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Conversion Factors

International System of Units to U.S. customary units

Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)

millimeter (mm) 0.03937 inch (in.)

meter (m) 3.281 foot (ft)

Mass

gram (g) 0.03527 ounce, avoirdupois (0z)

kilogram (kg) 2.205 pound avoirdupois (1b)
Volume

liter (L) 0.2642 gallon (gal)

milliliter (mL) 0.03381 ounce, fluid (fl. 0z)

cubic centimeter (cm?) 0.06102 cubic inch (in’)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32

Specific conductance is reported in microsiemens per centimeter at 25 degrees Celsius (4S/cm
at 25 °C). Siemens per centimeter are the equivalent of mhos per centimeter.

Molality of a solution is the number of moles (m) of a constituent per kilogram (kg) of solution.

Units of molality are reported in moles per kilogram (m/kg).

Abbreviations and Symbols

DIW deionized water with resistance greater than or equal to 18 megaohms (MQ), and
that has been quality assured

DO dissolved oxygen

EDI equal-discharge increment, isokinetic sampling method

EWI equal-width increment, isokinetic sampling method

LED light emitting diode

LDO luminescent dissolved oxygen

ug/L micrograms per liter

mg/L milligrams per liter

M molar

NFM “National Field Manual for the Collection of Water Quality Data” (USGS)

NIST National Institute of Standards and Technology

nm nanometer



NWIS
NWS
RDO
USGS
WMA
WSC
YSI

National Water Information System (USGS)
National Weather Service

rugged dissolved oxygen

U.S. Geological Survey

Water Mission Area (USGS)

Water Science Center (USGS)

Yellow Springs Incorporated

greater than

less than

Chemical Formulas

H,0
H,S
Hg

water
hydrogen sulfide

mercury



Requirements and Recommendations

As used in the U.S. Geological Survey (USGS) “National Field Manual for the Collection
of Water-Quality Data” (NFM), the terms “required” and “recommended” have the USGS-
specific meanings described below:

* The terms “require,” “required,” and “requirements” in reference to USGS protocols
indicate that USGS Water Mission Area (WMA) policy has been established on the
basis of research or consensus of the technical staff, and has been reviewed by water-
quality specialists and other professionals having the appropriate expertise. Technical
memorandums and other documents that define USGS WMA policy are cited in the
NFM. USGS field personnel are instructed to use required equipment and procedures
as described in the NFM. Departure from or modifications to stipulated requirements,
if necessary for accomplishing specific data-quality requirements or study objectives,
must be independently quality assured and documented (Office of Water Quality
Technical Memorandum 2002.13—U.S. Geological Survey, 2002).

e The terms “recommend,” “recommended,” and “recommendation” indicate that, on
the basis of research or consensus, there are several acceptable alternatives to a given
procedure or equipment selection in the NFM. Relevant technical memorandums and
publications pertinent to such recommendations are cited in the NFM to the extent
that such documents are available. Specific requirements, data-quality objectives, or
other constraints of a project may affect the choice of recommended equipment or
procedures. Selection from among the recommended alternatives should be based on
referenced research and sound field judgment, and reasons for the selection must be
documented. Departures from or modifications to the recommended procedures must
be independently quality assured and documented (Office of Water Quality Technical
Memorandum 2002.13—U.S. Geological Survey, 2002).


https://water.usgs.gov/admin/memo/QW/qw02.13.html
https://water.usgs.gov/admin/memo/QW/qw02.13.html

Chapter 6.2. Dissolved Oxygen

By U.S. Geological Survey

Abstract

The “National Field Manual for the Collection of Water-
Quality Data” (NFM) provides guidelines and procedures for
U.S. Geological Survey (USGS) personnel who collect data
used to assess the quality of the Nation’s surface water and
groundwater resources. This chapter, NFM A6.2, provides
guidance and protocols for the measurement of dissolved
oxygen, which include the scientific basis of the measurement,
selection and maintenance of equipment, calibration, trouble-
shooting, and procedures for measurement and reporting. It
updates and supersedes USGS Techniques of Water-Resources
Investigations, book 9, chapter A6.2, version 3.0, by Stewart
A, Rounds, Franceska D. Wilde, and George F. Ritz. Dissolved
oxygen is routinely measured when water samples are col-
lected, is often continually measured at USGS streamgages,
and is a parameter regularly measured during laboratory
and field experiments. The field method for measuring dis-
solved oxygen described in this chapter is applicable to most
natural waters.

Before 2017, the USGS NFM chapters were released
in the USGS Techniques of Water-Resources Investigations
series. Effective in 2018, new and revised NFM chapters are
being released in the USGS Techniques and Methods series;
this series change does not affect the content and format of
the NFM. More information is in the general introduction to
the NFM (USGS Techniques and Methods, book 9, chapter
A0—U.S. Geological Survey, 2018) at https://doi.org/10.3133/
tm9A0. The authoritative current versions of NFM chap-
ters are available in the USGS Publications Warehouse at
https://pubs.er.usgs.gov. Comments, questions, and sugges-
tions related to the NFM can be addressed to nfm@usgs.gov.

1.0 Introduction

The “National Field Manual for the Collection of Water-
Quality Data” (NFM) is the official and citable protocol for
the collection of water-quality data by the Water Mission Area
(WMA) of the U.S. Geological Survey (USGS). The NFM
provides guidelines and procedures for USGS personnel who
collect data for water quality in surface water and ground-
water, with detailed, comprehensive, and citable procedures. It

updates and supersedes USGS Techniques of Water-Resources
Investigations, book 9, chapter A6.2, version 3.0, by Rounds
and others (2013).

National USGS program and project personnel who
collect water-quality data, as well as those in USGS Water
Science Centers (WSCs), and including those conducting
projects supported by the USGS Cooperative program,
are mandated to use protocols provided in the NFM
(USGS Office of Water-Quality Technical Memorandum
2002.13—U.S. Geological Survey, 2002). Formal training, as
provided in the USGS class “Field Water-Quality Methods for
Groundwater and Surface Water,” and field apprenticeships
supplement the information provided in the NFM and are
needed to collect unbiased, high-quality data.

The USGS National Field Manual provides detailed,
comprehensive, and citable procedures for monitoring the
quality of surface water and groundwater. Formal train-
ing and field apprenticeships supplement the information
provided in the NFM.

Chapter A6.2 of the NFM provides guidance and proto-
cols for the measurement of dissolved oxygen (DO), which
is best measured in the field. DO concentration can change
rapidly as a result of several factors that can affect a sample
after removal from a water body or aquifer. The measure-
ment is straightforward and precise with many environ-
mental applications. DO is routinely measured when water
samples are collected, is often measured continually at USGS
streamgages, and is regularly measured during laboratory and
field experiments.

The field methods described in this chapter are appli-
cable to most natural waters. This chapter covers the physical
basis for measurement of DO in aqueous solutions, as well
as factors that affect the measurement, terminology, method
protocols, and applications.

Before 2017, the USGS NFM chapters were released
in the USGS Techniques of Water-Resources Investigations
series. Effective in 2018, new and revised NFM chapters
are being released in the USGS Techniques and Methods
series; this series change does not affect the content and
format of the NFM. More information is in the general
introduction to the NFM (USGS Techniques and Methods,
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book 9, chapter AO—U.S. Geological Survey, 2018) at
https://doi.org/10.3133/tm9A0. The authoritative current ver-
sions of NFM chapters are available in the USGS Publications
Warehouse at https://pubs.er.usgs.gov. Comments, questions,
and suggestions related to the NFM can be addressed to
nfm@usgs.gov.

1.1 Overview of Dissolved Oxygen

The concentration of DO in water is affected by many
factors, including ambient temperature, atmospheric pressure,
and ion activity (ionic strength of the water body). Accurate
dissolved-oxygen data are essential for understanding and
documenting effects on environmental water resources that
result from natural phenomena and human activities. Sources
of DO in water include atmospheric aeration and photo-
synthetic activities of aquatic plants. Sinks of DO in water
include respiration, aerobic decomposition processes, ammo-
nia nitrification, and other chemical and biological reactions.
Many chemical and biological reactions in groundwater and
surface water depend on the amount of available oxygen.

The presence of DO in aquatic systems is necessary for the
survival and growth of many aquatic organisms and is used as
an indicator of the health and geochemical quality of surface
water and groundwater systems.

DISSOLVED OXYGEN: Molecular oxygen (oxygen gas)
dissolved in water.

Standard procedures used by the USGS to determine
concentrations of DO in surface water and groundwater involve
the use of luminescence-based optical sensors, or spectro-
phoometric methods of analysis. Before the advent in the 2000s
of optical sensors for DO measurement, the amperometric
(Clark cell) sensor was used. Optical sensors have replaced
the amperometric type of sensor. The amperometric sensor
is an acceptable method for use in the measurement of DO;
however, barring any project-specific requirements, optical
sensors should be considered the standard field method. The
iodometric (Winkler) method is no longer used by the USGS
for routine measurement of DO at field sites, but remains an
acceptable method for verifying the results of DO measure-
ments made with other methods.

The selection of field equipment and measurement
methods takes into consideration (1) whether equipment
will be used at multiple and discrete locations and times or
be deployed at a single location over a period during which
it will be unattended, (2) anticipated environmental condi-
tions, (3) the specific data-quality objectives of the data-
collection program, and (4) specific program objectives. The

measurement methods described are used by the USGS onsite
for routine determination of DO concentrations in fresh to
saline surface water and groundwater.

The primary USGS field procedure for determination of
DO is the use of luminescence-based (optical) sensors. Opti-
cal DO sensors are considered a major technological advance
over previously used amperometric sensors because optical
DO sensors are more robust in the field environment, are not
flow dependent, and are generally easier to use while provid-
ing higher quality data, especially at low DO concentrations
(<2 milligrams per liter [mg/L]).

