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The weight ratio of naturally occurring chloride and 

bromide (Cl/Br) can be used to identify water origin, and as 

a tracer. In the Tucson basin, where geologic inputs of 

these constituents are limited, the mean Cl/Br ratio of 

uncontaminated ground water is 130. This ratio may be 

altered by artificial recharge, sewage effluent disposal, 

and agricultural practices. 

In this study, Cl/Br ratios of 30 Tucson urban 

runoff samples averaged 34, one quarter that of the ground 

water. Cl/Br ratios may be useful in studying the fate of 

urban runoff recharged via dry wells. Urban runoff contains 

bromide from ethylene dibromide in leaded gasoline. 

Both species behaved conservatively in sorption and 

volatilization experiments; thus, these processes should not 

significantly alter Cl/Br ratios in surface or ground water. 

Bromide analytical methods were compared and methods best 

suited for analysis of dilute natural waters are discussed. 
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INTRODUCTION 

The origin, age, and rate of movement of water can 

be determined using conservative chemical species as 

tracers. A conservative species is defined as one whose 

concentration is not readily altered by its surroundings or 

by physical-chemical properties such as volatilization. 

When tracer species can be used at the concentrations at 

which they naturally occur, they are called environmental 

tracers. Many environmental tracers result from naturally 

occurring rock-water interactions, and can provide 

information about a particular geologic terrain, or geologic 

process. Similarly, water that has been anthropogenically 

altered may contain characteristic chemical species in 

concentrations that indicate a particular alteration 

process. 

The halogens chloride, bromide, fluoride, and iodide 

are used as environmental tracers. Chloride is widely 

accepted as a conservative species. The use of bromide as 

an environmental tracer has been limited, in part due to 

analytical difficulties in accurately determining the low 

bromide concentrations (< 0.1 mg/1) of most dilute natural 

waters. In addition, the chemical behavior of bromide has 

not been as firmly established as that of other halogens. 
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Sorption of bromide on organic matter, although observed to 

a minor degree, is thought to be negligible. Volatilization 

of bromide from salt particles in the atmosphere has been 

observed; however, this mechanism is not expected to affect 

the bromide concentration of surface waters. 

The ratio of naturally occurring chloride and 

bromide (CI/Br) may be used to identify waters in the Tucson 

basin, in south-central Arizona. Koglin (1984) found that 

uncontaminated shallow ground water in Tucson has a mean 

CI/Br ratio of 130. The ratio is thought to be little 

influenced by evaporation, adsorption, precipitation of 

minerals, or other natural processes acting on the water, 

but may be altered by human activity. Altered waters such 

as sewage effluent, urban runoff, and agricultural runoff 

may be identified and traced by their CI/Br ratios. 

Urban runoff is derived from precipitation which 

washes materials off of streets and highways. Runoff 

contains relatively high concentrations of bromide leached 

from particulates expelled in automobile emissions and 

relatively low concentrations of chloride derived primarily 

from precipitation. As a result native ground water is 

expected to have a higher CI/Br ratio than urban runoff, 

which has an additional bromide input. 

The main objective of this thesis is to determine if 

urban runoff has a characteristic CI/Br ratio which will 
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allow it to be identified and tracked in the subsurface. 

Chemical characteristics of chloride and bromide and studies 

that have used Cl/Br ratios are discussed in a literature 

review in Chapter 2. Methods of bromide analysis and their 

limitations when applied to dilute natural waters are 

outlined in Chapter 3. Chapter 4 describes volatilization 

and sorption experiments performed to examine the 

conservative nature of chloride and bromide. In Chapter 5, 

a study of Cl/Br ratios in urban runoff demonstrates the 

practicality of using the ratio to trace water that has been 

artificially recharged by dry wells. Finally, Chapter 6 

compares the ratios of different types of water and 

discusses the spatial distribution of Cl/Br ratios in Tucson 

ground water. 
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LITERATURE REVIEW 

Chlorine is highly soluble in water and, unlike 

other halogen elements such as fluorine and iodine, is not 

sorbed to organic materials. Concentrations of chloride in 

potable water typically range between 1 and 100 mg/l (Davis 

et al., 1980). 

The major chloride-containing minerals occur in 

evaporite deposits. Halite is the first mineral to 

crystalize from an evaporating brine and is composed 

primarily of chloride salts and trace amounts of bromide. 

The preferential removal of chloride causes the remaining 

brine to be enriched in bromide relative to chloride. Salts 

that precipitate later in the evaporite cycle, such as 

sylvite, carnallite, and bischofite, contain an increasing 

percent by weight of bromide (Holser, 1970). Second cycle 

evaporites, which are recrystallized from an original 

evaporite deposit, contain substantially less bromide than 

primary cycle evaporites and, if they are redissolved, 

produce brines which have characteristic high chloride 

concentrations. In contrast to chlorine, bromine naturally 

occurs in trace amounts. Concentrations of bromide are 

approximately 1/300 that of chloride, and are commonly less 

than 0.1 mg/l in potable water (Davis et al., 1980). 
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Bromine is more soluble than chlorine and does not 

easily precipitate from solution. Correns (1956) suggested 

that most bromide in evaporite minerals is found in liquid 

inclusions. Only three naturally occurring bromide minerals 

are listed in Brehler and Fuge (1978); all are silver 

halides. 

Bromide concentrations have been correlated with the 

organic matter content of soils (Valyashko, 1956) and 

organic rich sediments (Price et al., 1970), which has led 

some researchers to suggest that bromide readily sorbs to 

organic matter. Karba-Pendias and Pendias (1984) suggested 

that the apparent bromide enrichment of soils in temperate 

climates may in part be due to bromide contained in rain, 

and its longer retention time in soils. Other researchers 

have found elevated bromide concentrations in oil field 

brines, volcanic muds (Valyashko, 1956), and coal deposits 

(Duce et al., 1983), which may indicate that bromine is bio-

accumulated by some plants. Yamamoto et al. (1984) 

determined that some types of seaweed are enriched in 

bromine. 

2.1 Sources of Chlorine and Bromine 

The sea is thought to be the primary source of salts 

in the atmosphere; however, the mechanism by which they are 

transferred across the air-sea interface is not yet fully 
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understood. In the most accepted scenario, bubbles burst on 

the surface of the sea sending droplets of sea spray and 

particles of salts (or aerosols) into the atmosphere 

(Winchester and Duce, 1967a). Reactions between aerosol 

particles and ozone produce gaseous chlorine and bromine. 

These reactions are estimated to account for 50 percent of 

the chlorine in the atmosphere (Duce et al., 1963, 1965); 

similar trends have been found for bromine. Chlorine and 

bromine in both aerosol and gaseous form are dissolved in 

the moisture in clouds, and wash out of the atmosphere in 

precipitation. 

Salts derived from seawater may be geologically 

isolated for long periods of time, until released by 

drainage of connate waters from ancient marine sediments, or 

erosion of marine evaporites by streams. Volcanic 

emissions, hot springs, and anthropogenic activities such as 

coal combustion also contribute chlorine and bromine to the 

atmosphere (Brehler and Fuge, 1978). 

The range of natural chloride and bromide 

concentrations in rocks is listed in Table 2.1. Natural 

chloride concentrations in rocks other than evaporites range 

from 22.5 to 305 mg/1. Bromide concentrations in the same 

types of rocks range from 0.3 to 10 mg/1. The high 

concentration of chloride relative to bromide in evaporite 
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Table 2.1 Approximate Range of Bromide and Chloride 
Concentrations (ppm) 

Rock tvoe 

and CI/Br Ratios 

BR CL 

in Rocks. 

CL/BR REF 

meteorites 10-40 100-333 1 

igneous rocks 2.4 305 200-1000* 4,1* 
basalts 0.5-3.0 22.5 8-45 1 
granites 0.3-4.5 37.5 100-150* 1,2* 

sedimentary rocks 
halite 

marine 50-200 3,000-10,000 3 
recrystallized 5-20 +/" 90,000 3 

sandstone 1-5 37.3 7-37 1 
carbonates 6.6 305 46 4 
shale, clay 6-10 209.2 20-100 1 

soils 5-67 1 
* calculated from different sources 

1. Brehler and Fuge, 1978 
2. Davis et al., 1987 
3. Holser, 1970 
4. Hem, 1986 
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rocks is indicated by their high CI/Br ratio which range 

from 3000 to 90,000. 

The chloride concentration of uncontaminated natural 

waters is usually relatively low. Typical concentrations in 

rainfall range from tenths to several tens of milligrams per 

liter (Hem, 1986) . Uncontaminated surface waters have 

chloride concentrations that range from tens to several 

hundred thousand milligrams per liter (Hem, 1986). In 

contrast, bromide occurs in trace amounts in rainfall and 

fresh water, ranging from 2.8 to 58 ppb (Brehler and Fuge, 

1978), and 0.8 to 80 ppb (Lundstrom and Olin, 1986), 

respectively. The bromide concentration of brines ranges 

from 11 to 1760 mg/1, depending on the origin of the brine 

(Brehler and Fuge, 1978). 

2.2 CI/Br Ratios of Natural Waters 

CI/Br ratios have been used to determine the 

geochemical environment in which aerosols, dilute natural 

waters, and brines originated, and to identify waters of 

different origin that have mixed. Table 2.2 lists the 

approximate range of CI/Br ratios found in natural waters. 

Duce et al. (1963) examined the CI/Br ratios of 

aerosols to determine if they originated from sea water or a 

non-marine source. Winchester and Duce (1967a) found that 

Cl/Br ratios of aerosols collected over land were lower than 
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Table 2.2 Approximate Range of CI/Br Ratios 
Waters. 

in Natural 

Water tVDe CL/BR REF 

precipitation 30-200 1 

fresh waters 20-1260 2 

brines 
dead sea 
oil field 
halite dissolution 

35 
< 100 - < 1260 
2000-4000 

1 
2 
1 

thermal 256* 4 

sea water 288 5 

connate 200 6 
single sample 

1. Davis et al., 1987 
2. Whittemore and Savage, 1980 
3. Brehler and Fuge, 1978 
4. Terao et al., 1984 
5. Morris and Riley, 1966 
6. Holser, 1970 



21 

those of seawater, but the ratios of aerosols collected over 

the sea were higher. They suggest that this phenomenon was 

the result of fractionation during the bubble bursting 

process, and subsequent chemical reactions in the atmosphere 

that tended to increase atmospheric bromide concentrations 

with time. Moyers and Duce (1972) concluded that lower 

Cl/Br ratios of rainfall samples collected over land could 

be explained by an additional input of bromine derived from 

the volatilization of aerosols containing non-marine 

bromine, which were dissolved in rain and clouds. They used 

thermodynamic calculations to show that it is highly 

unlikely that bromine is volatilized directly from seawater 

(Moyers and Duce, 1972). 

