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Abstract

Determining flow patterns and the distribution of chemical constituents in the
environment is critical to understanding and solving problems in freshwater, estuarine,
and coastal environments. Computer models describing flows in the environment usually
use empirical estimates of key parameters and are difficult to validate. The objective of
this research was to develop a method to trace flows in surface waters by directly
measuring existing conditions. Inductively coupled plasma-mass spectrometry (ICP-MS)
was used to establish elemental “fingerprints” for water sources, and fractions of
“fingerprinted” waters in a sample containing these source waters were estimated. Two
different, complex systems were studied: the Sacramento-San Joaquin Delta and the
near-coastal environment of Oahu, Hawai‘i. If the method could be successfully used in
these highly complicated environments, it should be applicable in almost any other
natural environment. Successful application in three smaller, simpler systems supports
this conclusion.

Within the Delta, source “fingerprints” were established, and their variation both
temporally and spatially was determined. Elemental behavior was determined by
laboratory work and field studies, and a simple mathematical model was used to calculate
the fraction of source water in samples collected throughout the system. Mixing was
consistently determined for most flow conditions using the tracer elements sodium,
magnesium, calcium, and strontium. The method was used to establish the sources of
water pumped from the Delta into major aqueducts and the effects of various operational

changes.
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Because of Hawai‘i’s uniform geology and difficulties measuring trace elements
in saline waters, the method was significantly less successful in Hawai‘i. Concentrations
of major ions were used to estimate dilution for stream and wastewater flows to 25:1 in
receiving waters; rare earth elements (lanthanum, praseodymium, and neodymium) were
added to a wastewater flow to qualitatively determine mixing at dilution levels of about
300:1.

The procedures for ICP-MS analysis developed for this study are presented, as are
the criteria for selecting and using elemental tracers in freshwater, estuarine, and certain
saltwater environments. The method can be used to directly determine mixing levels and
the distribution of chemical constituents, to validate computer models, and to address a

variety of specific environmental issues.
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1 Introduction

1.1  Motivation

Determining the distribution of chemical constituents and flow patterns in the
environment is vital to understanding and solving environmental problems in freshwater,
estuarine, and coastal environments. Although computer models exist to describe flows
and the transport of chemical constituents in the environment, these models are difficult
to validate and usually rely upon empirical estimates of flow parameters obtained from
tracer studies. The objective of this study was to develop an alternative method to
analyze flows in surface waters, a method that would measure existing conditions directly
using natural elements rather than depending upon added tracers. Whereas long-term
flow predictions generally require computer modeling, the method proposed here would
also allow the direct determination of flow conditions over periods ranging from hours to
years.

The analytical technique that made this study possible was inductively coupled
plasma-mass spectrometry (ICP-MS), a technique capable of measuring the aqueous
concentrati'ons of seventy-five elements rapidly and to very low detection limits. The
concept is to use this technique to “fingerprint” specific water sources by obtaining their
chemical elemental compositions. The fraction of a “fingerprinted” water could then be
determined in a water sample that contains a mixture of source waters.

The greater part of this study focused on the application of ICP-MS to the analysis

of various natural waters (see Chapter 2) and the development of a tracer method to
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characterize the distribution of chemical constituents within two different and complex
systems: the Sacramento-San Joaquin Delta in northern California (see Chapter 3) and
the near coastal environment of southern Oahu (see Chapter 4). These locations were
selected because they provide two distinct, complex environments: if the feasibility of
this concept could be shown in these environments, it should be applicable in almost any
other environment, as these localities are representative of the extremes of complexity
that can be found in natural systems. Additionally, it was hoped that the method could be
used to answer fundamental questions about the flow environments in each of these

locations.

1.2 Literature review

Similar natural tracer investigations have been performed in the context of
groundwater and air pollution studies. Chemical mass balances (CMBs) were first used
in the early 1970s to estimate the contributions to air pollution from regional sources.
Elemental concentrations were measured in source emissions and in samples éollected
from various locations within the region (“receptor” locations) (Friedlander, 1973).
These models were developed based upon the observation that air pollution sources,
whether natural or man-made, can be characterized based on the elements they emit and
the proportions in which these elements are emitted (Gordon, 1988). The models then
estimate contributions from each source in a sample by solving a set of simultaneous
linear algebraic equations (Friedlander, 1973); they are objective methods, as data are

manipulated only in the calculation of statistical measures (Olmez et al., 1994). Since
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their early development, many refinements have been made to the models, and they have
been successfully used in a wide variety of air pollution studies. These studies include a
CMB study of fine and coarse particulate matter in Philadelphia (Dzubay et al., 1988) and
a factor analysis study in Boston that utilized the concentrations of eighteen elements
(Hopke et al., 1976). Studies have been conducted that model source contributions based
upon the ratios of the concentrations of six trace elements (Heaton et al., 1992) and the
concentrations of organic species (Rogge, 1993).