Optical sensor methods (section 2.0) are applicable to
nearly all aqueous environmental conditions. Optical sensor
technology is available in single-parameter DO meters or in
multiparameter sondes and can be either handheld for discrete
measurements or deployed for longer term, unattended con-
tinuous and real-time measurements.

Spectrophotometric (colorimetric) instrumental methods
(section 3.0) yield consistent results when applied to the deter-
mination of DO concentrations in oxygen-depleted waters (for
example, in certain aquifers and deep-lake horizons) and can
be used to report DO concentrations from about 2.0 mg/L to
as little as 0.025 mg/L. Noninstrumental colorimetric methods
that are available for visually determining DO concentrations
to 0 mg/L can be useful for a quick reconnaissance of DO
conditions and an accuracy check of DO-sensor performance.
Noninstrumental colorimetric methods that are available for
visually determining DO concentrations should not be used to
report DO concentrations.

The iodometric (Winkler) method is regarded as an
accurate and precise method for the calibration of DO sensors
and the determination of DO concentration in water when
performed under controlled laboratory conditions. Before
sensors that could be immersed directly in the water column
became commonly available, USGS personnel were trained
to perform Winkler titrations onsite. Standard USGS practice
no longer sanctions onsite Winkler titrations or the transport
of field samples offsite for DO determination by the Winkler
method. Step-by-step instructions for conducting a Win-
kler titration that were included in previous versions of this
NFM chapter have been removed and are not included in
this chapter.

e Some procedures for equipment operation recom-
mended in this guidance document may not apply to
your equipment because of technological advances
or other changes.

Be sure to record any modifications made to
the standard USGS procedures given in this
field manual.
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2.0 Optical (Luminescence) Sensor
Method

The optical sensor method can yield accurate results for
measurement of DO concentrations under most field condi-
tions encountered in routine USGS data-collection activities.
The method is relatively simple to use, whether deployed for
discrete (single) or continuous (unattended) DO measurements
in surface water or groundwater. Because of the advantages
introduced by advances in applying luminescence technol-
ogy to DO measurement, optical sensors are favored for most
standard USGS field operations.

Optical sensors—The technology used in optical DO
sensors involves the measurement of light-emission charac-
teristics of a luminescence-based reaction at the sensor-water
interface (see Technical Note 1). Some characteristics of the
optical DO method are—

* Oxygen is not consumed by the sensor at the sensor-
water interface.

» The optical sensor is not dependent on water flow;
consequently, no stirring mechanism is required at sites
with slowly flowing or still waters.

» Optical sensors are relatively stable. They are able to
maintain calibration over long-term deployment and
over a wide range of environmental conditions, and
sensor drift over time is minimal when the sensor is
kept clean.

* There are no known sources of interference to the
luminescence method in natural aquatic systems.
Optical sensors will measure accurately in the pres-
ence of hydrogen sulfide (H,S) and also when deployed
in fresh, brackish, and mildly contaminated waters.
Contact with organic solvents can compromise sensor
integrity or performance, however.

* Cleaning and maintenance are relatively simple.
The optical sensor contains no anode or cathode to
service, and uses no electrolyte solution, membranes,
or O-rings.

» Optical-sensor maintenance is dictated by manufac-
turer guidelines that are specific to the type of sen-
sor in use and the conditions to which the sensor has
been subjected.

* Manufacturers generally recommend annual to bian-
nual replacement of the luminophore-containing
module (also called “lumiphore”). Some sensors may
have a prescribed lifetime of the module, after which
the sensor becomes inoperative. The modules are easily
replaced. Sensors should be calibrated or undergo a
calibration check after module replacement.
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TECHNICAL NOTE 1.

The luminescence sensor employs a light-emitting diode
(LED) to provide light of a specific wavelength that excites

a luminescent-dye molecule substrate (luminophore) of the
sensor. After some dissipation of the excitation energy, longer
wavelength light is emitted. The intensity of the fluorescence
is proportional to the DO concentration because the presence
of oxygen can quench, or suppress, the fluorescence response
of the dye. Higher DO concentrations result in greater quench-
ing and a decreased fluorescence response. The signal to the
fluorescence detector is greatest at lowest DO concentrations.
More importantly, the timescale, or lifetime, of the fluores-
cence reaction is also dependent on the DO concentration and
is not dependent on the light intensity of excitation or fluores-
cence, thereby allowing more reliable determination of the DO
concentration. Temperature stability during calibration and
measurement is extremely important, as temperature controls
the solubility of oxygen in water.

2.1 Equipment and Field Preparations

DO instruments (meters and sensors) are available from a
number of commercial vendors. Because of differences among
manufacturers in the instrument design and instructions for
use, calibration, and maintenance, it is important that the user
be thoroughly familiar with the instructional manual for the
specific instrument system to be used in addition to the guid-
ance given here.

2.1.1 Equipment Description and Maintenance

Meters, sondes, and the DO sensors used in these instru-
ments are sophisticated electronic equipment that require care
in handling and operation. Information about the equipment
and supplies required for the optical method of determining
aqueous DO concentrations is summarized in table 6.2—1.

Guidance on when to replace the luminophore-containing
cap or module varies among manufacturers and can be based
on the specific design and materials used, the environmental
conditions to which the sensor is exposed, the age of the sen-
sor, and (or) the amount of time it is deployed. For example—

» Hach specifies a 2-year life of the sensor cap of its
LDO (Luminescent Dissolved Oxygen) sensor.

* YSI Environmental (EXO) specifies annual replace-
ment of the sensor cap for its optical DO sensor.

* In-Situ, Inc., advises that the RDO (Rugged Dissolved
Oxygen) sensor cap has a 2-year life.

» Thermo Scientific specifies a 365-day lifespan for the
RDO cap once it is installed on the RDO sensor.
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Table 6.2-1. Equipment and supplies for the optical sensor method of determining dissolved-oxygen concentration (modify this list to
meet specific needs of the field effort).

[[DO, dissolved oxygen; mg/L, milligrams per liter; NFM, National Field Manual for the Collection of Water-Quality Data; —, minus; +, plus; °C, degrees
Celsius; +, plus or minus; NIST, National Institute of Standards and Technology; M, molar]

DO instrument should have a digital temperature and DO readout display and have:
* Automatic temperature compensation

* An operating range in water with a temperature range of at least —5 to 45 °C
* Capability to measure DO concentrations from 0.01 to 20 mg/L (instrument capability can range to 50 mg/L)
* Minimum display resolution of 0.01 mg/L DO
* Calibrated accuracy within £0.1 mg/L DO

Calibration equipment, per manufacturer’s recommendation

Pocket altimeter-barometer or DO instrument with built-in barometer; barometer measures to nearest 1 millimeter of mercury and its
calibration has been checked before use or at least annually against a NIST-traceable barometer or the uncorrected barometric pressure
obtained from a National Weather Service location at the same altitude as calibration or calibration check

Thermometer (see NFM chapters A6.1 and A6.8 for calibration-check criteria)

Zero-DO solution. Dissolve approximately 2 grams sodium sulfite in 1 liter of deionized water (0.016—M solution, prepared fresh just
before the field trip or during week of use)’

Flow-through chamber for determining groundwater DO concentration, if downhole sensor deployment is impractical
Oxygen-solubility table (table 6.2-2, at end of chapter), or access to table at https://water.usgs.gov/software/DOTABLES/
Waste-disposal containers

Spare batteries

Calibrated specific-conductance sensor, if measurement is being made in a saline or brackish system

Calibration and maintenance log books for DO instrument and barometer

'Take special note of the manufacturer’s guidance for your sensor. Some manufacturers supply the zero-DO solution required or document the specific
instructions for preparing the zero-DO solution recommended for their sensors, including an alternative by which nitrogen gas is forced into tap or deionized
water to produce a zero-DO solution. (Consult with the manufacturer’s division of technical support.)
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Become familiar with the specific manufacturer’s recom-
mendations for short-term (field) and long-term (office or labo-
ratory) storage. Storage guidance for optical sensors (some
specify the need for storage in a humid environment) and
procedures for removing sensors from storage differ among
manufacturers; consult the manual provided for the sensor.

2.1.2 Field-Trip Preparations

The service performed on all equipment, whether a full
calibration, calibration check, or replacement or repair of
parts for the instrument, and whether performed in the office,
laboratory, or field, must be accurately recorded and dated in
the instrument or sensor log book.

Field-measurement instruments are required to be main-
tained on a regular schedule and performance tested before
field use, as described below:

1. Check all electrical connections and the charge on
the batteries, as applicable for the instrument in
use. Batteries should be in good condition with as
high a state of charge as possible. Replace or charge
questionable batteries.

2. Thermistors/thermometers must be calibrated
and field checked before use, as described in
NFM 6.1, Temperature.

3. Perform a 100-percent oxygen-saturation calibration
check (see section 2.2). This performance check does not
negate the need for an onsite sensor-calibration check
at oxygen saturation. The result of the check should be
within +/- 0.2 mg/L of the 100-percent saturated concen-
tration determined from the DO solubility tables found at
https://water.usgs.gov/software/DOTABLES.

4. Perform a zero-DO sensor-performance check.

* Prepare the zero-DO sodium sulfite
solution (see table 6.2—1).

* Before immersing the sensor in the zero-DO solu-
tion, remove the wiper (or sponge) from the unit to
avoid saturating it with the sodium sulfite solution.
(Not all instruments have a wiper.)

e Immerse the sensor into the zero-DO solution,
wait for reading to stabilize (usually within
5-10 minutes), record reading.

* If the instrument reading exceeds 0.2 mg/L in the
zero-DO solution, check DO again with a freshly
prepared zero-DO solution; if a reading greater than
0.2 mg/L persists, contact the instrument manufac-
turer and inquire whether the luminophore module
should be replaced.
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« If the instrument reading is negative, consult the
manufacturer's manual; a zero-DO calibration may
be necessary.