Lundstrom and 01in (1986) determined Cl/Br ratios of 

ground water, surface water, and precipitation in Sweden. 

The ratio of precipitation collected near coasts and inland 

is slightly lower than that of seawater, which they suggest 

is due to the addition of anthropogenic bromide. In 

contrast, ratios of surface water were slightly higher than 

those of precipitation. Ground-water ratios were even 

higher, which they concluded was due to the addition of 

bromide from agricultural activities and leached from clay 

deposits. Frape et al. (1984) used Cl/Br ratios to 

determine the chemical evolution of shallow fresh and deep 

saline ground waters in crystalline rocks of the Canadian 
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Shield. They hypothesized that the elevated bromide 

concentrations of the brines resulted from the release of 

bromide-rich fluid inclusions in these silicate rocks. 

Rivera et al. (1982) used CI/Br ratios to determine 

the source of elevated bromide levels in the untreated water 

supply of the city of Barcelona. Salt and potassium mines 

upstream of the city were identified as the source of the 

high bromide concentrations. Tiffany et al. (1969) found 

that Cl/Br ratios in the Great Lakes were lower in areas 

subject to urban pollution. They speculated that this was 

due to the addition of anthropogenic bromide from automobile 

exhaust. 

Cl/Br ratios have often been used to help 

distinguish between natural salt water brines and oil field 

brines (Whittemore and Savage, 1980). Oil field brines are 

enriched in bromide in comparison to brines derived from the 

solution of halite. Whittemore et al. (1981), Dutton 

(1985), and Richtler and Kreitler (1986) used Cl/Br ratios 

to distinguish between different types of brines. Dead sea 

brines have a much lower Cl/Br ratio and are probably 

derived from fossil residual brines (Brehler and Fuge, 

1978). Mercado (1985) measured Cl/Br ratios as part of a 

study of salt-water intrusion in the coastal aquifer of 

Israel. Holser (1970) and Wilgus and Holser (1984) used 
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CI/Br ratios to differentiate between marine and non-marine 

salts in Western interior basins. 

2.3 CI/Br Ratios of Altered Waters 

Because the background bromide concentration of most 

natural waters is low, the addition of bromide derived from 

anthropogenic sources can significantly affect local water 

quality. If the anthropogenic source has a distinctive 

Cl/Br ratio, the origin of the pollution can be easily 

identified and tracked. 

Automobile emissions are a major source of the 

elevated levels of bromide and lead measured in urban areas. 

Sollars et al. (1982) collected samples of air, 

precipitation, road dust, and urban runoff near a heavily 

traveled highway in central England. They found that Cl/Br 

ratios in all categories were uniformly lower than those of 

background samples, and increased with distance from the 

highway. Seasonally collected runoff samples clearly showed 

the effect of winter applications of road salt, used for 

road de-icing, which contained only trace amounts of 

bromide. The mean summer Cl/Br ratio of highway runoff was 

23, which increased to a mean of 1170 in the winter. 

Measured bromide-to-lead ratios indicate that a 

significant percentage of airborne particulates in urban 

areas originates from automobile emissions. Countess et al. 
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(1981) found a high correlation between the bromide content 

of airborne particulates and diurnal automobile traffic 

variations in Denver. Winchester et al. (1967b) studied the 

composition of aerosol particulates and snow samples in 

Fairbanks, Alaska, and were able to distinguish between the 

anthropogenic input of bromine from automobile exhaust 

products and natural background bromide. CI/Br ratios of 

atmospheric particulate samples increased with distance from 

the traffic center. Previous studies by Duce et al. 

(1965a), Lininger et al. (1966), and Moyers and Duce (1972) 

found similar correlations between lead and bromide 

concentrations in urban aerosols, supporting the hypothesis 

that these particles originate in automobile emissions. 

Methyl bromide, a widely used soil fumigant, is 

another major source of anthropogenic bromide (Wegman et 

al., 1981). Soils are commonly leached after application to 

lessen the uptake of bromide by plants. Wegman et al. 

(1983) found high bromide concentrations in precipitation, 

surface water, and ground water (0.98, 41, and 17 mg/1, 

respectively) in a district of the Netherlands where 

glasshouse soils are treated with methyl bromide. In that 

study, drainage from treated soils could be detected by 

monitoring CI/Br ratios of nearby surface waters. Terao et 

al. (1984) found evidence of ground-water pollution from 

agricultural sources, based on a survey of CI/Br ratios in 
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samples of ground water in Japan. Low ratios were 

attributed to the input of bromide from soil fumigants and 

fertilizer containing bromates. 

Duce et al. (1983) found bromide enriched aerosols 

in a study at Eneweak atoll in the South Pacific. Based on 

an analysis of the trajectory of the air mass, he speculated 

that the enriched aerosols were derived from coal burning in 

China. Other bromine-containing compounds have been 

detected in sewage effluent, certain industrial byproducts 

(Cooper et al., 1985), and waste water from synthetic 

organic industries (Lundstrom and Olin, 1986). 
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METHODS 

Until recently, the major drawback to using bromide 

as an environmental tracer arose from the difficulty of 

obtaining an accurate analysis of bromide concentrations at 

the sub part-per-million (ppm) level. An important aspect 

of this study is to evaluate the available methods of 

bromide and chloride analysis for their accuracy and ease of 

application. Chloride was easily analyzed at a wide range 

of concentrations. In contrast, bromide proved to be 

extremely difficult to detect and quantify at the trace 

concentrations found in many natural waters. This chapter 

summarizes the theory, procedure, and limitations of 

standard analytical methods used in this study. The methods 

and their limitations are summarized in Table 3.1. 

3.1 Chloride Analysis 

With the exception of urban runoff samples, chloride 

was analyzed by titration with mercuric nitrate in 

accordance with the colorimetric technique specified in ASTM 

(1981). Zinc, lead, nickel, ferrous, ferric, chromos, and 

sulfite ions interfere with the reactions required for this 

procedure. Urban runoff samples, which are highly colored, 

cannot be analyzed colorimetrically. Chloride 



Table 3.1 Comparison of Methods of Bromide Analysis 

METHOD BR RANGE LIMITATIONS USE 

Neutron Activation 
Analysis 

>1 ppb Na interference 
Large volumes for dilute samples 
Dilute highly concentrated samples 

most waters 

tracers 

Ion Chromatography 1000-1 ppb N03 interference 
Cl/Br weight ratio < 1000 
Detection limit hardware dependant 

most waters 

tracers 

Ion Specific 
Electrode 

>0.4 ppm Cl/Br ratio <177 
Metal ions 
Temperature fluctuations 

artificial 
tracers 

Iodometric 100-10 ppb Requires high level of operator 
expertise 
Not for colored samples 

most waters 

tracers 

Phenol Red ND1 Interference with chloride, 
bicarbonate, and ammonium ion 

brines 

HPLC >0.5 Nitrate interference some waters 
tracers 

^ot Determined. High errors at chloride concentrations of 100 ppm or higher. 
No studies reviewed of analyses at lower concentrations (c.f. Basel et al., 1982). 
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concentrations of urban runoff samples were thus determined 

by ion chromatography (IC) using an analytical procedure 

identical to the procedure used for bromide as described in 

detail in section 3.2.2. 

These methods gave acceptable results over a wide 

range of chloride concentrations. The correlation 

coefficient between results obtained by ion chromatography 

and by the titrametric method is 0.994. The relative error 

(RSD) of the two techniques is 9 percent by IC, and 

approximately 1 percent by titration with mercuric nitrate. 

Figure 3.1 compares the chloride concentrations determined 

by these two methods. 

3.2 Bromide Analysis 

Water soluble bromine occurs predominantly as 

bromide, and less commonly as bromate and bromite. Organic 

complexes can also contain bromine. Standard methods for 

bromide analysis include: ion chromatography, colorimetry, 

ion specific electrodes, and high performance liquid 

chromatography. Neutron activation analysis and x-ray 

fluorescence are used to determine total bromine. 

Bromide concentrations in most dilute natural waters 

range from 0.01 to 0.5 mg/1, and in this range interference 

from other chemical species (for example chloride and 

nitrate) reduces the accuracy of many recommended methods. 
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Expected bromide concentrations of a particular sample 

should be considered carefully before choosing a method of 

analysis. 

3.2.1 Neutron Activation Analysis 

Neutron activation analysis (NAA) is widely used in 

the analysis of trace amounts of halogens in atmospheric 

samples (Duce et al., 1963) and in water samples (Murry et 

al., 1981; Luong et al., 1983). Although most studies are 

of surface and ground water, NAA has also been used in 

tracer studies of water from the unsaturated zone (Tennyson 

and Settergren, 1980). This method is widely agreed to give 

precise and accurate analyses of total bromine in the 

natural range of bromide concentrations, with a sensitivity 

to 0.001 mg/1 (Luten et al., 1977). 

Theory. When a sample is irradiated by a neutron 

beam, neutrons are captured by the nuclei of substances in 

the sample. This process creates radioactive isotopes which 

emit one or more gamma rays of a characteristic energy. 

Analysis of the resulting gamma ray spectrum, using a 

semi-conductor detector (e.g. Ge-Li) gives qualitative and 

quantitative information about elements within the sample. 

Errors encountered in this technique are derived from: 

1. Shape of the sample. 

2. Interfering gamma ray energy peaks from other 
constituents in the sample. 
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3. Radioactivity of the sample which is either too high 
or too low to count reliably. 

4. Errors in the preparation of standards. 

5. Variations in the neutron flux during irradiation. 

These errors can be minimized by: 

1. Careful sample preparation to insure similar sample 
geometry. 

2. Allowing sufficient "cooling off" time to allow 
interfering isotopes with shorter half-lives to 
decay to low levels. 

3. Choosing an appropriate sample volume so that sample 
activity is not too low (operating near the 
detection limit) or too high (sample dead time 
greater than 50 percent). 