Receptor modeling has been used in groundwater studies to trace specific sources
of contamination. Recent studies include the differentiation between sources of
groundwater contamination in a site conta.minated by multiple sources in central
Pennsylvania (Olmez et al., 1994) and a study to identify trace element patterns in leaks
from hazardous waste impoundments (Olmez and Hayes, 1990). Additional studies have
used simpler mass balance techniques or have investigated the spreading of released
tracers that are distinct from surrounding groundwaters. Among these are studies of:
accidentally released tritium in groundwaters and in surface waters in the Glatf Valley of
Switzerland (Santschi ez al., 1987); transport of microspheres and indigenous bacteria in a
sandy aquifer (Harvey et al., 1989); inflow to seepage lakes using solute tracers released
by weathering (Stauffer, 1985); and the distribution and mobility of selenium and other
trace elements in groundwater in the San Joaquin Valley using factor analysis (Deverel
and Millard, 1988). Additionally, at least two recent studies have been conducted

specifically to confirm the potential of ICP-MS analysis to fingerprint waters: for spring
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and well waters in southern Nevada (Stetzenbach ez al., 1994) and for lakes in the eastern
U.S. (Henshaw er al., 1989).

Several other techniques for tracing flows are reported in the literature; many of
these techniques can be used to measure high dilution levels, and these techniques
involve the addition of a tracer substance to the flow to be traced. Dye tracing, in which a
dye such as fluorescein, rhodamine WT, rhodamine B, or acid yellow 7 is added to a
source flow, involves the measurement of fluorescence in samples collected from a study
area. Fluorescence can vary significantly with temperature and pH and can be affected by
chemical reactions between the dye and the source water; sorption (both adsorption and
absorption) can result in non-conservative behavior, particularly when concentrations of
organic matter in the study area are high (Wilson et al., 1986). Photolysis can result in
the decomposition of dyes (Suijlen and Buyse, 1994). Elements that are added as tracers
may cause toxicity in high concentrations, even for elements generally regarded as safe at
naturally occurring levels (such as Li; see Stewart and Kszos, 1996). Two tracers that
have been used more recently and that show fewer of these effects are sulfur hexafluoride
(SFe) and perfluorodecalin (PFD); however, their solubilities are low and their dissolution
requires extremely large quantities of water or elaborate dissolution systems (Watson et
al., 1991; Wilson and Mackay, 1996).

Numerous studies have been performed in surface waters, including rivers,
estuarine environments, and ocean waters, to study the concentrations and chemical

behavior of elemental and chemical constituents as they are transported. A considerable
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body of literature relevant to this study has been reviewed; results of this literature review

are presented as Appendix A.

1.3 Criteria for tracer studies
To model flows accurately in the environment using receptor models or chemical
mass balances, three conditions must be met:
(1) sources must have distinct chemical or elemental “fingerprints;”
(2) source fingerprints must not vary significantly on timescales shorter than the
mixing timescales of the system; and
(3) fingerprints of sources must not be altered to any great extent either by
chemical and/or biological reactions or by physical changes that occur during
mixing (i.e., mixing should be conservative, or very nearly conservative).
The first condition ensures that a source can be uniquely characterized by establishing a
source fingerprint, defined as a vector containing the concentrations of certain elements in
a given water sample. The second ensures that this characterization is preser\}ed between
the time elemental concentrations are measured in a parcel of water collected from a
source and the time a sample is collected at a receptor site. Finally, if mixing is
conservative, there is no gain or loss of the element, the concentration of the elements in a

sample collected from a receptor site can be computed as:

Ci =2 1%
j
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where C; is the concentration of element 7 in the receptor sample and f; is the source
strength term, representing the fraction of an element contributed by source j. The term

x; is the concentration of the ith element in water that originated in the jth source.

14  Study areas

1.4.1 Sacramento-San Joaquin Delta

A key problem in the future development of California is the allocation of
freshwater resources in the Sacramento-San Joaquin Delta (“the Delta”). The Delta is a
system in northern California in which two large rivers (the Sacramento and San J oaquin
Rivers) and various smaller freshwater sources flow into a brackish bay. In this estuary,
mixing between fresh and brackish waters of varying chemical compositions occurs over
long distances. Currently, the primary factor controlling the use of the freshwater that
passes into and through the Delta is the ecological health of the system; this has been
directly related by some investigators to the distribution of salinity and to overall water
quality within the system. Several hydrodynamic models exist to describe the hydraulic
transport of salt and other chemical constituents in the Delta, including the Fisher Delta
Model (FDM), the State of California Department of Water Resources Delta Simulation
Model (DWRDSM), and the Resource Management Associates (RMA) model. Each of
these models uses empirical estimates of the net consumptive water use within the Delta
and semi-empirical flow estimates at some of the major channel connections in the Delta.

In addition, these models have been calibrated to reproduce the salinity observed within
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the Delta but not to estimate or reproduce the distribution of water from each of the
freshwater sources. These factors have led to intense discussion about the specific route
by which salt and other chemical constituents arrive at a given location and consequently
about appropriate management and control strategies.

The development of a method using ICP-MS and receptor modeling would help
resolve the flow distribution debate by establishing a technique with which flow patterns
and mixing levels within the Delta could be objectively determined. Specifically, water
arriving at pumps that export water from the Delta could be traced back to its source, thus
determining the origin of lower quality water. During the study period, the distribution of
water within the Delta would be established for various configurations of artificial flow
control structures. This information could then be used (by others) to calibrate existing
flow models for the distribution of freshwater within the system, and models could be
used with far greater confidence to predict the outcome of various operations scenarios.
ICP-MS analysis techniques and sampling protocols for the Delta study are presented in
Chapter 2; the tracer method developed for use in this system and results from the

application of this method are presented in Chapter 3.