* Rinse the sensor and wiper thoroughly and then
reinstall the wiper elements. Multiple, thorough
rinses with deionized water are necessary to remove
the sodium sulfite and restore the sensor to proper
operating condition and prevent subsequent mea-
surements from being biased.

5. Review the care and maintenance guidance provided
by the manufacturer for the specific sensor being used;
instructions can differ appreciably depending on the
make and model of the instrument.

* Check the condition and (or) deployment history of
the luminophore-containing sensor module, referring
to the manufacturer’s guidance for replacement of
the luminophore module.

» Depending on the instrument, sensor modules are
replaced annually or at least every 2 years, even if
the sensor is idle.

6. Remember to document field preparations and all instru-
ment tests and adjustments in the meter log book. Do not
use an instrument that fails calibration checks.

CAUTION:

Before handling sodium sulfite (or any other chemicals)

refer to safety precautions for that chemical on the
Safety Data Sheet (SDS).

2.2 Calibration of Optical Sensors

Sensor-based instrument systems used to determine DO
in water must be calibrated properly before being used. Proper
calibration procedures are necessary to ensure the overall
accuracy and precision of DO measurements. It is recom-
mended to calibrate instruments in the controlled atmosphere
of the laboratory before going to the field. A calibration
check is required at each field site, followed by recalibration
as needed to meet the specific data-quality requirements of
the project.

The accuracy required by the project for sites at which
DO will be determined and the capabilities of the selected
instrument will govern whether a one-point calibration will be
sufficient or whether a two-point calibration should be used.
In addition, some manufacturers of the DO instruments com-
monly used for USGS data-collection activities recommend
testing in a laboratory setting to determine the accuracy of
room-temperature calibrations compared with measurements
made under the anticipated warmer or cooler field conditions.
Project personnel are advised to be familiar with recommenda-
tions made by the manufacturer of their equipment.
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One-point calibration: The main goal of the one-point
DO calibration procedure is to create a 100-percent saturated
oxygen environment in which the DO sensor and its thermistor
are at the same temperature. There are two procedures that can
be used for a one-point calibration:

* Procedure 1—Calibration in air (can be accom-
plished with air-calibration chamber or wet-towel
method)

e Procedure 2—Calibration in air-saturated water
(water bubbled with air)

Two-point calibration: The two-point calibration typically
involves calibration of the sensor at 100-percent saturation,
and at zero DO. The two-point calibration adds complexity to
the calibration process and is not recommended by all manu-
facturers of optical sensors. Conduct a zero-DO check before
committing to a two-point calibration. Be sure to understand
the instrument capabilities and then determine the best course
of action. For routine applications, it is advisable to rely on a
zero-DO performance check rather than a zero-DO calibration,
which would risk corrupting the manufacturer’s zero-DO
calibration.

» Use of a two-point calibration should be considered if
(1) the calibration is needed to satisfy the data-quality
objectives of the project, (2) oxygen concentrations
less than 2 mg/L are likely to be encountered and
zero-DO performance checks fail, or (3) the calibration
is deemed necessary by experienced field personnel
familiar with site conditions.

» Before starting or planning for a two-point calibration,
consult the manufacturer’s instructions or technical
support for the specific optical DO sensor being used.

 If a two-point DO calibration is used, calibrate the
DO sensor only after calibrating other field-measure-
ment sensors to prevent possible interference of the
sodium sulfite (zero-DO) solution with the calibration
of the other sensors. Unless the equipment manu-
facturer’s manual specifies otherwise, complete the
DO calibration at 100-percent saturation before the
zero calibration.

Sensor-performance checks—Verifying sensor perfor-
mance before field use (calibration check) is a required
standard procedure in USGS field operations (see section 2.1).

» All DO sensors have the capability to undergo a per-
formance check at zero DO. Most DO sensors have the
capability to undergo a zero-DO calibration.!

» Verifying instrument performance at zero DO and
using the two-point calibration can be particularly
important for data accuracy when the instrument

'Manufacturers caution against routine zero recalibration of sensors but
allow for zero-DO checks, stipulating the need to thoroughly rinse the zero
solution from the sensor after the check procedure.

will be used to measure low DO concentrations (less
than 2 mg/L).

* The result of a DO instrument performance check
should be within +/- 0.2 mg/L of the 100-percent
saturated concentration determined from the DO
solubility tables found at https://water.usgs.gov/
software/DOTABLES or, if checking at the zero
point, the sensor should read within 0.2 mg/L of zero.
Project objectives may dictate a deviation of less than
0.2 mg/L from the calculated 100-percent saturation
value or zero. Recalibration and additional trouble-
shooting are warranted if instruments fail the DO
performance checks.

Do not use an instrument that fails to calibrate properly

or fails performance checks.

2.2.1 Correction for Atmospheric Pressure and
Salinity

DO calibration procedures include corrections for
atmospheric pressure and ionic strength. (Ionic strength is
estimated from the conductivity measurement for routine field
applications.) Atmospheric pressure, the temperature of the
water or water vapor, and the ionic strength of the water must
be known to determine the theoretical amount of oxygen that
will be dissolved in water.

Record all calibration information in instrument log
books and copy calibration data onto field forms at the time of
calibration.

TECHNICAL NOTE 2.

DO sensors do not directly measure oxygen in milligrams

per liter or parts per million. Expressed concentrations are
based on calculations that relate instrument sensor data with
the temperature and ionic strength of the sample water. The
sensor signal is proportional to the ambient partial pressure of
oxygen, which can be displayed either as percent saturation or
in milligrams per liter, depending on user specification.

Ambient atmospheric pressure is true atmospheric
pressure at the measurement site, not the pressure that has
been adjusted to sea level. Atmospheric pressure (also known
as barometric pressure) reported by the National Weather
Service (NWS) generally is not the absolute (ambient) value.
NWS atmospheric pressure readings typically are adjusted to
sea level for comparison among weather stations and must be
adjusted back to the altitude of the weather station in order to
obtain ambient barometric pressure values. Previous versions
of this chapter described a procedure for correcting NWS
barometric pressure readings for use during DO calibrations.
With the advent of inexpensive, National Institute of Standards
and Technology- (NIST) traceable barometers, correction of a
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barometric pressure reading not measured at the DO calibra-
tion altitude for use during a DO calibration is no longer
recommended. It is required that the barometric pressure be
measured at the altitude of the DO calibration or check.

For DO calibrations, the ambient atmospheric pressure
must be determined to the nearest 1 millimeter (mm) of
mercury. A calibrated pocket altimeter-barometer typically has
been used to determine atmospheric pressure; however, many
multiparameter water-quality instruments and DO meters in
common use include an internal barometer.

Check the accuracy of all field barometers (including
barometers built into instrument systems) before each field trip
or at least annually, and record readings and adjustments in the
instrument log book. Check field barometers against a NIST-
traceable barometer kept at the USGS Water Science Center,
office, or laboratory, or check barometer accuracy while at an
official weather station where ambient atmospheric pressure
can be obtained.

Most modern multiparameter instruments (see NFM 6.8)
incorporate a pressure-temperature and salinity compensa-
tion algorithm in their firmware for DO measurements; the
instruments have a built-in conductivity sensor that is used
to correct the DO-concentration data for salinity automatically.
For instruments that are not equipped with a conductivity
sensor, manual correction of the DO data for salinity
is required.

If a user-specified salinity correction is needed, the
preferred USGS method is to apply salinity-correction factors
after calibrating and measuring the DO concentration of the
environmental water body (see section 5.0). Interactive tables
for user-specified temperature, pressure, and salinity are avail-
able at https://water.usgs.gov/software/DOTABLES/.

When a manual salinity correction is made by the user
during calibration, the instrument requires recalibration for
each measured field variation in salinity (see section 5.0).

If a multiparameter instrument that includes
a calibrated conductivity sensor is used, salin-

ity correction to the DO concentration reading is
performed automatically.

2.2.2 Selection of Calibration Method

Manufacturers uniformly recommend a 100-percent satu-
rated oxygen calibration of DO sensors regardless of whether
calibration in air (Procedure 1) or calibration in air-saturated
water (Procedure 2) is used. It is important to refer to the
manufacturer-provided guidance, as each of the procedures
has inherent advantages and disadvantages and may include
instrument-specific sources of error.

Calibration or checking of an instrument in air
(Procedure 1) is the preferred method specified by some
manufacturers. The process is easily accomplished in the
laboratory or field setting so long as the temperature of the air
calibration chamber is stable.

2.0 Optical (Luminescence) Sensor Method 7

The air calibration or check with a wet-towel method
(variation of Procedure 1) is the recommended method to
be performed at the field site. This method is well suited to
checking an instrument after transportation to a field site fol-
lowed by calibration if the instrument fails the check with a
wet-towel procedure.

The air-saturated water method (Procedure 2) is the pre-
ferred method specified by some manufacturers. Temperature
stability of the bubbled solution and equilibration of the DO-
sensor temperature with the solution is important and easily
accomplished. This procedure is generally favored for labora-
tory calibrations because of the equipment required.

The DO-meter calibration check is required at each

field site.

2.2.3 Optical (Luminescence) DO Sensors—
Calibration Procedures

The luminescence technology used in optical DO field
instruments has improved and simplified the data-collection
process for field determination of DO concentration. Optical
DO sensors generally have accuracy specifications of 0.1
mg/L or 1 percent after calibration. This level of accuracy is
best achieved by calibrating under controlled conditions in a
laboratory or simulated laboratory environment.

TECHNICAL NOTE 3.