4. Careful preparation of replicate standards, and 
spiked samples. 

5. Carefully monitoring and correcting for variations 
in neutron flux. 

Procedure. The NAA procedure used in this study was 

modified from that of Sturges and Harrison (1985). Sample 

volumes were chosen based on the magnitude of the chloride 

concentration and estimated CI/Br ratios, in order to obtain 

a final mass of 1 to 100 /zg bromide. The samples were 

acidified to a pH of 2, heated, and maintained just below 

boiling for approximately 2 minutes. The samples were 

removed from the heat and sufficient AgNOs was added to 

precipitate all bromide as AgBr. Samples were then covered, 

stored in a dark place (to avoid photo-oxidation of the 

AgBr), and allowed to settle overnight. 
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The solution was filtered using a 0.45 /xm Nucleopore 

membrane filter, which, after use, was folded in half, 

sandwiched between two clean filters, covered, and placed on 

an absorbent pad to dry (Although the water content of the 

filter is not a factor in the analysis, filters are more 

easily handled when dry). 

The dry filters were placed in plastic bags, 

irradiated for approximately one hour in a reactor with a 

thermal neutron flux of 0.355E+10 KW, and allowed to decay 

for 24 hours. The gamma activity of 82Br, which has a half 

life of 35.3 hours, was measured using a Ge-Li detector. 

The resulting peak, corrected for variations in the flux 

gradient, was related to bromide mass by comparison with 

standards. 

Limitations. The most serious limitation of the NAA 

method results from interference of the sodium isotope 24Na, 

which has a half-life of 14.9 hours. Bromine peaks may be 

entirely obscured by sodium peaks in samples with high 

sodium concentrations. Sodium interference may be 

circumvented by allowing the sample to decay until the 

bromine peak can be clearly identified (1-4 days, depending 

on the sodium concentration). The sodium interference may 

also be avoided by first precipitating the bromide with 

AgN03 and then irradiating the precipitate. 
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The precipitation technique described above removes 

only the bromine that is in ionic form from the sample. To 

measure total bromine, the entire sample must be evaporated 

and the resulting residue irradiated. Bromated organic 

compounds may co-precipitate with the silver bromide, but 

this should be negligible in comparison to the total 

concentration of bromide (Masselein and Denis, 1981). Luong 

et al. (1980) measured organic bromide indirectly by 

calculating the difference between total bromine determined 

by NAA analysis and bromide content determined by iodometric 

analysis. 

The volume of water required for neutron activation 

analysis is determined by the bromide concentration of the 

sample. Because bromide concentrations are commonly low, 

relatively large volumes (200 to 1500 ml) will be required 

for analysis of most natural waters. Errors from 5 to 20 

percent are reported in the literature for this method, 

depending on the exact technique used and the bromide 

concentration of the sample. Larger errors are associated 

with more dilute samples. In this study, the total error 

associated with irradiation of the silver bromide 

precipitate was approximately 14 percent relative standard 

deviation (RSD). It is likely that most of this error is 

introduced in the sample precipitation step. 
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3.2.2 Ion Chromatography 

Since its introduction in 1975, ion chromatography 

(IC) has become one of the most powerful tools for the 

analysis of ions. This technique has the advantages of low 

detection limits, minimal interference from other dissolved 

species, and small samples volume requirements. 

Using standard procedures, ion chromatographs can 

determine bromide concentrations at concentrations as low as 

0.2 mg/1 (ASTM, 1985). Simple modifications of this 

technique can extend this detection limit to 0.1 mg/1, but 

the error in the analysis increases. With the addition of a 

concentrator column to the chromatographic system, Morrow 

and Minear (1984) extended the detection limit to 0.001 

mg/1. Ion chromatography is often used to verify the 

accuracy of results obtained using other analytical methods. 

Trace concentrations of bromide in rainfall and smog 

samples have been analyzed by Liljestrand and Morgan (1981) 

and Muller (1984) using ion chromatography. Dilute natural 

waters have been analyzed using ion chromatography by Akaiwa 

et al. (1982), Pyen and Erdman (1983), Amy et al. (1984), 

Frape et al. (1984), and Morrow and Minear (1984). 

Theory. Ion chromatography is a specialized form of 

liquid chromatography optimized for the analysis of ions. 

The process is a combination of ion exchange, eluent 

suppression, and conductrimetric detection. Ions are 
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separated based on their relative affinity for charged sites 

on the resin in the separator column. Specialized separator 

columns are available to detect inorganic anions and 

cations, organic ions, heavy and transition metals, and 

alkaline earths. 

An IC system consists of four major components: 

1. Mobile phases (eluent and regenerant). 

2. Columns (pre-column, separator, and suppressor). 

3. Detector. 

4. Recorder/integrator. 

These components must be optimized independently to obtain 

the highest sensitivity to the ions of interest. 

Procedure. A filtered sample is injected into the 

IC via a sample loop. The sample, along with the eluent (a 

buffer), is pumped first into a pre-column (or guard 

column), where organic species are removed, and then into 

the separator column. The sample moves through the resin in 

the separator column where anions are attenuated based on 

their relative affinities for the resin. In the final step, 

the sample passes through a suppressor column which is 

packed with a high capacity cation exchange resin that 

converts anions to their highly conductive acid form. The 

eluent is converted to carbonic acid, which is weakly 

conductive. 
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IC systems typically use conductivity detectors to 

determine anion concentrations. Other types of detectors 

may be used including ion selective electrodes, amphoteric 

detectors, and UV/VIS detectors. A chromatogram, which 

relates the conductivity of the sample to the elution time, 

(Figure 3.2) is produced by a recording device. The peak 

height of anions in the sample is related to that of known 

standards to determine anion concentrations. Although 

concentrations and peak heights may vary from sample to 

sample, the sequence of peak elution will remain the same. 

Total elution time is a function of sample concentrations as 

well as other factors. 

In this study, high nitrate concentrations caused 

bromide and nitrate peaks to interfere; therefore, a 

modification of the ASTM (1985) IC test method was used. 

The eluent concentration was optimized to give the maximum 

separation between bromide and nitrate peaks, at minimum 

elution time. This resulted in an acceptable level of 

accuracy (8 percent error, based on RSD of replicate 

samples). Increasing the relative concentration of NaHC03 

in the eluent increases both peak separation and elution 

time. Increasing the relative concentration of Na2C03 

decreases elution time. Specifications of the IC system 

used in the analysis are given in Table 3.2. The eluent 

concentration was 37.5 percent of the standard eluent 
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Figure 3.2 Chromatogram showing typical inorganic anion 
separation (from APHA 1985b). 
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concentration (ASTM, 1985) and resulted in a sample elution 

time of approximately 12 minutes. 

Limitations. The most common problem encountered 

when using IC to analyze for bromide is the difficulty in 

separating bromide and nitrate peaks. Standard Methods 

(ASTM, 1985) recommends that the ratio of nitrate to bromide 

not exceed 10/1 if both species are to be quantified. If 

accurate nitrate concentrations are not required, then good 

peak separation is a more important criterion than relative 

concentration. Peak resolution may be improved by 

optimizing the concentration of the eluent in order to 

provide maximum peak separation at minimum elution time. 

The accuracy of the IC analysis depends on system hardware. 

In fact, the type of column, eluent, detector, and 

integrator that are used may make the difference between 

highly accurate results, and no results at all. 

Ion chromatography is the least limited of the 

techniques available for bromide analysis. Sample 

pre-treatment is not required (other than filtration, which 

is normally done at the collection stage for all samples) 

and typically, only 2 ml of sample are required per 

injection. A major advantage is that both chloride and 

bromide may be detected simultaneously, provided that the 

CI/Br ratio does not greatly exceed 1000. Colored samples 
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Table 3.2 IC Components and Operating Parameters1 

Components 

Chromatograph: Dionex 2020i 

Precolumns: Dionex ion pac: MPIC-NG1; HPIC-AG4A 

Separator column: Dionex HPIC-AS4A 

Detector: Dionex conductivity 

Integrator: Spectraphysics SP 4270 

Operating Parameters 

Pressure: 1330 +/- 20 psi 

Flow rate: 2 ml/min 

Eluent: 1.05 mM NaHC03 + 0.825 mM Na2C03 

Regenerant: 25 mN H2S04 

1Analyses performed at the California Institute of Technology 
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and samples with a complex matrix, such as urban runoff, 

maybe analyzed by IC by adapting the system to include: 

1. At least one pre-column to remove organic species. 

2. Syringe filters to remove fine particles. 

3. Optimized eluent 

4. Stronger regenerant. 

5. Distilled water blanks between samples. 

Although sample elution time is approximately 12 

minutes, the method may be automated to greatly reduce the 

labor required for analysis. The RSD reported in the 

literature for analyses using this method ranges from 2 to 5 

percent. The RSD determined in this study (8 percent) is 

higher than expected, but lower than RSD of samples analyzed 

by NAA (13 percent). IC proved to be the only method that 

could successfully analyze concentrated and highly colored 

urban runoff samples. 

3.2.3 Ion Selective Electrode 

Ion selective electrodes (ISE) are often used in the 

analysis of fresh water because of their simplicity, 

sturdiness, and low cost. Only minor sample pretreatment is 

required, and analyses can be performed in the field. 

Samples with a wide range of concentrations can be analyzed 

using this technique. 
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Onken et al. (1977) used ISE to analyze bromide used 

as an artificial tracer in soil-water studies. Although 

chloride ions interfered in this analysis, it was possible 

to correct samples with bromide concentrations of 1 to 1000 

mg/1 for chloride interferences. Mascini and Liberti (1984) 

used ion selective electrodes in a field study in Somalia, 

which demonstrated the practicality of this instrument; 

however, they did not analyze samples for bromide 

concentrations. These studies suggest that when input 

bromide and chloride concentrations can be controlled, as in 

artificial tracer tests, ISEs are useful for bromide 

analysis. However, interferences should generally be 

expected at environmental levels of bromide, limiting the 

applicability of this method. 

Theory. Detection of bromide by ISE is based on 

direct potentiometry. The electrode is a silver bromide-

silver sulfide membrane at the end of an epoxy electrode 

body. When placed in a sample, silver ions dissolve from 

the surface, and a potential, which depends on the silver 

ion activity, is developed across the membrane. The silver 

ion activity is a function of the bromide ion activity. An 

ionic-strength adjuster is added to the sample, and the 

bromide activity, calculated by the Nernst equation, is 

proportional to the bromide concentration. 
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Procedure. Ionic-strength adjuster was added to the 

sample and an Orion model 94-35 bromide electrode was used 

to determine the bromide concentration. The electrode 

manufacturer stipulates that Cl/Br ratios must not exceed 

177, in order to avoid interferences from other dissolved 

ions. If bromide concentrations are unknown the ISE method 

must be regarded as unreliable. Fo example, bromide 

concentrations of Colorado River water measured using ISE 

were approximately 0.7 mg/1, and the calculated Cl/Br ratio 

was approximately 100. True bromide concentrations, as 

determined by NAA, were approximately 0.069 mg/1, and the 

resulting true Cl/Br ratio is approximately 1,000. Thus, 

ISE should only be used if one has already determined that 

samples will fall in the reliable range. 