1.4.2 QOahu, Hawai‘i

Pollution in coastal waters is an important environmental, regulatory, and
economic problem in many areas, including Hawai‘i. An extension of the ICP-MS tracer
technique into coastal and saline waters could help overcome existing monitoring

limitations and could help provide definitive answers to the problems of coastal
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degradation. Successful implementation of the technique in saline waters would require
overcoming several technical problems, including the use of ICP-MS to analyze trace
elements in saline waters and the identification of tracer elements that can be measured
accurately in fully saline ocean waters.

The study area as defined for this research included ten freshwater streams that
flowed either into Pearl Harbor or into the Pacific Ocean directly. In addition, Waianae
outfall, one of several wastewater outfalls that discharges into the ocean, was studied.
For all of these flows, mixing between fresh and fully saline waters occurs over short
distances. The suitability of ICP-MS analysis for measuring elemental concentrations in
highly saline waters is discussed in Chapter 2; after difficulties were identified, the study
was modified to add a rare earth tracer to the wastewater flow. Details and results of the

study are presented in Chapter 4.

1.4.3 Other studies

During the course of this research, there were several opportunities to éollect
samples from systems far simpler than those of the Delta and the near-shore environment
of Oahu. Chapter 5 presents the results of three of these studies. In one, the mixing of
two influent waters to a drinking water treatment plant was successfully predicted by
measuring elemental concentrations in the treated effluent. The concentrations of several
elements measured in the Napa River estuary were used to demonstrate the tidal flushing
capacity of this estuary. Both of these studies used the natural elemental compositions of

the water studied. Finally, the opportunity arose to evaluate the use of an added tracer in
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the Delta environment. In this study, rubidium chloride was used to establish the mixing

behavior of a wastewater discharged through an outfall located in the south Delta.

1.5  Overview

The use of the ICP-MS analysis technique and sample collection procedures are
presented in Chapter 2. Chapter 3 presents analysis results, method development, and
conclusions for the Delta study area. Results from the Oahu, Hawai‘i, study area are
presented as Chapter 4, and Chapter 5 includes the results from three smaller studies, also
used for method development. Finally, Chapter 6 summarizes the results of the previous
chapters and discusses additional applications and extensions of the method; areas for
additional study are also presented. Throughout this document, terms are defined when
they are first used; the exception is that elements are referred to throughout by their
chemical symbols. A complete list of element names and symbols is provided in

Appendix A.



2 Sample Collection and Analysis

2.1 Overview

This research was undertaken subsequent to the purchase by Caltech of an
instrument to perform inductively coupled plasma-mass spectrometry (ICP-MS).
Because of its ability to measure many elements in the periodic table quickly and
accurately, a preliminary study was conducted to determine whether or not ICP-MS could
be used to establish unique elemental compositions, or “fingerprints,” for distinct water
sources. When it appeared that water sources did indeed have different “fingerprints,” a
larger study was designed to develop a method for tracing flows using these
“fingerprints.” By its nature, such a study involves the collection and analysis of a large
number of samples. Because the ICP-MS technique was new at Caltech, analysis
procedures were refined through much trial-and-error. Sample handling and preservation
techniques were also modified through the course of this study with the goal of providing
reproducible, reliable data, and significant effort was made to extend the applicability of
ICP-MS to brackish and highly saline oceanwater samples. This chapter presents both the

analysis and sampling techniques developed during the course of this research.

2.2 ICP-MS
Inductively coupled plasma-mass spectrometry (ICP-MS) was first introduced
commercially in 1983 as a method for rapid, highly accurate multi-elemental analysis.

ICP-MS consists of two separate operations, the creation of a plasma and the analysis of
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that plasma, connected by an interface. The plasma is produced from a water sample
when the sample is nebulized, desolvated, dissociated, and excited; the plasma consists of
ionized atoms from the original water sample in an argon submatrix. The plasma results
from the desolvation of the sample (much of the original water substrate is driven away)
and the destruction of chemical bonds and ionization of the resulting atoms at very high
energies (temperatures to 6,000K).

After its creation, the plasma passes through an interface between the plasma
torch and a quadrupole mass spectrometer. The mass spectrometer operates as a filter,
and along its axis, a path exists for ions of only one mass-to-charge (m/z) ratio. Other
ions are deflected away from the axis; ions that reach the detector are counted. The ICP-
MS interfaces with a computer that records the sample intensity (ion counts per second)
and calculates the standard deviation in the intensity. Additionally, the use of standards
enables the computer to calculate elemental concentrations for a given sample. By tuning
the mass spectrometer to varying m/z ratios, ion counts and concentrations for the various
isotopes of the elements are determined and recorded by the computer.