Optical DO sensors contain internal calibration information
from the manufacturer. Although some manufacturers advise
that no further calibration is needed, the accuracy of factory
calibrations does not necessarily satisfy the data-quality objec-
tives required for USGS applications. Because the validity of
a calibration can substantially affect the overall accuracy and
precision of DO measurements, users are required to check the
calibration at every field site or as often as is necessary to meet
specific data-quality objectives.

Optical DO sensors are subject to very little drift after a
successful calibration. A laboratory-performed calibration is
likely to remain stable after transport to the field. Neverthe-
less, calibrations are required to be verified at the field site.
Laboratory calibrations are generally preferred because of the
stability of the laboratory environment compared to a typical
field site.

The Rhodazine D™ ? spectrophotometric method for
DO measurement described in section 3.0 has been used to
check the calibration of these instruments. USGS field scien-
tists have corroborated the accuracy of the optical sensor to
0.03 mg/L DO by using repeated comparisons of results with
the Rhodazine D spectrophotometric method described in

*Rhodazine D is a proprietary product of CHEMetrics, Inc. (White and
others, 1990).
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section 3.0 of this field manual chapter. Results from optical
sensor and spectrophotometric methods can be entered into the
USGS National Water Information System (NWIS) database.

Procedure 1—Calibration in Air

This procedure is commonly used to calibrate optical
DO instruments. The calibration chamber used is typically the
calibration cup supplied with the instrument or is built into the
instrument case. Use the calibration chamber that is provided
or recommended by the manufacturer. For field check and
calibration, the wet-towel variation of Procedure 1 described
in the next section is recommended.

1. Wet the inside of the calibration chamber with water
and then pour out the water, leaving a few drops or a
layer of water in the bottom of the calibration cup. Some
manufacturers may provide a sponge to wet and place
in the calibration chamber. Consult and follow specific
manufacturer instructions. Remove any water droplets
that remain on the temperature and optical DO sensors.
Insert the sensor into the chamber per manufacturer’s
instructions to ensure 100-percent humidity.

 Ifusing a screw-on calibration chamber, make sure
it is loose and does not make an airtight seal in order
to maintain ambient barometric pressure. Do not
tighten the chamber to cause a seal that isolates the
DO sensor from the ambient barometric pressure.

» Keep the calibration assembly in a stable tempera-
ture environment and out of direct sunlight.

2. Allow 5 to 10 minutes for the air to saturate with water
vapor and for the DO sensor and the air inside the
calibration chamber to equilibrate. If appropriate for
the instrument being used, run the instrument during
the equilibration period to monitor stability. Achieving
stability in temperature and DO concentration before the
calibration begins is essential.

3. Using a calibration-checked barometer, read the ambient
atmospheric pressure to the nearest 1 mm of mercury.

4. Monitor the temperature and DO readings in the
calibration chamber, observing readings until
they stabilize. Read the temperature to the nearest
0.1 degree Celsius (°C).

5. [If calibrating to a given DO concentration rather than
to a condition of 100-percent saturation, use table 6.2—2
(at end of chapter) or the online software DOTABLES
(https://water.usgs.gov/software/DOTABLES/) to deter-
mine DO saturation at the calibration temperature and
atmospheric pressure.

6. Follow the manufacturer’s instructions for the calibra-
tion. When the instrument readings are stable, adjust the
instrument to the DO-saturation value determined from
the oxygen-solubility table.

 Ifan instrument that allows calibration simply to a
100-percent saturation condition is used, all that may
be needed is to provide the ambient atmospheric
pressure for the instrument to determine (with
internal software) the resulting DO concentration. If
the instrument has an internal barometer, it may only
be necessary to put the instrument into calibration
mode and check the calibration once it has been
completed.

7. Verify that the instrument reading is within 0.2 mg/L or
2 percent of the computed saturation value, or use more
stringent accuracy criteria that reflect the data-quality
requirements of the project.

8. Remove the sensor from the calibration chamber to
check whether water droplets were on the optical
module during calibration; water droplets on the
sensor module or on the temperature sensor can cause
improper calibration.

* Recalibrate the instrument if water droplets
were present.

+ After all the steps above have been followed, the DO
sensor is calibrated and ready for use.

9. Record calibration information in instrument log books
and transfer calibration data into electronic records or
onto paper field forms at the time of calibration.

During saturated-air calibration, water droplets must

be kept off the optical module and temperature sensor.

Variation of Procedure 1—Air Calibration with a Wet
Towel

For many multiparameter instruments, a 100-percent
humidity environment can be created by wrapping a wet
towel around the sensor guard and inserting it into a plastic
bag. The “wet-towel method” is almost identical to Procedure
1, but the sensor (or sonde) guard will be wrapped in a wet
towel instead of using a calibration cup or chamber. For field
calibration verification of a DO sensor, the wet-towel method
is recommended.

Equipment: Check or calibration with a wet towel

1 Towel, sized so that it will wrap around the sensor at least
two full wraps

1 Trash bag, clear or white plastic

1. Soak the towel either (1) in the water for DO measure-
ment, or (2) with tap or deionized water. Wring it out,
and then wrap the wet towel completely around the
sensor guard or chamber two full wraps or more. As you
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wrap the sensor, ensure that no water droplets are on
either the temperature sensor or the optical DO sensor.

Place the wrapped sensor into the plastic bag and
keep it out of direct sunlight to keep the temperature
from changing. The plastic bag holding the sonde and
towel can be placed into a cooler if necessary to attain
temperature stability.

Allow 5 to 10 minutes for the air to saturate with water
vapor and for the DO sensor and the air inside the towel
(calibration chamber) to equilibrate. If appropriate for
the instrument being used, run the instrument during the
equilibration period to monitor for stability of DO and
temperature.

Using a calibration-checked barometer, read the ambient
atmospheric pressure to the nearest 1 mm of mercury.

If calibrating to a given DO concentration rather than
to a condition of 100-percent saturation, use table 6.2—2
(at end of chapter) or the online software DOTABLES
(https://water.usgs.gov/software/DOTABLES/) to deter-
mine DO saturation at the calibration temperature and
atmospheric pressure.

Follow the manufacturer’s instructions for the
calibration. When the instrument readings are stable,
adjust the instrument to the DO-saturation value deter-
mined from the oxygen-solubility table.

 If an instrument that allows calibration simply to a
100-percent saturation condition is used, all that may
be needed is to provide the ambient atmospheric
pressure for the instrument to determine (with
internal software) the resulting DO concentration.

If the instrument has an internal barometer, it may
only be necessary to put the instrument into cali-
bration mode and check the calibration once it has
been completed.

Verify that the instrument reading is within 0.2 mg/L or
2 percent of the computed saturation value, or use more
stringent accuracy criteria that reflect the data-quality
requirements of the project.

Remove the sensor from the wet towel to check whether
water droplets were on the optical module during cali-
bration; water droplets on the sensor module or on the
temperature sensor can cause improper calibration.

* Recalibrate the instrument if water droplets
were present.

 After all the steps above have been followed, the DO
sensor is calibrated and ready for use.

Record calibration information in instrument log books
and transfer calibration data into electronic records or
onto paper field forms at the time of calibration.
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Procedure 2—Calibration with Air-Saturated Water

This procedure, in which the DO sensor or instrument
system is calibrated in water that is saturated with oxygen at a
known temperature and ambient atmospheric pressure, is pre-
ferred by some manufacturers for optical-sensor calibration.
Some manufacturers provide the necessary aeration equip-
ment with their instruments. Procedure 2 has the advantage
of ensuring that all equipment parts equilibrate with water
temperature simultaneously, and eliminates the need to check
for water droplets on the optical module or temperature sensor.
Care is required, however, to ensure that the water is indeed
saturated with oxygen

Equipment—Calibration with air-saturated water

5-gallon bucket or manufacturer-provided aeration chamber
10-gallon aquarium air pump with two outlets

10-foot length of aquarium-pump tubing

N = —m —

Gas-diffusion (air) stones

For this procedure, producing aerated water under
controlled laboratory conditions is preferred; calibrate the
DO sensor in the laboratory before departing for the field site
(step 4a below). The variation of Procedure 1 using a wet
towel is the recommended method to be performed at a field
site.

1. In the laboratory, fill a 5-gallon bucket to three-quarters
full with tap water.

2. Attach the pump tubing to the air pump and then the two
air stones to the ends of the tubing. Place the tubing with
air stones at the bottom of the filled bucket.

3. Turn on the pump and aerate the water for a minimum
of 30 minutes. Tip: The pump can be left to operate
continuously (24/7) in order to have a ready supply of
air-saturated water on hand for calibration in the labora-
tory. However, water will continuously evaporate from
the bucket over time, raising the specific conductance
of the aerated water. Be sure to replace the water in the
bucket periodically.

4. Calibration—Take care to keep the optical sensor free of
air bubbles.

a. For laboratory calibration, place the DO sensor (or
multiparameter sonde) in the bucket and allow 5 to
10 minutes for the sensor to come to thermal equi-
librium with the acrated water. Take care not to place
the sensor over or in the bubbles from the air stone.

b. For field calibration verification of a DO sensor, use
the wet-towel method.

5. Read and record the temperature of the calibration water
to the nearest 0.1 °C.
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6. Using a calibration-checked barometer, determine the
ambient atmospheric pressure to the nearest | mm
of mercury.

7. Using oxygen-solubility table 6.2-2 (at end of chapter)
or the online software DOTABLES (https://water.usgs.
gov/software/DOTABLES/), determine the DO-satura-
tion value at the measured temperature and atmospheric
pressure of the calibration water. (Refer to section 5.0
and table 6.2—4 (at end of chapter) for salinity correc-
tions; salinity corrections should not be necessary for
tap water.)

8. When the instrument readings are stable, adjust the
instrument to the DO-saturation value determined from
the oxygen-solubility table.

 If an instrument that allows calibration simply to a
100-percent saturation condition is used, all that may
be needed is to provide the ambient atmospheric
pressure for the instrument to determine (with
internal software) the resulting DO concentration.