Limitations. The 1977 Orion instruction manual for 

the electrode states that the bromide limit of detection is 

0.2 mg/1. However, the 1984 manual cites a higher detection 

limit of 0.4 mg/1. Based on the higher detection limit, 

approximately 90 percent of the 62 samples collected could 

not be analyzed by ISE. Of the samples that could be 

analyzed, an additional 7 percent have true Cl/Br ratios 

that exceed 177. Thus, 97 percent of the samples collected 

for this study could not be analyzed by this method. 

Interferences arise from chloride, colored materials, and 

metal ions such as Bi, Cd, Pb, Sn, and Ti. Reproducibility 



43 

of measurements is reduced by temperature fluctuations and 

by sample agitation. 

Because the ISE method is inexpensive and easy to 

perform in the field, it is well suited to artificial tracer 

studies where the relative bromide concentration is of 

paramount importance. Other methods should initially be 

used to assess background bromide concentrations. 

3.2.4 Colorimetry: Iodometric method. 

The iodometric method, established by Fishman and 

Skougstad (1963), is recommended by ASTM (1977) for bromide 

analysis in dilute natural waters where bromide 

concentrations usually range from 0.01 to 0.1 mg/1. 

Pyen et al. (1980) developed an automated version of 

the ASTM method which minimized operator error, and produced 

up to 20 analyses per hour with remarkable accuracy. Luong 

et al. (1983) used the method to analyze ground water, 

surface water, and sewage effluent, and were able to 

distinguish several sources of ground water based on the 

CI/Br ratio. Lundstrom et al. (1984), in their study of 

bromide concentrations of surface water, ground water, and 

precipitation in Sweden, modified the ASTM method to include 

an enrichment step. Terao (1984) used iodometric analysis 

to study the bromide concentration of ground water and 

surface water in Japan. 
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Theory. Iodometric analysis is based on the ability 

of bromide to catalyze a reaction where iodide (or iodine) 

is oxidized to iodate by KMn04 in a sulfuric acid solution. 

At a specified pH, temperature, reaction time, and 

concentration of reactants, the concentration of unreacted 

iodine is inversely proportional to the amount of bromide 

present. The duration of the reaction is controlled by 

extracting unreacted iodine with carbon tetrachloride. 

Procedure and Limitations. The procedure is 

sensitive to slight variations in temperature, reaction 

time, as well as other factors, making the skill of the 

technician the most important variable in the accuracy of 

the analysis. Interferences include iodide, zinc, 

manganese, silver, sulfite and ferric ions. The 

concentration of bromide in the sample must be between 0.01 

and 0.10 mg/1. If concentrations are too high, diluting the 

sample may eliminate interferences that arise from high 

concentrations of other species. This method did not yield 

an acceptable level of sensitivity in this study; however, 

this was probably due to a lack of laboratory equipment and 

analytical expertise. 

3.2.5 Colorimetry: Phenol Red Method 

APHA (1985) recommends the phenol red method for 

bromide analysis. The detection limit of the method is 
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stated to be 0.1 mg/1. Whittemore and Savage (1980) and 

other researchers have successfully used this technique with 

modifications (Basel et al., 1982) to analyze the bromide 

content of brines (Dutton, 1985; Richtler and Kreitler, 

1986). Wilgus and Holser (1984) used this method in the 

analysis of evaporite deposits, and brines of western 

basins. 

In the present study, samples of dilute natural 

waters analyzed by this method yielded concentrations that 

are much higher than values determined by NAA or IC. This 

suggests that reported bromide concentrations which have 

been determined using this method may be anomalously high. 

Theory and Procedure. Phenol red indicator is added 

to a sample and mixed with a dilute solution of 

chloramine-T. The oxidation of the bromide and bromination 

of phenol red produces bromophenol blue, which ranges in 

color from red to violet depending on the bromide 

concentration. The concentration of the chloramine-T and 

reaction time are both critical to the accuracy of the 

method. 

Limitations. Basel et al. (1982), found that some 

ions that are common in natural waters cause interferences 

in this method. Concentrations of 100 mg/1 and 50 mg/1 for 

chloride and bicarbonate respectively, produce a significant 

positive interference. Ammonia has a negative interference 



46 

at levels as low as 0.05 mg/1. APHA (1985) mentions 

interferences from oxidizing and reducing agents, but these 

were not specified in the description of the procedure. 

Because the phenol red technique is most commonly used in 

the analysis of brines, the magnitude of these interferences 

in dilute natural waters is difficult to assess. A 

comparison of bromide concentrations obtained using the 

phenol red method and either IC or NAA for the analysis of 

dilute natural waters (Figure 3.3) shows the poor 

correlation between these techniques. 

3.2.6 High Performance Liquid Chromatography 

High performance liquid chromatography (HPLC) with a 

UV absorption detector was suggested by Stezenbach and 

Thompson (1983) as a method for rapid and accurate analysis 

of bromide and chloride at sub-ppm levels. They reported a 

bromide detection limit of 0.05 mg/1, with 10 percent error. 

HPLC was also used by Bowman (1984) in soil-water tracer 

studies. Although Bowman reported a detection limit of 0.42 

mg/1, with an error of 2.3 percent, he stated that the 

practical limit of detection is an order of magnitude 

higher. This is consistent with results obtained in the 

present study where low bromide concentrations, which ranged 

from 0.01 to 0.04 mg/1, and interference from nitrate 

precluded the use of HPLC. 
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Theory. HPLC is a form of liquid chromatography and 

is based on a theory similar to that described for IC, in 

section 3.2.2. HPLC differs from IC in that column 

pressures are usually higher (5000 to 6000 psi) and the 

stationary phase contains particles of silica which have an 

ion exchange phase bonded to their surfaces (Wetzel et al., 

1985). UV absorption detectors are commonly used in HPLC, 

while an IC system typically uses a conductivity detector. 

Procedure. The method recommended by Stezenbach and 

Thompson (1983) was followed in this study. System 

components included: a 25 cm Altex Ultrasil-AX separator 

column, a 50 nl sampling loop, and a Hitachi model 100-40 UV 

detector (wavelength 195 nm). The buffer had a 

concentration of 0.02 M KH2P04, delivered at a flow rate of 

2 ml/min. HPLC grade water was used in the preparation of 

all standards. 

Limitations. HPLC is a useful method of analysis if 

peak resolution problems can be solved and if anion 

concentrations are sufficiently high. This method was not 

found to be useful in the analysis of samples with bromide 

levels less than 0.5 mg/1, due to a lack of sensitivity, and 

nitrate interferences. HPLC has been successfully used in 

artificial tracer studies where the magnitude of the bromide 

concentration can be controlled. Sample analysis is rapid 
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and accurate, sample pretreatment is unnecessary, and only 

small sample volumes are required. 

3.2.7 Other Analytical Methods 

Other methods available for analysis of bromide at 

very low concentrations include: polarography (Masschelein 

and Denis, 1981), gas chromatography (Wegman et al., 1983; 

Ando and Sayato, 1983), isotope dilution mass spectrometry 

(Heumann and Seewald, 1985), and X-ray fluorescence (Sturges 

and Harrison, 1985). These methods were developed to 

resolve specific analytical problems, and offer options 

which may be useful in certain circumstances. 

3.3 Summary 

Many of the methods which have been recommended for 

bromide analysis, are difficult to use in dilute natural 

waters which commonly contain only trace amounts of bromide. 

Ion chromatography was the preferred method of 

analysis in this study because it is accurate, economical, 

rapid, and suitable for the analysis of colored samples. 

Very dilute samples were analyzed by neutron activation 

analysis. 
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EXPERIMENTAL RESULTS 

An ideal tracer must not be chemically degraded or 

biologically transformed during transport, nor be sorbed or 

retarded by the material through which it moves. Neither 

chloride or bromide is subject to biological transforma

tions. However, a few researchers have suggested that the 

concentration of bromide ion in water may be altered by the 

processes of adsorption and volatilization. If sorption 

does occur, its character must be known and predictable for 

all natural settings of interest. 

Bromide is believed to behave chemically like 

chloride, but is subject to a minor degree of sorption to 

organic matter and mineral surfaces. Because natural 

background levels of bromide in the environment are low, a 

slight alteration in bromide concentrations corresponds to a 

large change in the Cl/Br ratio. Thus, if the CI/Br ratio 

is to be used as an indicator of water origin, it is 

necessary to determine to what extent these processes may 

alter the ratio in surface waters, water that passes through 

the unsaturated zone to recharge aquifers, and ground water. 

A series of experiments were designed to examine the 

effect of sorption and volatilization on dissolved bromide. 

The magnitude of sorptive effects on bromide concentrations 
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was determined by batch and column experiments. Evaporation 

experiments were designed to simulate the effect of natural 

evaporation processes on CI/Br ratios. Also, the long-term 

effect on the ratio of samples stored under different 

conditions is discussed. 

4.1 Adsorption Experiments 

Sorption, the chemical partitioning of a solute 

between solid and liquid phases, retards the movement of 

certain solutes in soils and aquifers. The hydrophobicity 

of the solute ion and the organic-matter content of the 

solid fraction are two key factors that influence the degree 

of adsorption (Mackay et al., 1986). Although chloride and 

bromide ions are attracted to solid surfaces, they are 

readily hydrated and, therefore, usually remain in solution. 

A strong correlation exists between organic carbon 

content and the bromide concentration of soils. In an 

extensive survey of soils in the Soviet Union, Vinogradov 

(1959) found relatively high concentrations of bromide in 

peat and other organically rich soils, and postulated that 

sorption of bromide onto organic matter could significantly 

alter the CI/Br ratio of water. He found that, chloride is 

uniformly distributed over the soil horizon, whereas bromide 

is concentrated in the more humic A horizon. Vinogradov 

concluded that bromide is preferentially removed from 
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infiltrating water. Price et al. (1970) found a strong 

correlation between bromide concentration and the organic 

carbon content of 42 surface marine sediments collected in 

the southwest Barents Sea. Bromide concentration was poorly 

correlated with grain size, suggesting that bromide is more 

easily sorbed to organic matter than to mineral surfaces. 

