
also dropped significantly (Table 1). In addition, the amount
of indicator required to obtain a reliable measurement (peak
absorbance 0.3-1.2) was four times that of other indicators.
An aliquot of the solution was taken, and the pH was adjusted
with NaOH to 7.8 (PO6_adj). Measurements of CRMs and TRIS
had worse agreement with the reference indicator and the
A434imp Was significantly larger. The P06 indicator was stored
in a polyethylene (PE) plastic bottle and sealed with parafilm.
These qualitative results may indicate that because plastic con-
tainers have some oxygen permeability, the indicator oxidizes
slowly over time, reducing the effective concentration. It is
also possible that the parafilm wrapped around the cap did
not create a perfect seal allowing oxygen to diffuse into the
bottle over time. If true, the process is very slow as other
(younger) indicator solutions were stored in plastic containers
and did not show signs of degradation (Table 1). This result
also suggests that indicator volume changes could be used as a
quality assurance measure to assess the stability of individual
solution batches.

The influence of storage container on stability can be fur-
ther evaluated because two batches of indicator were aliquoted
and stored in two separate types of containers, P18_2016 and
ARCO1. For P18_2016, the indicator was stored in a tedlar gas
sampling bag or a PE bottle. The difference in CRM pH;
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Fig. 2. The difference in pH between the reference indicator (3) and the individual pure indicator batches for (a) CRM batch 189 and (b) TRIS buffer.
Error bars represent standard error of the measurements. If error bars are not visible, they are smaller than the symbol size. Dashed lines represent overall
estimated precision in CRM and TRIS values (0.003) based on typical long line cruise measurements (Millero et al. 2014, 2016). Impure indicators are not
shown as there was too much uncertainty in applying a correction to pure indicator.

between the two containers was 0.0010, and for TRIS was
0.0021. For ARCO1, the indicator was stored in a tedlar gas
sampling bag or in a high-density polyethylene (HDPE) brown
plastic bottle. The differences between the two containers for
CRMs and TRIS were 0.0001 and 0.0004, respectively. The dif-
ferences between storage containers of the same batch are
within the overall uncertainty of the measurements and are
indistinguishable, but the values for P18_2016 are larger than
the standard errors (Table 2). The Ayz4imp values for these
batches are also indistinguishable suggesting none of them
have degraded significantly. From these measurements, the
storage container does not appear to be a primary influence
on indicator stability over at least 5.3 years but may become
important over longer time periods. Glass, HDPE, and tedlar
bags appear to be stable over at least 5.3 years. Additional
experiments would be needed to confirm that the PE plastic
caused the instabilities in P06, but such containers should
probably be avoided for long-term storage.

The pH of all indicator solutions did decrease over time
(Table 1). This may be a result of chemical modification of the
indicator itself or due to continued dissolution of CO, during
storage. CO, uptake could occur slowly through the walls of the
bottle when stored in plastic, or when air is exchanged in the
headspace as the container is opened periodically with use. Aside
from P06, the decreases are small and not likely to have an impact
on the stability of the indicator but could affect the indicator per-
turbation on a seawater sample (Chierici et al. 1999). Thus, the
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indicator perturbation should be determined regularly through-
out the life of the indicator. For Batch 1, the indicator correction
was similar in March 2020 (Woosley 2021) and September 2020.
Although not systematic, these results would suggest that the
indicator perturbation is stable over several months.

These experiments only cover a sample pH range of ~ 7.8-8.1.
Itis possible that impurities created by the time-dependent break-
down of the indicator may affect lower pH values differently than
the higher values examined here. Unfortunately, a large volume
of stable and characterized low pH seawater to test this is not
available; however, the impurities found by Liu et al. (2011)
had a larger effect at higher pH than lower pH values. Recent
work (Takeshita et al. 2020) has also shown spectrophotomet-
ric pH-dependent errors using pure indicators are not indicator
related. It seems likely that the results presented here would be
similar for lower pH waters, though it cannot be verified with
these experiments. The pH range of the indicator solutions
used (Table 1) was also very small, and it is unknown if indica-
tor solutions prepared at higher pH values will exhibit the
same stability.

Conclusions

The quality of mCp indicator dye solutions commonly used
for seawater pH measurements is paramount for high-quality
pH measurements required to monitor and evaluate ocean
acidification over decadal timescales. The indicator requires
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purification of the solid obtained from chemical manufac-
turers, which is expensive, and only a few laboratories have
the required equipment and skill to perform the purification.
Such limitations compound the undesirability of waste, and as
such, knowing the stability and proper long-term storage
conditions of the indicator solutions will enable the efficient
characterization of seawater pH by many groups at minimal
costs in time and money. The experiments here show that the
indicator solution is stable (£ 0.0025) for at least 5.3 years
when stored in a well-sealed opaque container at room tem-
perature. For storage beyond 5 years PE plastic may cause solu-
tion degradation, but more experiments are needed for
confirmation. The pH of the indicator solution does decrease
over time which would impact the indicator perturbation cor-
rection. The perturbation correction should therefore be deter-
mined regularly. Given the importance of the indicator to pH
measurements, full details of the indicator solution and its
preparation and storage should always be clearly described.
The A434imp method for determining indicator impurities
can be used as a quality assurance measure to qualitatively ver-
ify indicator stability. Regular measurements of A434imp ON a
batch of indicator could potentially be used to detect changes
in the indicator over time. When using the method to make
corrections to measurements that used impure indicators the
choice of value used for g—z makes a small but non-negligible

difference, thought to be the result of a media effects. Further
research is warranted. It is suggested that studies using the
A434imp method to adjust sample pH validate the adjustment
using paired pure-impure measurements in media similar to
the samples.

The results presented here indicate that mCp is generally
very stable when protected from UV light and oxidation, and
that larger batches can be prepared and used over several
cruises or experiments. Preparation of small batches as needed
is not required. The small batches require significant time to
prepare. Therefore, knowledge of mCp stability and storage
determined here can be used to save time and prevent waste
arising from the disposal of indicator solutions that are still
useable.
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