If the instrument has an internal barometer, it
may only be necessary to put the instrument into
calibration mode and check the calibration once it
has been completed.

9.  Verify that the instrument reading is within £0.2 mg/L or
2 percent of the computed saturation value, or use more
stringent accuracy criteria that reflect the data-quality
requirements of the project.

10.  After all the steps above have been followed, the DO
sensor is calibrated and ready for use.

11.  Record the calibration information in instrument
log books and transfer calibration data into elec-
tronic records or onto paper field forms at the time
of calibration.

For accurate calibration, ensure that the water is

100-percent saturated with oxygen.

2.3 Measurement

The solubility of oxygen in water depends on the
temperature and ionic strength of the water. The higher the
atmospheric pressure on the water’s surface and the lower the
temperature and conductivity of the water, the more oxygen
will be dissolved in the water.

Degassing, mineral precipitation, and other chemical,
physical, and biological reactions can cause the DO concentra-
tion of a water sample to change substantially within minutes
after sample collection, especially if the water sampled was
originally isolated from the atmosphere as in the case of
groundwater or water in a deep lake or reservoir.

The solubility of oxygen in water decreases as salinity
increases. Correction factors for salinity typically are applied
after measuring DO for single-point samples; however, for
DO measurements made with multiparameter instruments
that include calibrated specific-conductance sensors, it is
wise to activate the instrument’s internal salinity correction
algorithms. Information that pertains to oxygen solubility and
salinity is given in section 5.0, including the link to an online
program that generates tables of DO solubility values and
(or) salinity correction factors over a range of user-specified
temperature, atmospheric pressure, and salinity or specific
conductance (https://water.usgs.gov/software/DOTABLES/).

2.3.1 Surface Water

Standard determinations of DO in riverine surface water
represent the cross-sectional median or mean DO concentra-
tion at the time of observation.

Multiparameter instruments (sondes) are in common use
by the USGS for measurement of DO and other field param-
eters, both for in situ discrete measurements in surface water
and for short- or long-term deployment in streams, lakes and
reservoirs, and other surface-water bodies. Refer to NFM
6.8, Wagner and others (2006), and manufacturer guidance
for additional information regarding the siting and use of
multiparameter instruments.

Measuring the DO concentration at one distinct point in
a cross section is valid only for flowing water with a cross-
sectional DO variation less than 0.5 mg/L. Discerning such
variation requires a reconnaissance cross-section measure-
ment. Measurements made at multiple locations in the cross
section are recommended when possible. Determining DO
concentration for a single channel at the centroid of flow at the
midpoint of the vertical represents the cross section only under
ideal mixing conditions.

Do not measure DO in or directly below sections with
turbulent flow, in still water, or from the bank unless these
conditions represent most of the stream reach or are required
to fulfill project objectives.

Verify whether or not the instrument in use applies salin-
ity corrections automatically. If not, apply a salinity correction
to the saturation values after making the DO measurement,
referring to section 5.0 and table 6.2—4 (at end of chapter).

If the anticipated DO concentration is less than 1.0 mg/L,
use of spectrophotometric methods (section 3.0) is required
to develop an instrument-specific rating before measure-
ments made with a field instrument can be reported. Optical
DO instrument readings are required to be verified through
the development of an instrument-specific comparison with
spectrophotometric methods. The instrument-specific rating
should consist of at least five measurements made as nearly
simultaneously as possible with the optical instrument and
the spectrophotometric method. When compared, the median
of these measurements should agree within 0.03 mg/L. If the
measurements do not agree within 0.03 mg/L, the optical
instrument should be checked and, if necessary, calibrated to
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the zero-DO point. The directions for the spectrophotometric
method should also be checked and followed very closely.
Once an instrument-specific rating has been developed, an
optical DO instrument may be used to report DO concentra-
tions greater than 0.03 mg/L. Example data for such a com-
parison are in appendix 1.3

DO must be measured in situ. Never measure DO in
subsamples from a sample splitter or other vessel; DO

measurements will not be representative because the
chemistry of derived samples changes quickly.

Follow the steps below to measure DO in surface water:

1. Calibration checks:

* Check that the thermistor is accurate and that
its calibration has been certified according to
NFM 6.1 (Temperature).

¢ Check the performance of the DO sensor at satura-
tion and zero DO (see sections 2.1 and 2.2).

 Ifa calibration adjustment is necessary or if it is
required to address program protocols, data-quality
requirements, or site-specific conditions, calibrate
the DO sensor onsite in accordance with the proce-
dures described in section 2.2.

2. Examine the variation in DO measured at multiple loca-
tions along the stream cross section (if this reconnais-
sance step was performed) to help select the sampling
method.

* Flowing, shallow stream—Wade to the location(s)
where DO is to be measured.

* Flowing stream too deep or swift to wade—Lower
a weighted DO sensor from a bridge, cableway, or
boat. Do not attach the weight directly to the sensors
or sensor cables to avoid damaging the sensors or
sensor cables. Contact the instrument manufacturer
or vendor for information regarding the weights
approved for use with the instrument and how to
attach them.

« Still-water conditions—Measure DO at multiple
depths at several points in the cross section.

e Lakes and reservoirs—Measure DO at a series of
specific depths to determine a vertical profile at each
location of interest.

3Note that spectrophotometric methods for determining DO concentration
generally are not approved by the U.S. Environmental Protection Agency for
regulatory assessments.
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3. Immerse the DO and temperature sensors directly into
the water body and allow the sensors to equilibrate to the
water temperature (no less than 60 seconds).

4. Record the temperature without removing the sensor
from the water.

5. After the instrument reading has stabilized, record the
median DO concentration (see NFM A6.0, Field Mea-
surements). The reading should stabilize to within 0.2
mg/L.

¢ In still water, record the median of three or more
sequential values.

» Equal Discharge Increment (EDI)—Record the mean
value of all subsections measured. If there is only
one vertical section, use the median at the centroid
of flow.

» Equal Width Increment (EWI)—Record the mean
(or median) of all subsections measured.

6. For EWI, EDI, or multiple vertical measurements,
proceed to the next station in the cross section and repeat
steps 3-5.

7.  When measurements for the stream have been com-
pleted, remove the sensor from the water, rinse it with
deionized water or tap water, and store it according to
the manufacturer’s instructions.

8. Record DO concentrations on the field forms.

2.3.2 Groundwater

Before the concentration of DO in groundwater can be
determined, standing water must be evacuated from the well
to ensure that measurements of DO concentration in the well
will be representative of formation-water concentration. An
adequate well purge ensures the flow of freshwater from the
aquifer formation into the well (refer to NFM A4, Sample
Collection, and NFM A6, Field Measurements, for detailed
information). Measurement of ambient DO concentrations in
groundwater additionally requires use of equipment and pro-
cedures that avoid aeration and mitigate losses or gains of dis-
solved gases in the water being sampled. A bailed sample, for
example, is not recommended for DO measurement because
the field sample-decanting process exposes the sample to the
atmosphere; this provision likewise applies to any type of
sampling device from which the sample is brought into contact
with air when transferred to a measurement or analysis vessel.

Project data-quality requirements and objectives, site
characteristics, and equipment availability will dictate whether
(1) measurements will be made in situ (DO measured down-
hole) or ex situ (DO measured above land surface, the inline-
flow procedure), and whether (2) optical or spectrophotometric
methods will be used for DO measurement.
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The accuracy of DO measurements to 0.03 mg/L with an
optical sensor has been field verified against Rhodazine D and
Indigo Carmine spectrophotometric measurements on many
occasions by USGS field-methods training class instructors.
Therefore, applying optical sensor methods for groundwater DO
measurements in the concentration range less than 2 mg/L is
reliable. Data for some of these comparisons are in appendix 1.

If the anticipated DO concentration is less than 1.0 mg/L,
use of spectrophotometric methods (section 3.0) is required
to develop an instrument-specific rating before measure-
ments made with a field instrument can be reported. Optical
DO instrument readings are required to be verified through
the development of an instrument-specific comparison with
spectrophotometric methods. The instrument-specific rating
should consist of at least five measurements made as nearly
simultaneously as possible with the optical instrument and
the spectrophotometric method. When compared, the median
of these measurements should agree within 0.03 mg/L. If the
measurements do not agree within 0.03 mg/L, the optical
instrument should be checked and, if necessary, calibrated to
the zero-DO point. The directions for the spectrophotometric
method should also be checked and followed very closely.
Once an instrument-specific rating has been developed, an
optical DO instrument may be used to report DO concentra-
tions greater than 0.03 mg/L. Example data for such a com-
parison are in appendix 1.

For DO concentration less than 2 mg/L, a zero-DO cali-
bration check or calibration of the DO instrument is required.
Instruments are required to be performance tested before field
use as described in section 2.1.2, Field-Trip Preparations.

Refer to NFM A6, Field Measurements, for guidance
related to the selection, preparation, and procedures for in
situ and ex situ measurement of field-determined properties.
Project objectives and site characteristics will dictate the
specific method selected. Select the field-measurement system
that best fits the requirements of the data-collection effort.

Downbhole (in situ) measurement: Submersible multi-
parameter sondes and single-parameter sensors are deployed
downhole to the targeted depth interval. Deployment typically
includes data collection for a single field trip. The sonde or
sensor sometimes is deployed for unattended monitoring, but
the appropriate conditions and protocols must be followed
(see NFM A6.8, Multiparameter Instruments).

Inline flow-through cell/chamber (ex situ) measurement:
Sample is pumped directly (inline) to an airtight, transparent
chamber or manufacturer-provided cell having either (1) leak-
proof ports (compression fittings) that accommodate a DO
single-parameter sensor (and other single-parameter sensors),
or (2) a multiparameter sonde instrumented with an optical
DO sensor.