In a study by Straub (1964) of the removal of radioactive 

contaminants in activated sludge treatment processes, 9 to 

2 0 percent of 82Br was removed by organic material during 

fill-and-draw activated sludge treatment. Freyberg et al. 

(1986) studied the movement of artificial tracer plumes of 

bromide and chloride in a shallow phreatic aquifer under 

natural gradients. Both species behaved conservatively, 

followed the same trajectories, and moved at the same 

velocity in a homogeneous flow field. 

For this study, both batch and column experiments 

were designed to investigate the removal of bromide from 

solution by sorption to organic matter. In a batch 

experiment, solids and liquids interact more actively than 

under normal conditions, thus the degree of adsorption is 

intensified. Although column experiments more realistically 

reproduce the natural movement of water through porous 

media, batch experiments are easier to design than column 

experiments and yield more reproducible results (Jackson et 

al., 1984). 
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4.1.1 Column Experiments 

In a column experiment, a liquid is passed at a 

steady rate through a column packed with a fixed matrix of 

solid material. The liquid is sampled at both the inlet and 

the outlet of the column to determine the magnitude of some 

physical or chemical property such as temperature or 

chemical concentration. A graph of tracer concentration 

versus time, called a breakthrough curve, indicates the 

degree of adsorption which has occurred during the transport 

process. 

The solid material (sorbent) in the column may 

consist of natural materials from a specific site, or an 

artificial mixture of materials chosen for their sorption 

characteristics. The sorbent must be packed tightly enough 

in the column to ensure that flow is uniform; a requirement 

that may necessitate extensive disturbance of natural 

samples. The liquid phase (sorbate) may be a natural water 

from a specific site, or a mixed solution containing a 

desired chemical tracer. 

In the present study, a glass column (see Figure 

4.1) contained the sorbent which consisted of sand and humic 

materials with an organic carbon content of 16 percent 

(determined by spontaneous combustion of a dry sample). 

This corresponds to approximately 27 percent organic matter. 
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To minimize flow discontinuities, the mixture was sieved and 

an intermediate size fraction was selected for the 

experiment. The organic matter content of soils in the 

Sonoran desert ranges from 0.1 to 1.0 percent, and organic-

rich soils in the midwest typically range from 3 to 5 

percent (Fuller, 1975). Thus, the sorbent used in this 

experiment had a much higher organic content than would 

normally be found in most soils. The aqueous phase 

contained 100 mg/1 of bromide and 50 mg/1 of chloride, which 

was mixed in eluent consisting of 3 /iM NaHC03, 9 /zM NaC03, 

and distilled water, to minimize errors in the 

chromatographic analysis. 

The tracer was pumped through the column at a rate 

of 1 ml/min, to simulate a typical ground-water velocity. 

Temperature and conductivity were monitored throughout the 

experiment and samples of the outflow were collected at 5 to 

15 minute intervals. Figure 4.2 shows the breakthrough 

curves for bromide and chloride. One can conclude from 

these data that: 

1. The two species moved at the same rate through the 
column, 

2. breakthrough was rapid and distinct, indicating that 
dispersion was limited, and 

3. the rates of adsorption and desorption were the 
same, as indicated by the symmetrical rising and 
falling limbs of the curve. 
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A computer model developed by van Genuchten (1981) 

was used to analyze results of the column tests. Figures 

4.3 and 4.4 compare the breakthrough curves and modeled 

results for chloride and bromide, respectively. In both 

cases the model closely fits the observed behavior. 

Distribution coefficients (Kd) of zero were determined by 

the van Genuchten model for both chloride and bromide, 

indicating that the midpoint of the solute concentration is 

moving through the column at the average linear velocity of 

the water. This suggests that the solutes are moving 

through the column by advection, and that both 

species are behaving conservatively. 

Results of this experiment indicate that even when 

high levels of organic matter are present in the solid 

phase, neither chloride nor bromide is appreciably adsorbed 

from water solution. Because of analytical difficulties, it 

was necessary to use a relatively high concentration of 

bromide tracer (100 mg/1), in this experiment. Results are 

expected to be similar at the lower levels of bromide found 

in nature. 

4.1.2 Batch Experiments 

In a batch experiment, a suspension of solid 

materials and a chemical solution is agitated for some 

period of time. The resultant solution is extracted and the 
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concentration of the species of interest are measured and 

compared to those in the original solution. 

Because the liquid and solid materials are in 

contact over a large surface area, adsorption in batch 

experiments is often more pronounced than in column 

experiments or than in nature. Therefore, results from 

batch experiments are of limited validity when applied at 

the field scale. They do, however, give a qualitative 

indication of the maximum amount of adsorption that may 

occur in a given medium. 

Smith and Davis (1974) performed batch experiments 

in which they used native soils having 0.1 to 3.0 percent 

organic carbon as the sorbent. The soils were incubated 

from 1 to 4 weeks in a 400 mg/1 bromide solution and bromide 

sorption was negligible. In another example, Tennyson and 

Sedergren (1980) ran batch tests on silt-loam soils with a 

series of five low concentrations of bromide (0.03 to 2.35 

mg/1). Soil samples with a soil/liquid ratio of 100 g/1 

were agitated for 20 minutes. No significant bromide 

adsorption was observed. 

In this study, activated charcoal and a 1 mg/1 

solution of bromide and were combined in a glass beaker with 

a solid/liquid ratio of 43.6 g/1. The mixture was stirred 

then allowed to incubate. Samples of the sorbate were 
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extracted at half-hour intervals and bromide concentrations 

were determined immediately by HPLC. 

Figure 4.5 shows the aqueous bromide concentration 

versus time. Bromide was rapidly sorbed to the charcoal and 

reached equilibrium after approximately half an hour, when 

approximately 10 percent of the original bromide had 

adsorbed. Activated charcoal has a large external and 

internal surface area, therefore a greater degree of 

adsorption is expected than would occur in nature. This 

experiment suggests that little bromide will sorb on organic 

matter, with a maximum of 10 percent of the original bromide 

removed from solution. Because most natural soils and 

aquifer materials contain a low percentage of organic 

matter, removal of bromide by sorption is expected to have a 

negligible effect on the CI/Br ratios in water in the 

unsaturated zone or in ground water. 

4.1.3 Sample collection and storage experiments 

A group of year-long experiments were performed to 

determine if CI/Br ratios in urban runoff samples are 

altered by collection and storage procedures. The 

dependence of bromide and chloride concentrations on 

filtration time and storage at different temperatures was 

investigated. 
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Filtering Experiment. An experiment was designed to 

determine if immediate filtering is necessary in order to 

evaluate chloride and bromide concentrations accurately. 

Portions were removed from an unfiltered sample of urban 

runoff at intervals over a ten month period. These sub-

samples were filtered, and the filtrate was analyzed by ion 

chromatography. The sediment was collected on a glass fiber 

filter and analyzed for total bromine by NAA. All data are 

presented in Appendix A. 

The measured CI/Br ratio of the filtrate oscillated 

over the length of the experiment, but much of this 

variation can be attributed to analytical error. Bromine 

was detected in the sediment filtered from the sample; 

however, bromine concentrations of the sediment and the 

filtrate could not be correlated. It is not known if the 

bromine in the solid fraction is derived from sorption from 

the sample solution, or if it was originally incorporated in 

the particulate matter. Because the bromide concentration 

in solution did not change significantly with time, the 

latter hypothesis seems more likely; however, sorption to 

the particulate fraction from solution cannot be ruled out. 

To avoid this possibility it is recommended that urban 

runoff samples and other turbid samples be filtered soon 

after collection. 
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Temperature Effects. An experiment was performed to 

determine the effect storing samples at room temperature has 

on the CI/Br ratio. A 1 mg/1 solution of sodium bromide was 

placed in two identical 500 ml nalgene sample bottles. One 

container was stored at room temperature; the other 

container was refrigerated. After approximately one year of 

storage, the two samples were analyzed by ion 

chromatography. The CI/Br ratios of the refrigerated and 

unrefrigerated sample were 1.1 mg/1 and 0.96 mg/1, 

respectively. Because these values are within the range of 

analytical error, it can be concluded that samples are not 

altered by storage at room temperature. 

4.2 Volatilization Experiments 

Bromide is more soluble than chloride. As a brine 

evaporates, chloride salts precipitate first, and the 

remaining brine becomes enriched in bromide. The chloride 

salt that forms contains little bromide and has a high CI/Br 

ratio, whereas the CI/Br ratio of the brine decreases. 

Brines derived from this salt at a later time will have a 

higher CI/Br ratio than the original brine. This apparent 

loss of bromide from the brine has led some researchers to 

erroneously conclude that bromide was lost due to 

volatilization. None of the recent literature that was 

reviewed reported that bromide is lost from solution by 
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volatilization. In fact, calculations by Moyers and Duce 

(1972) indicate that this is highly unlikely. Solar 

evaporation experiments on Black Sea water (Zherebtsova et 

al., 1966) showed that bromine remained in the liquid as 

solids precipitated and was not lost to the atmosphere. 

In contrast, bromine is lost by volatilization from 

atmospheric particles. Sturges and Harrison (1985) reported 

that stored samples of atmospheric particulates lost bromine 

due to volatilization. Winchester et al. (1967b) also found 

that bromine in atmospheric particles is susceptible to 

volatilization. 

An experiment was designed to test the hypothesis 

that bromine may volatilize as a solution evaporates. 

Distilled water containing chloride and bromide was placed 

in a pan in direct sunlight and allowed to evaporate. The 

volume of water in the pan was periodically measured and 

samples were removed and analyzed to determine the CI/Br 

ratio. Chloride concentrations were determined by titration 

with mercuric nitrate (ASTM, 1981). Bromide concentrations 

were analyzed by colorimetry using phenol red (APHA, 1985a). 

The experiment was repeated three times using CI/Br 

ratios of 78, 188, and 427. All data are presented in 

Appendix A, and the results are shown in Figure 4.6. CI/Br 

ratios were not significantly altered as water evaporated. 
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4.3 Summary 

Experiments designed to examine the effects of 

adsorption and volatilization on CI/Br ratios in water 

indicated that both bromide and chloride concentrations were 

unaffected by volatilization, and bromide concentrations 

were only slightly affected by adsorption. The degree of 

bromide adsorption is dependent on the quantity of organic 

matter present, but is unlikely to exceed 10 percent. 