ICP-MS allows the rapid and accurate determination of the concentrations of
many elements in a small volume of sample. Operational costs are relatively low, and
detection limits for most elements are much lower than with other analytical methods;
detection limits are shown in Figure 2.1. The fundamental basis of the research
conducted for this study is the ability of ICP-MS to measure elemental concentrations in
water samples with exceptional accuracy. ICP-MS can rapidly determine the

concentrations of seventy-five elements to very low detection limits, often in the part-per-
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trillion (1 in 10'?) range. This capability allow the analysis of many more samples for
more elements and to lower detection limits than possible with many other analysis
techniques.

ICP-MS does not yield any chemical information about a sample other than its
raw elemental composition, so the determination of concentrations of compounds or
molecules such as sulfates, nitrates, or more complex chemicals cannot be made. The
main disadvantages of ICP-MS result from interferences between ions which can cause
inaccurate analysis if corrections are not made. ICP-MS can experience interferences
from overlapping isotopes (isobaric interferences) and from molecular species such as
oxides and doubly-charged ions that form in the plasma. Polyatomic ions such as argides
may also form from the main components of the plasma itself. In general, most of these
interferences are correctable by manipulating operating conditions to minimize oxides,
doubly-charged ions, and polyatomic ions and by employing interference corrections,
which are derived from the isotopic abundances of interfering species.

Two ICP-MS instruments are currently available at Caltech and have Been used
for this work. Initial sample analysis was performed with a Perkin-Elmer Elan 5000 ICP-
MS; this is the older of the two instruments. More recently, a Hewlett-Packard 4500 ICP-
MS was loaned to Caltech for use as a demonstration instrument and was later purchased
by Caltech. The HP 4500 instrument has several advantages over the Perkin-Elmer
instrument, including lower detection limits for many elements and software which is
easier to use and more reliable. Additionally, the HP 4500 can be more easily tuned to

optimize operating conditions; this instrument was used for most of the samples collected
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later during this research, and most of the results upon which the conclusions of this
research are based were obtained using the HP 4500.

Section 2.2.1 below presents the fundamentals of ICP-MS analysis, including the
various components within the instrument, their functions, and optimization of
performance by “tuning” the various components. Interference corrections and analysis
procedures utilized during this research are presented in Sections 2.2.2 and 2.2.3,

respectively.

2.2.1. Fundamentals of ICP-MS analysis

ICP-MS was developed in response to the requirement for a new generation of
multi-elemental analytical instruments. At the time of its development, a variety of
analytical techniques were available. These included atomic fluorescence spectrometry
(AFS), instrumental neutron activation analysis (INAA), atomic absorption spectrometry
(AAS), and x-ray fluorescence (XRF). None of these techniques provided coverage of
most of the elements of the periodic table, the required mass resolution, or thé enhanced
sensitivity desired. Inductively coupled plasma-atomic emission spectrometry (ICP-
AES), while providing analysis capability for a wide range of elements, suffered from
problems due to matrix effects and high detection limits for high mass elements (for
greater detail, see Date and Gray, 1989, p. 1). Coupling the creation of a plasma with
mass spectrometry seemed the best solution to these problems. Creation of hotter, more
efficient plasmas was achieved relatively easily in the 1970s; transferring the ions created

in the plasma to the low pressure environment required for mass spectrometry proved the
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most difficult obstacle. This obstacle was overcome in the early 1980s, and further
improvements resulted in the instruments now commercially available. There is a rich
literature on the development of ICP-MS and solutions to the technical problems
encountered during its evolution; see Date and Gray, 1989, and Jarvis, et al., 1992, for
greater detail and further references.

The fundamental components of an ICP-MS system are shown in Figure 2.2. The
sample introduction system usually consists of a peristaltic pump system, nebulizer, and
spray chamber; these pump liquid solution into the system, create fine aerosol droplets
from the solution, and select droplets so that only the finest droplets are incorporated into
the plasma. The plasma is then created within a torch, where droplets are desolvated, salt
particles are volatilized, molecular vapor is dissociated, and atoms are excited and
ionized. The resulting plasma passes through a free space between the torch and the mass
spectrometer. The central-most portion of the plasma flows through small orifices in two
“cones.” The pressure drops from ambient before the cones to very low pressure behind
the cones, and the plasma passes finally into the mass spectrometer. In the mﬁss
spectrometer, ions of a selected m/z ratio are channeled to a detector, where they are
counted. Greater detail on these components is provided below.

2.2.1.1  Sample introduction

ICP-MS analysis requires that a sample be introduced to the plasma as a gas,
vapor, or aerosol of fine droplets or solid particles. The ICP-MS systems in use at
Caltech pump sample solution into the instrument using a peristaltic pump; the solution

passes into a nebulizer that disperses the sample using a stream of argon gas. Both
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concentric and Babington type nebulizers are used in these instruments. The concentric
nebulizer consists of a main channel through which the liquid sample is introduced and a
smaller side channe] through which the argon gas is introduced. The Babington nebulizer
produces an aerosol of fine droplets by allowing a thin film of sample to flow over the
surface of a sphere; gas is forced through a small aperture beneath this film to produce an
aerosol. The Babington nebulizer has a greater tolerance for solutions with high
dissolved solids and colloidal-sized particles and was used for most of the samples in this
work.