The sample is transferred by using a positive-displacement
submersible pump fitted with high-density plastic or fluorocar-
bon-polymer tubing that is relatively gas impermeable.

 Use of transparent materials for the tubing and
chamber is recommended to permit checking for air
bubbles in the water stream or adhering to the sides
of the tubing and flow-through cell or chamber (that
have been introduced as an artifact of the sampling
procedure, as distinguished from gas bubbles that are
native to the formation water). Air bubbles intro-
duced through leaking fittings can add substantial
error to low-level DO measurements and should be
excluded.

* Protect exposed sample tubing and the flow-through
cell or chamber from direct sunlight.

Do not measure groundwater DO concentration
in a sample extracted from a bailer or other

sampling device that results in sample exposure to
the atmosphere.

Follow the steps below to measure DO in groundwater:
1. Calibration checks:

* Check that the thermistor is accurate and that
its calibration has been certified according to
NFM 6.1, Temperature.

¢ Check the performance of the DO sensor at satura-
tion and zero DO (refer to sections 2.1 and 2.2).

+ Ifa calibration adjustment is necessary or if it is
required to address program protocols, data-quality
requirements, or site-specific conditions, calibrate
the DO sensor onsite, in accordance with the proce-
dures described in section 2.2.

2. Install the DO equipment:

* Downbhole system—Lower the DO and temperature
sensors to the measuring point, followed by the
pump, to monitor DO variation during purging.

* Inline flow-through system—Refer to NFM 6.0,
Field Measurements, for installation guidelines.
For a system that includes a multiparameter instru-
ment sonde, install the sonde in the flow-through
cell provided by the manufacturer and in accordance
with manufacturer instructions. Be sure to:

* Install the DO sensor through an air-tight grom-
met if the chamber is instrumented with single-
parameter sensors. Check that the seal around
the DO sensor is intact and that the sensors are
properly immersed.
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* Shield the sample tubing and flow-through cell/
chamber from direct sunlight to minimize changes
to sample temperature.

 Dislodge and flush entrained gas bubbles from
the tubing walls and flow-through chamber by
tapping the tubing with a blunt tool (see Technical
Note 4). Note that air bubbles are an indication of
air leakage into the sampling system and should
be distinguished from gas bubbles that could be
native to formation water.

* Check for and eliminate back pressure in the
flow-through chamber. The outlet of the chamber
should be free flowing.

3. Measure and record the DO concentration at regular
intervals throughout purging. Allow the sensors to equili-
brate with groundwater for a minimum of 5 minutes
before making the first measurement.

4. Check the stability (measurement variability) of the DO
concentration toward the end of purging. The stability
criterion is met when five consecutive measurements
made at regularly spaced intervals of 3 to 5 minutes or
more are within +0.2 mg/L. (For each reading, monitor
fluctuations for 30 to 60 seconds and record the median
value, if necessary.) If the +0.2-mg/L criterion is not met,
increase the purging period in accordance with project
objectives and continue to record measurements at regu-
larly spaced time intervals.

5. Report DO concentration as the median of the final
five DO readings recorded. Record on field forms any
difficulty that may have been encountered with reading
stabilization.

6. Remove the sensor from the water and rinse it with
deionized or tap water. Store the sensor according to the
manufacturer’s instructions.

Air bubbles in the tubing lines and flow-through

chamber can add substantial error to measurements of
DO in low-DO or oxygen-depleted groundwater.

TECHNICAL NOTE 4.

Anomalously high DO measurements commonly are caused
by aeration of groundwater during pumping. This situation can
result from air leakage through loose fittings on production-
well pumping systems, or if drawdown in the aquifer intro-
duces air into the well-screen perforations. To understand
these problems, review information about the pump and its
depth within the well, data on well construction and water
levels during pumping, and previous data records. Corrective
actions may or may not be possible.

3.0 Spectrophotometric (Rhodazine D
and Indigo Carmine) Methods

Various spectrophotometric methods (see Technical Note
5) are available for determining DO over a broad range of
concentrations. The information in this section, however, is
limited to the application of spectrophotometric analysis of
Rhodazine D and Indigo Carmine reagents for determining
DO concentrations in relatively oxygen-deficient waters—that
is, DO concentration from about 2 to 0 mg/L. Indigo carmine
is an organic salt formulated by sulfonating indigo dye. The
reduced form of indigo carmine reacts with DO to form a
blue product. The Rhodazine D (phenzone dye) compound, in
reduced form, reacts with DO to form a bright pink reaction
product. (CHEMetrics, Inc., 2012). The option to measure
DO in the higher concentration ranges by spectrophotometry
generally is selected when field conditions limit use of optical
sensor methods. (Noninstrumental analyses of Rhodazine D
and Indigo Carmine reagent indicators also are available for
measuring aqueous DO concentrations, but the analysis can be
subject to considerable operator variability and is not applica-
ble to standard USGS field protocols, and is therefore beyond
the scope of this guidance.)

TECHNICAL NOTE 5.

Photometry measures only in the visible spectral region from
360 nanometers (nm) to 830 nm, the range in which human
eyes are sensitive. Spectrophotometry is the quantitative
measurement of the reflection or transmission properties of
a material as a function of light wavelength. The National
Institute of Standards and Technology (NIST) maintains

the national scales for reflectance and transmittance in the
ultraviolet, visible, and near-infrared spectral regions—that is,
250 to 2,500 nm (see http://www.nist.gov/pml/div685/grp03/
photometry.cfm and http://www.nist.gov/pml/div685/grp03/
spectrophotometry.cfm).

Spectrophotometric methods for DO measurement have
been used in USGS fieldwork for measuring DO in oxygen-
depleted groundwater and can be adapted for work in oxygen-
depleted zones of lakes and reservoirs, but are not approved
by the U.S. Environmental Protection Agency for application
to regulatory assessments. The Rhodazine D spectrophotomet-
ric method for determining DO concentrations in groundwater
was introduced by White and others (1990) as a means for
obtaining accurate DO-concentration data for groundwa-
ter at a time when sensor methods were not capable of in
situ measurement.

As mentioned previously, USGS technical staff have doc-
umented optical sensor measurements at DO concentrations
0f 0.03 mg/L and spectrophotometric readings by using either
Rhodazine D or Indigo Carmine to be of comparable accuracy.
Data are shown in appendix 1. Comparisons between optical


http://www.nist.gov/pml/div685/grp03/photometry.cfm
http://www.nist.gov/pml/div685/grp03/photometry.cfm
http://www.nist.gov/pml/div685/grp03/spectrophotometry.cfm
http://www.nist.gov/pml/div685/grp03/spectrophotometry.cfm
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sensors and spectrophotometric methods were made by using
an In-Situ, Inc., multiparameter sonde (various models) with
a rugged dissolved oxygen (RDO) optical sensor. Before
measuring and reporting hypoxic to anoxic (concentration
less than 1.0 mg/L) DO-concentration data from optical sen-
sors, the capability and accuracy of the optical sensor in this
low-DO concentration range is required to be documented by
making side-by-side measurements onsite to compare results
with values obtained by using a spectrophotometric method.
(See section 2.3, Measurement, above.)

The Rhodazine D spectrophotometric method is appli-
cable to a range of DO concentrations from 0.025 to 1.0
mg/L in aqueous environments. The low-level Indigo Car-
mine spectrophotometric methods are applicable to a range
of DO concentrations from either 0.006 to 0.8 mg/L or 0.2 to
2.0 mg/L, depending on the specific method being used for the
concentration range of interest.

3.1 Equipment and Supplies

The Rhodazine D and Indigo Carmine spectrophotomet-
ric methods were designed to minimize atmospheric interac-
tion with the water sampled. Two sampling systems commonly
are used—(1) an in situ (submersible or downhole) sampler,
such as the assemblies discussed in White and others (1990);
and (2) a plastic overflow cell through which sample water is
pumped (see table 6.2-3).

The sampling system is configured to use a self-filling
ampule with the Rhodazine D or Indigo Carmine reagent vac-
uum sealed inside. DO concentration is determined instrumen-
tally on the resultant solution by using a spectrophotometer or
photometer. The spectrophotometer (or photometer) selected

Table 6.2-3. Equipment and supplies for the spectrophotometric
method of determining dissolved-oxygen concentration using
Rhodazine D and Indigo Carmine reagents.

[DO, dissolved-oxygen concentration; pS/cm, microsiemens per centimeter at
25 degrees Celsius]

Portable spectrophotometer (or photometer)

Appropriate reagent kits for the expected DO range of the environ-
mental condition

Blank ampule (zero DO), included in each Rhodazine D kit

Submersible sampling tool, used in situ, to meet criteria described
in White and others (1990)

Sampler device (overflow cell), length of C-flex tubing, and sample
pump

Safety gloves, glasses, and apron

Waste-disposal container

Deionized water (maximum conductivity 1 uS/cm)

Bottle, squeeze dispenser, for deionized water

Lint-free wipes to remove moisture from the surface of the ampule

must be adjustable to the appropriate wavelength of incident
light needed for the determination of DO concentration in the
resultant colored sample, based on the reagent used. Appli-
cable spectrophotometers, photometers, and ampule kits are
available commercially from various companies for a variety
of concentration ranges.

Information about the accuracy of commercially avail-
able reagent kits may not be included with the equipment
or supplies purchased. Always check with the manufacturer
regarding the accuracy of the specific test kit(s) of interest.
The accuracy of the test kits will typically be a function of the
range of DO concentration in the sample.

3.2 Calibration and Interferences

For the Rhodazine D and Indigo Carmine methods, DO
is measured by the spectrophotometer as percent absorbance.
A calibration chart typically is provided with each chemi-
cal reagent kit, along with a regression formula to convert
absorbance to micrograms per liter of DO for use with a
spectrophotometer that does not perform the conversion auto-
matically. Most current spectrophotometers and photometers
available for measurement of DO are precalibrated for direct
readout of DO concentration in milligrams per liter.