Storage and filtration procedures were found to have 

little effect on CI/Br ratios; thus, elaborate sample 

collection, preservation, and storage protocols are not 

required. Although evidence suggests that Cl/Br ratios are 

not altered by adsorption of bromide to solid materials, 

solids that contain bound bromide or chloride should be 

removed to avoid the possibility that these compounds may 

leach into solution. 
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TRACING URBAN RUNOFF USING CL/BR RATIOS 

In the previous chapter, the CI/Br ratio was shown 

to be largely unaffected by sorption and volatilization. 

This parameter can therefore be useful in determining the 

origin of natural waters. If rainfall, surface water and 

ground water in a particular location each have a 

characteristic CI/Br ratio, it can be used as a chemical 

fingerprint to identify zones of recharge and mixing, and to 

track water movement. 

Ground water is the sole source of water in Tucson; 

therefore, protection of ground-water quality is of major 

concern to residents. Because ground water is a limited 

resource, there is incentive to maximize all available water 

supplies. One way to do this is to enhance the recharge of 

runoff from rainfall. A drawback is that recharging this 

runoff increases the possibility that the high quality 

native ground water will be degraded. Although some 

pollutants may be removed by natural processes as the 

recharged water passes through the unsaturated zone, the 

effectiveness of these processes needs to be evaluated. If 

the runoff could be tracked after it entered the subsurface, 

its impact on the overall quality of the ground water could 

be monitored. The Cl/Br ratio may be an effective method of 
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tracking certain types of water. In this chapter, the CI/Br 

ratio of urban runoff in Tucson is examined to determine if 

it can be used to trace urban runoff that recharges the 

ground water. 

Recently, two proposed artificial recharge projects 

have generated much controversy in Tucson. One project 

would recharge water imported into the basin by the Central 

Arizona Project (CAP). The potential of using CI/Br ratios 

to trace water imported via the CAP is discussed in Appendix 

B. 

The second project, to recharge urban runoff through 

dry wells, prompted the research discussed in this chapter. 

If a characteristic CI/Br ratio can be determined for 

runoff, it could be used to identify and track runoff in the 

subsurface. Section 5.1 describes general tracer 

requirements and how well CI/Br ratios fit these 

requirements for tracing runoff. General chemical 

characteristics of urban runoff are discussed in section 

5.2. Section 5.3 describes how dry wells operate. Finally, 

section 5.4 reviews sample collection and analytical 

procedures and describes how characteristic CI/Br ratios 

were determined for the runoff. 
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5.1 Tracer Requirements. 

One way to monitor the direction and rate of flow of 

a plume of urban runoff is by using a tracer. The tracer 

may be artificially introduced into the flow system, or be a 

natural characteristic of the water. In either case, the 

background concentration of the tracer in the ground water 

must first be established. If a natural tracer is used, the 

value of the tracer in the water to be recharged must be 

known and must differ significantly from that of the ground 

water. If these conditions are satisfied, a migrating plume 

of recharged water may be detected by changes in the value 

of the tracer. 

5.1.1 Chloride and bromide tracers 

Chloride and bromide are commonly used in artificial 

tracer studies of surface water, ground water, and the 

unsaturated zone because they are not significantly affected 

by sorption or ion exchange reactions (Duce et al., 1980; 

Murry et al., 1981; and MacKay et al., 1986). Bromide has 

become increasingly popular as a tracer because background 

concentrations are relatively low, thus lower concentrations 

are required in field tests and environmental impacts are 

minimized (Tennyson and Settergren, 1980; Bowman, 1984). 

Seigel and Livermore (1984) used chloride as a 

natural tracer to determine the magnitude of anthropogenic 
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and natural chloride sources in the Mississippi River. Few 

studies using environmental levels of bromide have appeared 

in the literature. Lundstrom and 01in (1986) investigated 

natural bromide concentrations in Swedish waters to aid in 

identifying the source of the salinity. Goldowitz et al. 

(1987) studied the mixing of irrigation water with native 

ground water and water from the Colorado River. 

Many tracers commonly used in ground-water 

investigations are not appropriate for soil-water studies 

because a greater degree of sorption is expected. Bowman 

(1984) found that bromide is one of the most effective 

soil-water tracers, and used it as an index tracer to 

evaluate other potential tracers. He observed a slight 

difference in breakthrough curves using bromide and 

deuterium tracers that he attributed to the effect of anion 

exclusion. 

The anion exclusion effect arises from electrical 

repulsions between anions and films of water on negatively 

charged clay surfaces in the unsaturated zone. The water 

may be more tightly held to the clay surfaces than the 

anions in the water, with the result that measurements of 

the anion concentration may inaccurately predict movement of 

the water front (Smith and Davis, 1974). Gvirtzman et al. 

(1986) found evidence of anion exclusion effects in an 

unsaturated-zone field study which caused bromide anions to 



72 

move slightly faster than water through the unsaturated 

zone. Such effects are intensified under the following 

conditions: 

1. Low water content of the unsaturated zone, and low 
electrolyte concentrations (Bowman, 1984), 

2. Slow flow rates (Smith and Davis, 1974), and 

3. High clay content in the soil (Gvirtzman et al., 
1986). 

Because both chloride and bromide are similarly affected by 

anion exclusion (Smith and Davis, 1974), the CI/Br ratio of 

the water is expected to be relatively unaffected by this 

phenomenon. Bowman and Rice (1986) did not detect anion 

exclusion effects in a field study using bromide to monitor 

intermittent flood irrigation. 

CI/Br ratios are potentially useful to trace the 

movement of urban runoff because runoff contains an elevated 

level of bromide from anthropogenic sources. In addition to 

tracking recharged runoff, CI/Br ratios may be used to: 

1. Evaluate the maximum zone of influence of urban 
runoff recharged by dry wells. 

2. Evaluate the effectiveness of dry wells and the 
unsaturated zone at improving the quality of the 
recharged water. 

3. Distinguish between urban runoff and other 
anthropogenically altered waters that threaten to 
pollute water resources. 
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5.1.2 Sources of Chloride and Bromide in Runoff 

The Tucson basin contains both natural and 

anthropogenic sources of chloride and bromide. Sources of 

chloride are far more common than sources of bromide, and 

chloride concentrations are approximately two orders of 

magnitude higher than bromide concentrations. Both are 

derived from non-point sources such as rainfall, irrigation 

return flow, and urban runoff, and point sources such as 

sewage effluent and industrial discharges. Industrial 

discharges and irrigation return flow have not been 

considered in this study. 

Automobile exhaust emissions are the major non-point 

source of bromide in the Tucson urban area. Lead is added 

to gasoline as an anti-knock agent in the form of tetraethyl 

lead. Ethylene dibromide, which is added as a scavenger, 

reacts with the lead during combustion, forming a particle 

of lead dihalide (predominately PbBrCl) which is expelled in 

the automobile exhaust (Harrison and Sturges, 1983). Lead 

to bromide ratios have been used to distinguished between 

atmospheric particles from urban and rural sites (Sturges 

and Harrison, 1986). The bromide contained in the lead 

dihalide is very soluble and is preferentially leached, 

resulting in the characteristic high levels of bromide in 

urban runoff (Sollars et al., 1982). 
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5.2 Quality of Urban Runoff 

The chemical characteristics of urban runoff can 

vary considerably in both time and space. Although runoff 

chemistry depends to a large extent upon the particular 

catchment area, in general it contains constituents which 

are undesirable even at low concentrations. The chemical 

makeup of the runoff is altered as water infiltrates through 

the unsaturated zone. 

5.2.1 Chemical Constituents in Runoff. 

Urban runoff typically contains significant levels 

of heavy metals, pesticides, and hydrocarbons, but 

relatively low concentrations of inorganic constituents. In 

a nationwide study of urban runoff quality, runoff samples 

were analyzed for 129 priority pollutants (Terstriep et al., 

1986). A total of 77 were found, 14 of which were inorganic 

and 63 of which were organic. Metals and cyanides were the 

most frequently found pollutants, present in 91 percent of 

all samples, at levels which often exceed criteria 

established by the U.S. Environmental Protection Agency. 

Organic priority pollutants were less common, and 

concentrations tended not to exceed toxicity criteria 

(Terstriep et al., 1986). 

A study by Olson (1987) found high levels of 

organics, pesticides, and heavy metals (Pb, Mn, Fe, Zn, Cu, 

and Cd) in runoff in Tucson. Biological contaminants (E. 
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Coli, Fecal Streptococci, etc.) were present in runoff, but 

were largely removed during infiltration (Wilson, 1983). 

Urban runoff typically contains high levels (34 to 

190 mg/1) of dissolved organic carbon (DOC) (Brown and 

Caldwell, 1984). When water containing bromide and high 

levels of DOC is chlorinated using standard treatment 

processes, bromated trihalomethanes (THM) are formed. 

Ingestion of these THM's poses a health risk. Even 

relatively low bromide concentrations in untreated water 

prior to treatment will increase the total amount of THM in 

treated water (Oliver, 1980; Minear and Bird 1980). Because 

there are no known economically feasible methods for 

removing bromide from water supplies (AWWA, 1985), utilities 

have the option of obtaining a different source of water, or 

experimenting with different types of disinfectants in order 

to decrease THM in treated waters. If recharged urban 

runoff is not sufficiently diluted by the native ground 

water by the time it enters a municipal well, elevated 

levels of bromide and DOC may produce high levels of THM in 

treated water. 

5.2.2 Variability in Runoff Quality 

The quality of urban runoff varies widely in time 

and space making characterization difficult. In general, 

the pollutant load is derived from non-point sources and 

depends on storm and site characteristics, including: 
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1. Rainfall volume. 

2. Rainfall duration. 

3. Rainfall intensity. 

4. Catchment size. 

5. Pollutant source. 

6. Antecedent dry period. 

7. Traffic intensity. 

Concentrations of all chemical species are highest 

in the "first flush", at the onset of rainfall, and decline 

thereafter (Mar and Horner, 1982). This typical trend is 

shown in Figure 5.1, which illustrates the change in 

concentrations of lead and bromide in urban runoff during a 

rainfall event. Intense bursts of rain during a storm may 

cause pollutant concentrations to surge higher than those in 

the first flush. However, pollutant concentrations are 

generally highest in the first flush and decline as rainfall 

continues until concentrations become identical to those 

found in the rainfall. 