The nebulizer produces a fine mist, which then passes through a double-pass spray
chamber. Larger droplets are removed by. collision with the spray chamber walls and only
droplets finer than about 8 pm pass through to the plasma. The temperature within the
spray chamber is maintained by a Peltier cooler, yielding a more stable ion signal and
removing some of the water from the sample. This reduces the level of interfering oxide
species formed.

2.2.1.2  Torch and plasma

An inductively coupled plasma is formed when energy from a radio frequency
generator is coupled to an annulus in a gas stream. The gas used for most ICP-MS work,
and for all of the work in this research, is argon. The plasma is generated inside the open
end of a quartz torch, which is an assembly of three concentric tubes. The innermost tube
is called the injector tube; sample from the sample introduction system and argon gas
(carrier or nebulizer gas) flow through this tube into the plasma. The carrier gas flowrate

is generally about 1 to 1.2 1 min™. Side tubes inject gas into two annular regions formed
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between the innermost and the middle tubes and between the middle and outer tubes.
These side tubes are mounted to the torch tangentially and create vorticular flow within
the annular regions. The outermost gas flow (the plasma gas flow) cools the tube walls
and is the main plasma support gas; its flow rate is generally 10 - 15 1 min™'. The second
gas flow in the innermost annular space is called the auxiliary gas. It serves to cool the
central torch tube to prevent it from being melted by the plasma and to direct flow from
the injector tube. The auxiliary gas flow rate is generally between 0 and 1.5 1 min! and
may be varied according to operating conditions. The gas flow from the central injector
tube travels with a higher velocity than the flow in the annular regions, and this flow
“punches through” the center of the plasma.

The end of the torch is located inside a coupling or load coil. A radio frequency
(RF) current is passed through four windings of this copper coil. The RF current
oscillates at 27.12 MHz and generates a magnetic field. In a cold torch, the discharge is
initiated by a Tesla coil, which provides free electrons to “seed” the plasma. Electrons in
the plasma collide with and transfer their energy to argon atoms, which heat the plasma.
Most energy is coupled into the outer reaches of the plasma; the gas/sample mixture from
the injector is heated mainly by radiation and conduction. In the outer portions of the
flow, temperatures range from 8,000 to 10,000 K. The injector flow, which punches a
hole through the outer plasma, is generally cooler. Because the injector flow punches
through the center of the hotter plasma, the chemical composition of the sample can vary

significantly without affecting the energy transfer processes from the coil to the plasma.
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The plasma is very efficient at creating singly-charged ions. Most elements of

interest are over 90% ionized under normal operating conditions (Houk and Thompson,

1988), and the plasma is efficient at ionizing elements with first ionization energies

below 10 eV. For elements with first ionization energies above about 10 eV, fewer than

50% of atoms present in the plasma are ionized. Most elements have first ionization

energies below 10 eV, as shown in Table 2.1 (adapted from Houk and Thompson, 1988).

No elements have second ionization energies below 10 eV, which helps to minimize

interferences caused by doubly-charged ions, discussed in greater detail in Section 2.2.2.

Table 2.1

Ionization energies for singly- and doubly-charged ions

Ionization Elements forming singly-charged ions Elements forming
energy doubly-charged
(eV) ions
<7 Li, Na, ALK, Ca, Sc, Ti, V, Cr, Ga, Rb, Sr, Y, Zr,
Nb, In, Cs, Ba, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Hf, T1, Ra, Ac, Th, U
7-8 Mg, Mn, Fe, Co, Ni, Cu, Ge, Mo, Tc, Ru, Rh, Ag, Sn,
Sb, Ta, W, Re, Pb, Bi
8-9 B, Si, Pd, Cd, Os, Ir, Pt, Po
9-10 Be, Zn, As, Se, Te, Au
10-11 P,S,1, Hg, Rn Ba, Ce, Pr, Nd, Ra
11-12 C, Br Ca, Sr, La, Sm, Eu,
Tb, Dy, Ho, Er
12-13 Xe Sc, Y, Gd, Tm, Yb,
Th, U, Ac
13-14 H, O, Cl, Kr Ti, Zr, Lu
14 -15 N V, Nb, Hf
15-16 Ar Mg, Mn, Ge, Pb
>16 He, F, Ne All other elements
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2.2.1.3  Interface and vacuum system

The ions created in the plasma at ambient pressure must be introduced into the
mass spectrometer at very low pressures; this is achieved as the plasma passes through
the interface zone or system. Ions flow into the first vacuum stage by passing through a
sampling orifice, which is a hole in the front plate of the vacuum chamber about 1 mm in
diameter, known as the sampling cone or “sampler.” The interface zone behind this
orifice is an expansion region evacuated by a rotary pump. Pressures in this interface
zone are typically about 200 - 500 Pa. The ions then pass through a second orifice called
the skimmer orifice or “skimmer,” which is about 0.40 mm in diameter, and into the ion
lens chamber. The ion lens chamber is evacuated by a turbomolecular pump backed by a
rotary pump. Pressures in this chamber are typically 10 - 20 Pa. The extracted gas
reaches supersonic velocities passing through the sampler cone, and travel times to the
skimmer cone are on the order of microseconds (Jarvis et al., 1992). Thus, the
composition of the plasma should not change significantly as it passes into the analysis
region of the instrument. Between the sampler and the skimmer cones, the flow forms a
free jet bounded by a shock wave. A second shock wave called the Mach disc forms
across the axis, generally about 10 mm behind the sampler orifice (Date and Gray, 1989).
The skimmer is placed upstream of the Mach disc, beyond which flow becomes subsonic
again. The skimmer cone is designed with a sharper angle than the sampling cone in
order to minimize the formation of an additional shock at its tip. The temperature in the

center of the jet passing through the skimmer cone is generally about 200 K, but the
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skimmer must be cooled externally because the surrounding gas impacting the skimmer
remains very hot.