Ensure that an appropriate blank ampule is used to zero
the spectrophotometer (or photometer).

Additional calibration is needed if the method will be
used to determine DO in heavily contaminated or acidic
waters. Advanced calibration can be done by equilibrat-
ing a water sample with known partial pressures of atmo-
spheric oxygen (White and others, 1990). Atmospheric
oxygen standards are available from suppliers of gas-
chromatography equipment.

Rhodazine D and Indigo Carmine chemical reagent-based
methods are not subject to salinity or dissolved-gas interfer-
ences (ASTM International, 2009; ASTM International, 2018;
White and others, 1990; Gilbert and others, 1982). Interfer-
ences from total salinity, major dissolved inorganic species,
dissolved gases, or temperature are typically negligible with
these methods. However, turbidity may affect the Indigo
Carmine method, and color and turbidity may affect the
Rhodazine D method. If these methods are used in colored or
turbid water, first conduct an assessment of the amount of bias
attributable to such effects.

The spectrophotometric method using Rhodazine D
reagent is affected by the presence of oxidizing agents, includ-
ing chlorine, ferric and cupric ions, and hexavalent chromium,
resulting in high-biased DO readings (White and others,
1990).4

» The presence of cupric copper and ferric iron at a
concentration less than 50 micrograms per liter (ng/L)
may cause a bias of less than 1 pg/L; at a concentration

“See also CHEMetrics, Inc., Simplicity in water analysis, accessed Sep-
tember 4, 2019, at https://www.chemetrics.com/product-category/test-kits/
oxygen-dissolved/.


https://www.chemetrics.com/product-category/test-kits/oxygen-dissolved
https://www.chemetrics.com/product-category/test-kits/oxygen-dissolved
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of 100 pg/L, cupric copper may cause a bias of 5 pg/L,
and ferric iron may cause a bias of 7 pug/L.

* Asample pH of 2 or less may cause erroneous results.

* A hydroquinone concentration greater than 200 pg/L
is a positive interferent and its oxidation byproduct,
benzoquinone, causes a false positive result. The effect
from oxidizing agents can be corrected if the concen-
trations of the interfering species are known (White
and others, 1990).

The spectrophotometric method using Indigo Carmine
reagent is affected by ferric iron, hypochlorite (chlorine), and
chromate, which can cause a false positive at concentrations
equal to or greater than 10 mg/L each.

» Cupric copper interferes positively at a concentration
equal to or greater than 100 mg/L.

» Seawater may cause the reagent to precipitate.

3.3 Measurement

USGS spectrophotometric measurement procedures for
the determination of DO concentration using the Rhodazine
D and Indigo Carmine reagents provided in commercially
available kits supplied by CHEMetrics, Inc., and Hach,
respectively, have been tested and quality assured.’ Although
the instructions provided by the manufacturers generally
should be followed, augmented instructions and information
are provided below and advised for USGS personnel to follow
to ensure that DO measurements meet USGS standards for
accuracy and reproducibility.

Rhodazine D and Indigo Carmine reagents react with
DO to produce an oxidized complex characterized by bright
pink- or bright blue-colored reaction products, respectively.
The color intensity is proportional to the concentration of the
initial DO present. Timing is critically important for colo-
rimetric analyses made with a spectrophotometer. Follow
the explicit instructions for the waiting time after the sample
mixes with the reagent. The reaction with the reagents occurs
almost instantaneously for both the Rhodazine D and Indigo
Carmine methods. Color development continues after the time
interval specified for these methods because oxygen from the
atmosphere continuously diffuses into the sample through the
broken ampule tip.

Do not extend the waiting times specified in the Rho-
dazine D and Indigo Carmine methods. Adhere to them
strictly.

Excessive mixing of the ampule before placing it into the
spectrophotometer also may introduce atmospheric oxygen,
which can bias the results.

*Instructions from Hach and CHEMetrics, Inc., for selected colorimetry-
based methods at DO concentration ranges relevant to routine USGS sampling
were selected for testing because USGS field personnel currently use the
equipment and reagent kits from these companies.

Use a pumping flow rate of about 500 milliliters per
minute for sample collection. Allow the sampling device to
overflow during sample collection.

Follow the steps below to measure DO using the spectrophoto-
metric method:

1. Familiarize yourself with the manufacturer’s instructions
regarding use of the kit and adjust the instructions to
incorporate the procedures that follow, as applicable.

2. Accounting for site characteristics and project objec-
tives, if measuring DO in groundwater, purge the well
following guidelines in NFM 4.

3. Set the spectrophotometer to an appropriate wavelength
for the kit being used. When using a manufacturer-des-
ignated DO photometer (or spectrophotometer), verify
whether or not introduction of the ampule provided in
the kit will automatically trigger the correct wavelength
setting.

4. “Zero” the spectrophotometer by using the blank pro-
vided in the kit or native water according to the manu-
facturer’s instructions.

5. When collecting the sample:

» Prevent sample aeration. Use a positive-displace-
ment submersible pump and high-density plastic or
fluorocarbon polymer sample tubing that is relatively
gas impermeable, if possible, throughout the mea-
surement system.

* Operate equipment to mitigate losses or gains of
dissolved gases. (Consult NFM 6.0 for proper
downhole and inline flow-through chamber sampling
procedures.)

6. Select your sample-collection method. Use either a
downbhole or an overflow-sampler device.

* Go to step 7 for the downhole sampling tool
method®, or

* Go to step 8 for the plastic overflow-sampler device
with a suitable pump method.

7. Downhole system: After purging the well (according to
guidelines in NFM 4), follow steps 7a through 7d.

a. Carefully immerse a reagent-containing ampule on
the sampling tool that is attached to a wire line.

b. At the desired depth of sample collection (in a well
or surface-water body), break the scored tip of the
ampule by using a sharp upward tugging motion on
the sampling tool. This action permits sample water

°A downhole sampling tool is described by White and others (1990).
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to be drawn into the ampule. During the sample’s
transit to the surface, the progressively decreasing
pressure surrounding the ampule prevents cross
contamination from overlying water through the
ampule tip.

Withdraw the ampule from the sampling device

and invert once to mix the contents of the ampule,
allowing the bubble to travel from end to end; follow
the kit-specific instructions regarding the number of
ampule inversions keeping in mind that USGS field
observations indicate that vigorous or repeated mix-
ing of the filled ampule can introduce atmospheric
oxygen and bias the measurement. Take care not

to introduce atmospheric oxygen into the ampule.
Ensure that the time required to bring the ampule

to the surface does not exceed the waiting times
specified by the method. The downhole sampling
system may work best for shallow wells and surface-
water bodies.

Wipe all liquid from the exterior of the ampule by
using a lint-free tissue. To make the DO measure-
ment, skip to step 9.

8. Overflow device: After purging the well (according to
guidelines in NFM 4), follow steps 8a through 8d.

a.

Connect the plastic overflow-sampling device to

the outlet of the pump tubing with gas-impermeable
tubing 1 meter or less in length. The overflow device
is used to break the ampule in the stream of flowing
water. If the Rhodazine D method is used, the kit is
equipped with the appropriate overflow-sampling
device needed to crack the ampule. If the Indigo
Carmine method is used, adapt the instructions as
follows to supplement those provided”:

* Obtain a plastic funnel with a funnel size of
approximately 250 milliliters.

» Adapt the funnel to the end of a length of gas-
impermeable tubing. This funnel, while over-
flowing, will allow the tip of the Indigo Carmine
ampule to be broken very close to the location
where the newest, unmixed sample water flows
into the funnel.

* The flexible rubber-like cap supplied with the
Hach Indigo Carmine ampules can be filled with
sample water and inverted to cover the broken
tip of the ampule if the ampule is also inverted
with the broken tip facing down. This action

"The Hach Indigo Carmine kit instructs the user to collect the sample from a
stream of water that is hard plumbed to the sample source and mentions using
a funnel. Tests conducted by USGS personnel indicated that further supple-
menting the directions in step 8 substantially improves measurement accuracy
and reproducibility.

10.

11.

provides protection from oxygen diffusion from
the atmosphere into the broken tip of the ampule
during transport and drying for measurement in

the spectrophotometer.

Check for air bubbles in or adhering to the tubing
and flow-through chamber.

Tap the tubing with a blunt tool to dislodge entrained
air bubbles.

* Insert the glass ampule, tip first, into the overflow-
ing sampling device so that the tip is at the bottom
of the device, near the point of water inflow.

* Snap the tip by gently pressing the upper end
of the ampule toward the wall of the sampling
device. The vacuum ampule will draw the sample
water in, leaving a small bubble at one end.

Ensure that the ampule is full before proceeding to
prevent entraining excess atmospheric oxygen and
thereby producing erroneous readings.

» Withdraw the ampule from the sampling device
and invert it to mix the contents of the ampule,
allowing the bubble to travel from end to end;
follow the kit-specific instructions regarding the
number of ampule inversions, keeping in mind
that USGS field observations indicate that vigor-
ous or repeated mixing of the filled ampule can
introduce atmospheric oxygen and bias the mea-
surement. Take care to not introduce atmospheric
oxygen into the ampule.

» Wipe all liquid from the exterior of the ampule by
using a lint-free tissue.

Insert the ampule directly into the spectrophotometer cell
holder, either immediately after retrieval or as specified
in the kit-specific instructions.

Read the concentration or absorbance:

* Rhodazine D—Record the measurement within the

time interval directed by the kit manufacturer (for
example, within 30 seconds when using the CHE-
Metrics ampule kit).

Indigo Carmine—Record the measurement within
the time interval directed by the kit manufacturer.

If using a spectrophotometer that does not convert
absorbance values of DO measurements to units

of milligrams per liter for the kit being used, use
regression equations (or the chart provided in the kit)
to convert the units (see White and others, 1990).