5.2.3 Alteration of Runoff Quality. 

Water can be chemically altered as it moves through 

the unsaturated zone. Because of this, recharge is 

sometimes considered a method of water treatment. The 
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Figure 5.1 Changes in the concentration of lead and 
bromide in urban runoff during a storm event 
(modified from Sollars et al.; 1982). 
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effectiveness to which recharge and natural processes 

removes pollutants needs to be better evaluated. Pesticides 

and polycyclic aromatic hydrocarbons may be oxidized, 

biodegraded, adsorbed to soils, or precipitated out of 

solution during infiltration. In a study of recharge of 

urban runoff via dry wells, Wilson (1983) found that 60 to 

80 percent of heavy metals and 99 percent of biological 

pollutants were removed during infiltration. Inasmuch as 

only one virus is needed to cause disease, the potential for 

biologic pollution cannot be neglected. Some constituents, 

such as heavy metals and viruses, sorb to the solid fraction 

and are largely retained in the settling tank of the dry 

well. 

Less is known about the fate of dissolved organic 

carbon in urban runoff. Because of the low organic content 

of desert soils, humic and fulvic acids are not expected to 

be effectively removed from urban runoff as it infiltrates 

(Johnson, 1987). Wilson et al. (1985) injected a simulated 

solution of urban runoff containing high levels of organic 

carbon and heavy metals into an experimental dry well in 

Tucson. Samples collected at monitoring wells located a 

distance of 50 feet from the dry well contained 

approximately 50 percent of original pollutant 

concentrations. 
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The chemical impact of recharge on soils and ground 

water was evaluated at the Fresno Metropolitan Flood Control 

District in California, which is part of the Nationwide 

Urban Runoff Program. It uses small retention basins to 

recharge urban runoff and imported surface water 

(Nightingale et al., 1985). Soil characteristics that were 

found to decrease the mobility of contaminants in the 

unsaturated zone (Brown and Caldwell, 1984) include: 

1. High percentage silt and clay. 

2. High cation exchange capacity. 

3. High pH. 

4. Aerobic conditions. 

5. High organic carbon content. 

Organics which were present in the runoff were 

virtually absent below the top 24 cm of soil; most heavy 

metals were removed in the upper 30 cm. However, when 

imported surface water, which had a different chemical 

composition than the runoff was recharged in the same 

basins, lead was remobilized and leached out of the soil. 

Olson (1987) collected sediments from dry well 

settling chambers at residential, commercial, and industrial 

sites and analyzed them for priority pollutants. All 

sediments contained polyaromatics, phthalates, metals, and 

pesticides, yet ground water in the vicinity of the dry 

wells showed no evidence of contamination. Organic 
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pollutants were not detected in the vadose zone, but metals 

were found at low concentrations. 

Schwartzenbach et al. (1983) examined the chemical 

alteration of water infiltrating through river sediments to 

a water table aquifer. They found that natural processes 

did not adequately remove all organic pollutants from the 

recharging water, although many pollutants were eliminated 

in the first few meters by biological transformation. While 

certain pollutants were only removed under aerobic 

conditions, others were persistent under any condition. 

Aquifers having a low organic content were less effective at 

removing most organic pollutants. 

A field study conducted in Phoenix, Arizona 

(Schmidt, 1985) found that dilution of contaminated ground 

water by recharged runoff may mitigate adverse effects on 

the overall water quality. 

Because the unsaturated zone offers only limited 

opportunity for dilution, runoff will usually not be 

significantly altered by dilution with pre-existing soil 

water. Anion exclusion effects are expected to be 

negligible because water velocity is relatively fast. Also 

because both chloride and bromide are mono-valent anions, 

they are similarly affected, and the ratio of the 

concentrations of these two species should remain the same. 
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5.3 Dry Wells: Design and Operation. 

The urbanization of the Tucson basin, which has 

enlarged the area of paved surfaces, has reduced 

infiltration and increased the volume of runoff. The Pima 

County Floodplain Management ordinance 1983-FCI stipulates 

that newly designed developments must dispose of the 

increased quantities of water on-site. Many real estate 

developers view dry wells as an economical and effective 

solution to this problem. Although more than 10,000 dry 

wells have been installed in the Phoenix area (McGuckin, 

1987), the Pima County Board of Supervisors temporarily 

banned their construction in Tucson in response to concerns 

that ground-water quality might be degraded. In 1986, 

following a review of dry well studies the ban was 

rescinded; by the end of 1987, approximately 200 dry wells 

had been installed in the Tucson area (McGuckin, 1987). Dry 

wells are regulated by Pima County under the Interim Dry 

Well Policy. 

Dry wells are designed to rapidly convey urban 

runoff into the unsaturated zone. A schematic of the most 

widely used dry well installation in Arizona (McGuckin 

Drilling's "Maxwell III") is shown in Figure 5.2. Runoff 

flows into the dry well and much of the solid fraction 

settles onto the filter at the bottom of the settling tank. 

Water flows through the filter to a gravel pack. 
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Alternatively, if the water level is high enough, 

the runoff is transported directly to the lower section of 

the dry well via an overflow pipe. After passing through 

the gravel, the water infiltrates through the unsaturated 

zone until (in theory) it reaches the water table. 

Proponents allege that runoff recharged by dry wells 

will not have an adverse effect on ground-water quality 

because: 

1. Many potential ground-water pollutants are removed 
by natural processes during infiltration, and 

2. Pollutants that do reach the ground water are 
diluted by mixing. 

This hypothesis is supported by a study sponsored by the 

Maricopa Association of Governments (MAG) of a dry well site 

in Phoenix (Schmidt, 1985) which concluded that ground-water 

quality was not degraded by recharging runoff. Because the 

dry wells used in the MAG study penetrated the water table, 

thereby eliminating unsaturated zone filtering, the study 

claims to be a worst case scenario; however, the Phoenix 

situation differs from that of Tucson in a number of 

significant ways. The Tucson aquifer has been designated as 

a sole-source aquifer by the U.S. Environmental Protection 

Agency, whereas Phoenix has two aquifers and extensive 

surface water resources. Secondly, the upper aquifer in 

Phoenix, which receives most of the runoff recharged by dry 

wells, is already heavily polluted. Finally, caliche layers 
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and perched aquifers in the Tucson basin make it more 

difficult to predict the migration of a plume of recharged 

urban runoff, and increase the possibility that the plume 

might migrate laterally and contaminate a supply well 

(Wilson, 1983). 

Guidelines for dry-well construction imposed by the 

Pima County Board of Supervisors require a minimum distance 

between a dry well and the water table of 75 feet in 

residential areas, and 125 feet in commercial areas 

(Christman, 1986). This distance is presumed to be adequate 

to allow most pollutants to be removed by filtration, 

sorption, or biodegradation. The Pima County guidelines 

also establish a minimum horizontal distance between dry 

wells and municipal water wells of 300 to 500 feet to avoid 

contaminating municipal wells (Olson, 1987). The guidelines 

were based in part on a computer simulation of dry well 

recharge in media containing an impermeable layer in the 

unsaturated zone (Bandeen, 1984). Such perching layers are 

common in the Tucson basin and may control the flow field 

during recharge. The study concluded that locating dry 

wells a distance of 100 feet from municipal wells would be 

sufficient to protect them from a laterally migrating plume 

of runoff. 
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5.4 Sample Collection and Analysis 

To determine if urban runoff in Tucson can be 

characterized by a Cl/Br ratio, 29 samples were collected 

over a one year period. Although the urban runoff ratios 

were found to be highly variable, a characteristic ratio was 

determined. Statistical distributions of chloride and 

bromide were used to evaluate the variability in the Cl/Br 

ratios, and interrelationships among samples. 

5.4.1 Sampling and Analytical Methods 

Samples of runoff were collected from both major 

roads and residential streets in the urbanized center of the 

Tucson basin (Figure 5.3). The runoff samples were derived 

primarily from intense summer thunderstorms that generate 

large volumes of runoff. 

Because the concentrations of chemical species in 

urban runoff become increasingly diluted as the volume of 

rainfall increases, the Cl/Br ratio of the samples ranges 

from a low value characteristic of the first flush to a 

higher value that is characteristic of rainfall. In order 

to establish a characteristic range of ratios, first flush 

samples were collected at the onset of runoff. Time-series 

samples were also collected to monitor changes in Cl/Br 

ratios as rainfall continued. 



NORTH 

TORTOLITA MOUNTAINS 

SANTA CAT ALINA MOUNTAINS^ 

TUCSON MOUNTAINS 

TUCSON 

SANTA CRUZ RIVER 

LEGEND 

STUDY AREA 

Q SEWAGE TREATMENT FACILITY 
SANTA "RITA^ MOUNTAINS 

Figure 5.3 Map of Study Area. 00 <J\ 



87 

Samples were collected directly from roadside 

gutters in either 500 ml nalgene bottles, or 1/2 gallon 

plastic bottles which had been cleaned with deionized water. 

Bottles were rinsed with runoff immediately prior to sample 

collection. Each sample was filtered through 0.45 nm glass 

filter paper soon after collection, stored at room 

temperature, and analyzed by ion chromatography. Results of 

the analyses are shown in Appendix A, and in Figure 5.4, a 

graph of chloride versus bromide. 

Composite runoff samples were not collected because 

the range of sample concentrations derived from the entire 

length of a storm represents the mean chemical concentration 

for the event. Although the mean CI/Br ratio of the total 

runoff event may be useful for modeling purposes, it does 

not aid in determining the range of CI/Br ratios that are 

found in urban runoff samples. 

5.4.2 Statistical Analysis 

Driscoll (1986) found concentrations of pollutants 

in urban runoff to be log-normally distributed. Statistics 

generated for chloride and bromide concentrations, the CI/Br 

ratio, and for logged values of the species are shown in 

Table 5.1. 

Histograms of the concentrations of chloride, 

bromide, log chloride, and log bromide (Figures 5.5 a-d) 
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Table 5.1 Urban Runoff Statistics. 

CI Br CI/Br loa CI loa Br 

MEAN 8.1 0.35 33.7 0.71 -0.75 

MEDIAN 5.8 0.14 33.0 0.76 -0.85 

RANGE low 
high 

0.55-
41.1 

0.25-
1.82 

9.0-
75.0 

-0.26-
1.61 

-1.6-
0.26 

ST. DEV. 8.7 0.47 18.1 0.44 0.52 

COEF. VAR. 1.1 1.3 0.54 0.63 0.69 

SKEW 2.4 2.1 0.52 -0.20 0.27 

KURTOSIS 7.3 3.9 0.61 -0.16 -0.45 

Table 5.2 Multivariate Statistics. 

CI vs. Br LocfCl vs. LoaBr 

r 0.63 0 .86 

r2 0.39 0. 74 

best line CI = 11. 6*Br +4.1 LogCl = 0.74 * 
+ 1.26 

LogBr 

Student T <0.0001 <0 .0001 
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suggest that both chloride and bromide concentrations are 

log-normally distributed. 