Both the sampler and skimmer cones are replaceable and are made of a highly
conductive metal, usually nickel, copper, platinum, or a combination of these metals. The
cones are cooled by water from a chiller, which flows through the metal bases to which
the cones attach. Periodic cleaning of the cones is necessary to minimize sample
“carryover” and the formation of interfering polyatomic ions. Because the cones are
exposed to such extreme conditions, the metals forming the cones may become pitted and
annealed, particularly near the orifice; regular cleaning removes materials deposited on
the cones, and occasional refinishing creates a smooth surface to which ions are less
likely to “stick.”

After passing through the cones, the sample passes through two extraction lenses
and through a variety of other lenses as discussed below. A gate valve is located between
these sets of lenses so that the vacuum within the high vacuum chamber can be
maintained during normal maintenance of the cones and extraction lenses and while the
instrument is not in use.

2.2.14  Ion lenses and quadrupole mass spectrometer

Ion lenses are used to focus the ion beam after it has passed through the skimmer
and before it enters the quadrupole mass analyzer. The ion lens assembly also prevents
photons and neutral species created in the plasma from reaching the detector. The ion
lenses are electrically charged metal cylinders placed so that the ion stream flows along

the axis of the lens assembly. An ion of a given charge is created in the plasma in a
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region with a given electrical potential; this charge and potential define the potential
energy of the ion. The ion will travel through a given region as long as the potential in
that region is below the initial potential; otherwise, it will turn around and travel back
toward the source or be deflected away from the axis of the flow. The ion lenses are used
to create regions of varying potential as the ions travel through the lens assembly.
Between adjacent lenses, equipotential surfaces serve to focus ions, bringing ions of a
selected potential toward the axis of the flow. Ions with a potential other than that
selected will be deflected away from the central axis. The transmission and focal
properties of the lens assembly can be changed rapidly by varying the voltages applied to
the individual lenses.

Both neutral species and photons travel with the ion beam through the sampler
and skimmer, and both can activate the detector. Two methods are commonly used to
minimize their transmission into the analyzer region. The first method involves the
placement of “photon stops,” small uncharged plates, on the axis of the lens assembly.
Photon stops cast a shadow on the aperture to the analyzer, preventing direct photons
from reaching the detector. The second method electronically deflects the charged,
focused ion beam away from the axis of the flow and into the off-axis entrance to the
analyzer. Uncharged species and photons, which are not deflected, do not enter this
region.

The lens assembly typically includes two extraction lenses, which extract ions
from the plasma and accelerate them into the Einzel lens; the extraction lenses are located

just behind the skimmer and before the gate valve. The Einzel lenses focus the jon beam
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from the extraction lenses and direct the beam to the analyzer region. Photon stops may
be Jocated just after the Einzel lenses; alternatively, a third lens assembly, known as the
Omega lens assembly, may be used in place of photon stops to deflect the ion beam to an
off-axis entrance to the analyzer region. The Hewlett Packard 4500 ICP-MS at Caltech
utilizes the Omega lens assembly while the Perkin Elmer Elan 5000 at Caltech employs a
conventional photon stop.

The focused ion beam passes into the quadrupole mass analyzer, which functions
as a mass filter, allowing ions of a specific m/z to pass through the center of the
quadrupole. The quadrupole is constructed of four long metal rods of hyperbolic cross-
section; these are arranged parallel to eacﬁ other along the axis of the analyzer region.
Pressures in the analyzer region are maintained by a turbomolecular pump between 1 and
9 x 10 Pa. Both RF and DC potentials are supplied to the quadrupole rods from the RF
generator; the transmitted mass is determined by the amplitude of these potentials and the
resolution is determined by their ratio (Jarvis ez al., 1992). The RF and DC voltages can
be changed easily and rapidly, and the entire mass range (spanning m/z from 2 to 260)
can be analyzed in roughly 100 milliseconds.

Quadrupole mass analyzers provide limited mass resolution, sufficient to separate
peaks at adjacent masses but not sufficient to separate elemental peaks from peaks created
by interfering species. To some degree, resolution can be enhanced to minimize this
problem, but generally interference corrections must be made as discussed in Section

22.2.
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2.21.5  Ion detection

After passing through the quadrupole, ion signals are measured by an electron
multiplier detector, located behind the quadrupole in the analyzer stage. Two modes of
ion counting are normally used, depending upon the concentration of the analytes being
measured. Pulse-counting mode is used for concentrations ranging from the detection
limit to about 1 ppm. In pulse count mode, the detector releases a cascade of electrons
when struck by a positively charged ion; this cascade is successively multiplied until it is
detected as a single pulse. For concentrations higher than about 1 ppm, ions are counted
in analog mode. Analog mode involves releasing the jon intensity as a current and
converting that current to a pulse counting signal using a voltage-to-frequency converter.