Quality control: It is recommended to make multiple
measurements to document the precision and (or)



accuracy of the DO concentration to be reported. Repeat
steps 9 and 10 twice in rapid succession to document
measurement precision. Make a total of three measure-
ments to document the precision of the method.

12.  To document the variability of DO concentrations within
the water system being measured, repeat the measure-
ment on three sequentially collected samples.

Do not exceed time interval specified by manufacturer
for completion of DO measurement when using Rhoda-

zine D or Indigo Carmine reagents.

4.0 Reporting

USGS personnel are instructed to enter the DO value on
field forms or into electronic records indicating the method
code (optical, spectrophotometric, other) appropriate for the
method used for DO measurement.

DO concentrations for the optical-sensor method are
reported to the nearest 0.1 mg/L and stored to the nearest
0.01 mg/L.

DO concentrations for the spectrophotometric/Rhodazine
D and Indigo Carmine methods are reported and stored to the
nearest 0.01 mg/L.

Note that the percentage of DO saturation in water can
be greater than 100 as a result of nonequilibrium conditions
induced by photosynthesis and oxygen exchange with the
atmosphere. When the concentration exceeds 20 mg/L, check
the sensor manufacturer’s specifications and:

* Report “> the listed numerical limit” if the concentra-
tion exceeds the manufacturer’s specified sensor range.

5.0 Correction Factors for Oxygen
Solubility and Salinity

Solubility concentrations of oxygen in freshwater at
various temperatures and pressures (table 6.2-2, at end of
chapter) and correction factors for salinity based on specific
conductance (table 6.2—4, at end of chapter) were generated
from the equations of Benson and Krause (1980, 1984) and
can be customized to cover the range and number of decimal
places needed; see U.S. Geological Survey Office of Water
Quality Technical Memorandum 2011.03 (U.S. Geological
Survey, 2011). By accessing “DOTABLES” at https://water.
usgs.gov/software/DOTABLES/, the interactive software that
generated tables 6.2-2 and 6.2—4 (at end of chapter) the user
can self-generate individual values or tables of a specific range
of oxygen-solubility and salinity correction factors.

To adjust freshwater oxygen-solubility values for the
effects of salinity, use correction factors based on specific
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conductance. Report the corrected values. Refer to the manu-
facturer’s instructions for the DO instrument before applying
a salinity correction. Most multiparameter instruments that
include DO and specific-conductance sensors automatically
correct the DO reading for salinity if needed, unless the fea-
ture is turned off by the user.

Correcting DO solubility for saline waters (specific
conductance greater than 2,000 uS/cm) varies with instru-
ment type, calibration method, and the salts in solution. The
correction based on specific conductance (table 6.2—4, at end
of chapter) is useful because accurate conductivity can be
determined easily from a field measurement.

Example salinity correction:

Consider a DO measurement made in water with a
temp-erature of 20.0 °C, an atmospheric pressure of 750 mm
of mercury, and a specific conductance of 8,000 uS/cm. The
freshwater oxygen solubility from table 6.2-2 (at end of chap-
ter) is 8.97 mg/L for that temperature and pressure; the salinity
correction factor from table 6.2—4 (at end of chapter) is 0.9733
for that temperature and specific conductance. The solubility
of oxygen under these conditions then is

8.97 mg/L x 0.9733 = 8.73 mg/L (1)

The presence of dissolved ions in the water decreases the
oxygen solubility.

If calibrating an instrument that lacks an internal salinity-
compensation algorithm, the user could elect to adjust the
DO instrument to read 8.73 mg/L for a 100-percent saturation
condition.

If the DO measurement made with a sensor under the
above conditions was 7.50 mg/L and the DO instrument did
not have an internal salinity-compensation algorithm, then
the actual DO concentration should be reported as 7.50 mg/L
multiplied by 0.9733, or 7.30 mg/L.

Example percent-saturation calculation:

To express results as percent saturation, use the following
equation:

DO (percent saturation) =
measured DO (mg/ L)
DO (mg/ L at 100 - percent saturation)

x100 )

For a salinity-corrected DO measurement of 7.30 mg/L
for a sample in which the oxygen solubility (salinity corrected)
is 8.73 mg/L as in the above example, the percent DO
saturation would be the dividend of 7.30 divided by 8.73,
multiplied by 100, which equals 83.6 percent. Note that for
measurements made with the spectrophotometric method,
salinity-correction factors are not applied to the measured
concentration because salinity does not interfere with spectro-
photometric DO analyses.


http://water.usgs.gov/admin/memo/QW/qw11.03.pdf
https://water.usgs.gov/software/DOTABLES/
https://water.usgs.gov/software/DOTABLES/
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Appendix A. Example comparison between spectrophotometric and optical
dissolved-oxygen meter data

Table 6.2-A1. Data for comparison between spectrophotometric and optical dissolved-oxygen meter methods.

[DO, dissolved-oxygen concentration; mg/L, milligrams per liter; ND, no data]

Meter reading, Hach Indigo CHEMetrics

Date Time Well DO in mg/L Ca_rmine, Rhod_azine D,
DO in mg/L DO in mg/L

6/21/2016 12:56 GSA 167 0.01 0.05 ND
6/21/2016 12:57 GSA 167 0.01 ND 0.05
6/21/2016 12:58 GSA 167 0.01 ND 0.08
6/21/2016 13:00 GSA 167 0.01 ND 0.05
6/21/2016 13:03 GSA 167 0.01 0.02 ND
6/21/2016 13:03 GSA 167 0.01 ND 0.09
6/21/2016 13:03 GSA 167 0.01 0.03 ND
6/21/2016 13:05 GSA 167 0.01 ND 0.05
6/21/2016 13:06 GSA 167 0.01 ND 0.04
6/21/2016 13:07 GSA 167 0.01 ND 0.04
6/21/2016 13:10 GSA 167 0.01 0.04 ND
6/21/2016 13:12 GSA 167 0.01 ND 0.07
6/21/2016 13:14 GSA 167 0.01 ND 0.05
6/21/2016 13:14 GSA 167 0.01 ND 0.04
6/23/2016 11:02 GSA 167 0.07 ND 0.07
6/23/2016 11:06 GSA 167 0.06 0.07 ND
6/23/2016 11:11 GSA 167 0.05 0.06 ND
6/23/2016 11:12 GSA 167 0.05 0.03 ND
6/23/2016 11:13 GSA 167 0.05 ND 0.06
6/23/2016 11:15 GSA 167 0.05 ND 0.06
6/23/2016 11:16 GSA 167 0.05 0.06 ND
6/23/2016 11:17 GSA 167 0.05 ND 0.09
6/23/2016 11:18 GSA 167 0.05 ND 0.07
6/23/2016 11:19 GSA 167 0.04 0.05 ND
6/23/2016 11:22 GSA 167 0.04 ND 0.07
6/23/2016 11:22 GSA 167 0.04 0.09 ND
6/23/2016 11:23 GSA 167 0.04 ND 0.1

7/26/2016 11:17 GSA 167 0.06 0.08 ND
7/26/2016 11:18 GSA 167 0.06 ND 0.08
7/26/2016 11:19 GSA 167 0.06 ND 0.07
7/26/2016 11:20 GSA 167 0.06 ND 0.07
7/26/2016 11:21 GSA 167 0.06 0.06 ND
7/26/2016 11:22 GSA 167 0.06 0.08 ND

7/26/2016 11:22 GSA 167 0.05 0.07 ND



Table 6.2-A1.

Appendix 1. 33

Data for comparison between spectrophotometric and optical dissolved-oxygen meter methods.—Continued

[DO, dissolved-oxygen concentration; mg/L, milligrams per liter; ND, no data]

_ Meter reading, Hach I|_1digo CHEMe:trics

Date Time Well DO in mg/L Ca_rmlne, Rhod_azme D,

DO in mg/L DO in mg/L
7/26/2016 11:23 GSA 167 0.05 ND 0.07
7/26/2016 11:24 GSA 167 0.05 ND 0.06
7/26/2016 11:26 GSA 167 0.05 0.05 ND
7/26/2016 11:29 GSA 167 0.05 ND 0.09
7/28/2016 10:57 GSA 167 0.04 0.04 ND
7/28/2016 10:58 GSA 167 0.05 ND 0.05
7/28/2016 11:00 GSA 167 0.04 ND 0.07
7/28/2016 11:00 GSA 167 0.04 0.04 ND
7/28/2016 11:00 GSA 167 0.05 ND 0.05
7/28/2016 11:01 GSA 167 0.05 0.05 ND
7/28/2016 11:03 GSA 167 0.05 ND 0.06
7/28/2016 11:04 GSA 167 0.05 ND 0.07
7/28/2016 11:05 GSA 167 0.04 ND 0.06
7/28/2016 11:07 GSA 167 0.04 ND 0.05

Table 6.2-A2. Calibration data for readings in table 6.2-A1.

[mm of Hg, millimeters of mercury; °C, degrees Celsius; DO, dissolved oxygen; Conc, concentration; mg/L, milligrams per liter]

. Meter .
0, -
Barometric Temperature, 100% [_)0 Initial Conc, Adjusted reading in 2_po|n_t In situ meter
Date pressure, Do saturation, . . . calibration
. in°C . in mg/L Conc, in mg/L zero solution, type
in mm of Hg in mg/L . (yes/no)
in mg/L
6/21/2016 622.5 21.58 7.18 7.18 7.18 0.02 no AT600 serial
449415
6/23/2016 621.8 22.75 7.01 6.88 7.02 0.01 no AT600 serial
449680
7/26/2016 623.5 22.80 6.99 6.98 6.98 0.02 no Smart Troll
7/28/2016 623.0 22.25 7.10 7.10 7.08 0.02 no Smart Troll
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