Caltech’s Perkin Elmer Elan 5000 ICP-MS operates only in pulse-counting mode
but uses an ion lens “detuning” feature to focus high concentrations of ions less sharply
and to allow even high concentrations to be measured in pulse-counting mode. The
degree of “detuning” is specified by a user-supplied “omni-range” feature and is not
automatic. The Hewlett Packard 4500 ICP-MS at Caltech allows one to specify analog-
counting mode for elements known to be present in high concentration, or the instrument
can automatically scan the mass range and select either pulse-counting or analog-counting
mode depending upon the concentrations of ions detected in the scan. Initially, the
analog-counting mode of the HP 4500 ICP-MS did not function properly, but after
extensive testing and hardware and software redesign based largely upon work performed
at Caltech, this mode of operation functions properly. The detectors used in these

instruments are similar, but the lifetime of the detector in the HP 4500 is considerably
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shorter than that of the detector in the Elan 5000. Presumably this is an artifact of the
overall analyzer system design.

221.6  Scanning and data acquisition

As described in Section 2.2.1.5, the quadrupole mass analyzer transmits ions with
a given m/z depending upon the RF and DC voltages applied to the quadrupole rods. The
voltages applied to the rods are generally controlled by a DC voltage ramp from a
computer controlled digital-to-analog converter (Jarvis ez al., 1992); these voltages can be
changed rapidly between discrete values or the entire m/z range of interest can be scanned
repetitively. The peak-hopping mode is generally used for quantitative analysis, as this
mode spends more time on each discrete peak, and repetitive peak sampling can average
out some of the fluctuations present in the ion signal.

The dwell time, defined as the amount of time spent analyzing a peak, is specified
by the user through the computer interface. The intensity of the signal is transmitted from
the detector to the computer as counts per second, and the computer reports this
information directly or converts it to concentration values using calibration curves
established by analyzing standards. A variety of calibration techniques can be used,
including external calibration, standard addition calibration, and isotope dilution analysis.
Except where noted, external calibration was used to obtain the results presented in this
work; analysis and calibration procedures are described in greater detail in Section 2.2.3.
Internal standards are used to correct for general fluctuations in plasma and operating

conditions; these corrections are also performed by the computer. The equations used for
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external calibrations with internal standards are included in Section 2.2.3.2. Interference
corrections, described in Section 2.2.2, are automatically applied to the collected data.

In addition to these functions, the computer provides additional control and safety
functions for the whole system. Start-up, shut-down, and tuning (controlling the
operating parameters) of the instrument may be either manual (as with the Perkin Elmer
Elan 5000 ICP-MS) or computer-controlled (as with the Hewlett Packard 4500 ICP-MS).
The computer is also used to run automated sampling equipment. Protection against
misoperation is also provided by the computer; this includes automatic shutdown,
including closure of the gate valve behind the skimmer, which occurs if the plasma is
extinguished, if there is a cone failure, or if normal, safe operating ranges for
temperatures or pressures within the system are exceeded. When used with an
autosampler, the ICP-MS instrument can be run unattended and can be programmed to

shut down automatically at the end of a sampling program.

2.2.2 Interference corrections

Interferences in ICP-MS analysis result when ions other than the desired
analyte ions reach the detector and are counted, adding to the peak caused by the desired
analyte. These interferences fall into two categories, spectroscopic interferences and
matrix effects. Spectroscopic interferences include isobaric interferences, polyatomic
ions, oxide ions, and doubly-charged ions. Matrix effects are more general and include
both suppression and enhancement effects as well as physical effects caused by samples

containing high dissolved solids. The extent of the interference depends largely on the
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nature of the sample matrix itself. To a certain extent, interferences can be minimized by
changing the operating parameters of the instrument and by employing interference
corrections. The major interferences and some solutions to the problems caused by
interfering species are discussed below; a table of interferences is provided in Appendix
B, with the isotopes chosen for analysis and interferences for which corrections were
applied shown in bold type.

2.2.2.1  Isobaric overlaps

Isobaric overlaps occur when two elements have isotopes of nearly the same mass.
Although the isotopes do generally have masses which differ slightly from one another,
the differences are small and cannot be resolved by the quadrupole mass analyzer. Most
elements in the periodic table have at least one isotope free from overlaps with an isotope
of another element. The exception to this is indium (In), which overlaps at m/z 113 with
3Cd and at m/z 115 with ""*Sn. There are no isobaric overlaps below m/z 36. Some
elements experience a significant isobaric overlap for their most abundant isotope; for

example, based upon natural isotopic abundances, 48.89% of zinc occurs at m/z 64 as
%Zn, where it overlaps with an isotope of nickel (1.08% of nickel occurs as e Ni). In

general, a different isotope may be chosen to measure concentrations of these elements; in
this case, zinc can be measured at m/z 66, which experiences no isobaric overlaps.
Additionally, corrections can be employed to quantify and subtract the overlapping
species. Strontium, for example, can be accurately measured at m/z 87 if rubidium is

measured at m/z 85 and the appropriate fraction of counts is subtracted from the total



Im-17
counts measured at m/z 87. In this case, since 7.02% of Sr and 27.85% of Rb are found
at m/z 87 and 72.15% of Rb is found at mass 85:
VSt ="M - 0.2785 Rb = "M - (0.2785/0.7215) *M = ¥"M - 0.3860 5°M

and St = (0.0702)" ¥'sr.,
In using isobaric overlap corrections, care must be taken that the signal subtracted from
the total intensity at a given m/z is smaller than the total signal, i.e., that the noise on the
signal subtracted is much smaller than the remaining signal.

Isobaric overlaps with the components of the plasma gas can also occur. The most
obvious case is that of calcium; 96.97% of calcium occurs at m/z 40, overlapping with
99.6% of argon, the most abundant element in the plasma, and with potassium, with only
0.00118% occurring at m/z 40. In addition to overlaps with argon caused by the plasma
gas, both krypton and xenon can occur as impurities in argon and may contribute to
isobaric overlaps. These may be significant for a variety of elements, as krypton has six
isotopes and xenon has nine.

2.2.2.2  Polyatomic ions

The plasma contains large populations of neutral species and ions of plasma gas
and of matrix species. These highly abundant species may react with each other or with
other species to form polyatomic ions that interfere with the ions of interest. These
species typically include argon, hydrogen, and oxygen; these atoms are often present at
concentrations as high as 10® times those of a trace analyte at about the 1 ppb level (Date
and Gray, 1989). Examples of such interfering species include ArO (coinciding with

*°Fe), ArH (coinciding with *'K), NaAr (overlapping with ®*Cu), and C1O (overlapping
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with >'V). Reaction rates between these species are typically very low under ambient
conditions; both the abundance of the atoms comprising polyatomic species and the
intense temperatures of the plasma contribute to their formation.

Major elements present in the sample or in reagents used in sample preparation
and preservation may also react to form abundant polyatomic species. Examples of
reagent-based polyatomic interferences include nitrogen species from nitric acid (e.g., NO
at *°Si), chloride species from hydrochloric acid (e.g., LiCl at 42Ca), and sulfur species
from sulfuric acid (e.g., SS at %Cu). Nitric acid (HNO3) is generally chosen for the
acidification of natural water samples because it produces fewer polyatomic interferences
than other acids (see for example Date an(;l Gray, 1989, or Jarvis et al., 1992; see also
Section 2.3.1).

For some of these overlaps, corrections can be made. For example, it is possible
to measure intensities at masses 51, 52, and 53 to correct for ClO interferences with V:

Siv =Sy 451010
%M = 0.8376 Cr + 0.00029 CIO
M = 0.0955 Cr + 0.2432 CIO
so that *'V ="M - 3.1086 *M + 0.3544 2M.

By measuring a reagent blank and subtracting the intensity for the blank from the
intensity measured for a given element at the same m/z, a correction may also be made.
Generating calibration curves from standards that are made up in the same matrix as the
samples to be analyzed can also help to overcome this problem. This is only reasonable if

the intensity of the interfering polyatomic species is small compared to the intensity of the
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analyte; otherwise, significant error may occur due to the noise on the si gnal of the peak
which is subtracted. Additionally, work by Jarvis e al. (1992) has suggested that
polyatomic gas peaks are less stable than analyte jons peaks, introducing additional
sources of error in making corrections. To a certain extent, the formation of these
species, particularly oxide species, can be minimized by adjusting the operating
parameters of the instrument. The temperature of the spray chamber can be maintained
near freezing, for example, to promote the condensation of water vapor arising from the
dissociation of the sample, thereby minimizing the formation of oxide and hydride
species.

2223  Refractory oxide species

Refractory oxide species result either from the incomplete dissociation of the
sample matrix or from recombination of elements as the plasma cools (Jarvis et al.,
1992). These species cause interferences 16, 32, and 48 mass units above the ion with
which an oxide is formed; a peak from an ion M* will form the interfering species MO,
MO, and MO®*. The levels of oxides expected from the analysis of a given matrix can
be predicted from the monoxide bond strength and concentration of the element
concerned (Jarvis et al., 1992). Cerium seems to form oxides most readily, although
oxide levels observed for Ce using the Hewlett Packard 4500 ICP-MS are generally
below 1%. Other light rare earth elements (LREEs) may form oxides that interfere with
the measurement of the heavy rare earth elements (HREESs), but this is generally only a
problem in solutions with very high concentrations of rare earth elements. As with the

other interferences, operating conditions, particularly nebulizer flow rate and carrier gas
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flow rate, can be adjusted to minimize the formation of oxide ions in the plasma. With
the exception of MoO (causing an interference with Hcd)y, these refractory oxides are
generally not problematic in natural water samples. A correction can be made for the
interference of MoO with ''Cd as follows:
"M ="Cd +0.15886 MoO
'%M = 0.0088 Cd + 0.14805 MoO
%M =0.0122 Cd
so that '"'Cd = """M + 0.77398 1M - 1.0730 '%%M.
2.2.2.4  Doubly-charged ions
Most of the ions produced in the plasma