A multiple regression of chloride and bromide 

concentrations and log chloride and log bromide produced a 

higher correlation coefficient for the log-transformed 

variables (0.86) than for the untransformed variables (0.63) 

(Table 5.2 on page 78). Results of an F-test, which 

evaluates how well the model fits the data, indicate that 

there is a very low probability (0.0001) of obtaining either 

correlation coefficient if the variables are not correlated. 

These results strengthen the hypothesis that the populations 

are' log-normally distributed. 

Because of the statistical distribution of the data, 

and bromide and chloride values that vary over 3 orders of 

magnitude, data are represented more clearly in a log 

chloride versus log bromide plot than on a linear plot. 

Figure 5.6, which is a plot of the same data as Figure 5.4 

but on a logarithmic scale, reduces the spread in the data 

and shows the trends more clearly. However, the 

relationship between the slope of a line and the ratio of 

the two axes on a log scale is not as easily interpreted as 

on a linear scale. If the best-fit line on a linear plot 

passes through the origin, the slope of that line is equal 

to the average Cl/Br ratio. Because the CI/Br ratio is the 

conventional parameter used to characterize a type of water, 
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and is easily represented graphically, it is used in this 

study. In addition, this facilitates the comparison of 

CI/Br data obtained in the Tucson Basin with data from other 

areas. 

5.4.3 Characteristic CI/Br ratio of Tucson Urban Runoff 

The CI/Br ratio of urban runoff samples collected in 

the Tucson Basin ranges between 9 and 165, averages 34, and 

has a coefficient of variation of 0.54 (Table 5.1). The 

coefficient of variation is in the same range as those 

reported by Terstriep et al. (1986) for other chemicals in 

urban runoff. The average is represented in Figure 5.4 as 

the slope of the best fit line. 

5.5 Summary 

A characteristic CI/Br ratio of 34 was determined 

for urban runoff samples from the Tucson basin. Because 

both chloride and bromide are conservative species, they 

will move with the recharging urban runoff. If the ratio is 

significantly different from that of the native ground 

water, the Cl/Br ratio can be used to identify plumes of the 

urban runoff in the subsurface. 

The simplicity of sample collection and low cost of 

analyses are two advantages to using Cl/Br ratios to trace 

urban runoff. The main disadvantage arises from the 

possibility that urban runoff may be diluted to the extent 
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that no change can be detected in the CI/Br ratio of the 

ground water. However, such negative evidence would 

indicate that recharged runoff was heavily diluted. Thus, 

monitoring CI/Br ratios of ground water in the vicinity of 

dry wells is useful both to trace runoff that has adversely 

affected the ground-water quality, and to provide evidence 

that dry-well installations have not degraded water quality. 
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COMPARISON OF CL/BR RATIOS IN TUCSON WATERS 

Local variations in the Cl/Br ratio may arise 

naturally due to the presence of evaporite deposits, or the 

migration of waters from one zone to another along faults 

and fractures. Anthropogenically altered waters that 

recharge the subsurface may locally alter the Cl/Br ratio of 

the ground water. Such anthropogenically altered waters 

include: irrigation return flow, agricultural runoff, 

sewage effluent, urban runoff, industrial wastewater, and 

mixed waters from interbasin transfers. 

This chapter discusses Cl/Br ratios of waters 

sampled in the Tucson basin to establish a baseline for 

tracer studies. Section 6.1 compares the Cl/Br ratios of 

rainfall, sewage effluent, urban runoff, and ground-water 

samples collected in Tucson. Section 6.2 summarizes the 

results of a study by Koglin (1984) on Cl/Br ratios in 

ground water collected from shallow wells in the Tucson 

basin. Finally, section 6.3 is a geostatistical analysis of 

data collected from shallow wells. 

6.1 Cl/Br Ratios of Water Sources in Tucson 

Sources of ground-water recharge were sampled in 

this study and in a study by Koglin discussed in section 
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6.2. The ratios of the sources are presented below and 

their spatial distribution in the Tucson basin is discussed. 

The Tucson basin in south-central Arizona is a 

gently sloping valley surrounded on all sides by mountains. 

Basin sediments form a single aquifer, which is the sole 

source of water for the city 

The basin receives an average of 35 cm. of rain 

annually, most of which is lost by evaporation and 

transpiration. Rivers are dry most of the year, flowing 

naturally only as a result of runoff from precipitation. 

Ground-water recharge occurs primarily by underflow through 

the margins of the basin and infiltration of runoff and 

sewage effluent through streambeds. Effluent has been 

discharged into the bed of the Santa Cruz River since 1951. 

6.1.1 Sources of Chloride and Bromide 

Rainfall is the most uniformly distributed natural 

source of both chloride and bromide in the Tucson basin. 

Both ground water and runoff are derived originally from 

rainfall, which occurs as a result of summer and winter 

storms. Summer storms are monsoonal, typically of higher 

intensity, and produce abundant runoff. Winter storms are 

cyclonic, and result in gentle rains of longer duration. 

All rainfall samples were collected from summer storms. 
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Urban runoff originates from precipitation which 

falls on impervious urban surfaces. Particles are emitted 

in automobile exhaust and washed from the road surface by 

rain are a major source of bromide in urban areas. The 

bromide in these particles is highly soluble and enriches 

the runoff water in bromide relative to chloride. 

Sewage effluent is produced by the Ina Road and 

Rodger Road Wastewater Treatment Facilities. It is enriched 

in chloride relative to bromide, probably due to domestic 

use of salt. In the past, the City of Tucson provided 

sewage effluent for crop irrigation. Beginning in 1955, 

farmers in the Cortaro area used treated effluent to 

irrigate their fields. Approximately 1,700 acres were 

irrigated between 1955 and 1970. Since 1970 the majority of 

the effluent has been discharged to the Santa Cruz River, 

with minor amounts used for irrigation. 

Soil fumigants and pesticides may contain bromine 

compounds that can be leached by rainfall or irrigation 

waters. Although the sale of some bromide-containing 

pesticides such as EDB and DBCP has been banned in the 

United States by the U.S. Environmental Protection Agency, 

methyl bromide is still used as a soil fumigant. Wegman et 

al. (1983) found high bromide concentrations in water 

drained from soils that had been treated with methyl 

bromide. Terao et al. (1984) determined that high bromide 
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concentrations in unconfined ground water was due to the 

degradation of a pesticide containing 1-2 dibromomethane. 

6.1.2 Sampling and Analysis. 

In this study, a total of five rainfall samples were 

collected from the center of the basin and the Tucson 

Mountains. No significant difference was found in either 

the magnitude of the concentrations or the CI/Br ratios 

between samples from the two locations. Koglin collected 

two rainfall samples, one of which was contaminated. The 

clean rainfall sample had a CI/Br ratio that is in the same 

range as those determined in the present study. 

Sewage effluent was sampled from the outfall pipe at 

two treatment plants. In this study and in Koglin's study, 

one sample was collected from each plant. CI/Br ratios of 

all samples are similar. 

This study focused on determining a characteristic 

ratio for urban runoff. Twenty-nine samples of the first 

flush of runoff were collected over a two year period. 

Koglin collected five runoff samples, two of which are first 

flush samples. 

Bromide concentrations were analyzed by neutron 

activation analysis and ion chromatography. Chloride 

concentrations were determined by colorimetry and ion 

chromatography. All data are presented in Appendix A. 



99 

6.1.3 CI/Br Ratios of Different Sources 

In order to use CI/Br ratios to differentiate 

between waters of different origin, the ratios must be 

distinct from one another. Table 6.1 shows that average 

ratios of waters of different origin are dissimilar enough 

to allow samples to be distinguished. 

Table 6.1 Chloride/Bromide Ratios in Tucson Waters. 

SAMPLE # MEAN RANGE SD CV 

Urban runoff 27 34 9-75 18 0.54 

Precipitation 6 86 35-165 49 0.57 

Ground Water 97 166 69-204 107 0.58 

Sewage Effluent 4 416 275-521 107 0.26 

The bar graph, shown in Figure 6.1, plots a range of 

one standard deviation about the mean of the ratio for urban 

runoff, ground water, and sewage effluent. 

The range of CI/Br ratios of rainfall in Figure 6.1 

overlaps both the upper range of urban runoff and the lower 

range of ground water. This is understandable, as both 

urban runoff and ground water are derived from rainfall. A 

plot of log chloride versus log bromide (Figure 6.2) shows 

the interrelationship between rainfall and runoff samples 

more clearly. As runoff samples become more dilute in the 

latter stages of the rainfall event, the two populations 
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become less distinct. The five rainfall samples collected 

in this study had an average ratio of 86 and a coefficient 

of variation of 0.57. If Koglin's sample is included, the 

ratio becomes 89 and the coefficient of variation drops to 

0.50. Clearly, more data are needed to determine the 

average ratio of rainfall. The ratio of rainfall samples is 

approximately 70 percent that of the ground water. 

Sewage effluent samples have an average CI/Br ratio 

of 416 and a coefficient of variation of 0.26. The average 

effluent concentration is approximately 300 percent of the 

average ratio of ground water. The characteristic ratio of 

runoff samples is 34 and a coefficient of variation of 0.54, 

which is 25 percent that of the ground water. 

Time-series samples of runoff from three rainfall 

events were plotted in Figures 6.3 and 6.4, with time 

vectors connecting members of each series. Figure 6.3 shows 

that the magnitude of chloride and bromide concentrations 

decreases as the rainfall event progresses. 

Figure 6.4 shows that the Cl/Br ratio of samples 

increases with time. The ratio in one pair of samples (11 

and 12) increases from 26 to 65 in 55 minutes. The increase 

is clearly due to the dilution of runoff concentrations by 

additional rainfall, and the corresponding change in the 

dominant sources of chloride and bromide. These Cl/Br 
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ratios indicate a state of transition between runoff and 

rainfall. 

Figure 6.5 is a composite plot of all samples 

collected in the Tucson basin. It shows the relationship 

between urban runoff, rainfall, sewage effluent, and ground 

water. Sample populations are distinct at most 

concentrations, but very dilute concentrations of ground 

water and runoff are difficult to distinguish from rainfall. 

A plot of the same data on a linear scale (Figure 

6.6), with best fit lines drawn through the data, 

illustrates the differences in Cl/Br ratio of the samples. 

Using the slope of the best fit line to approximate Cl/Br 

ratios leads to the same values for the ratios of these 

waters as those in Table 6.1. 

An alternative method of distinguishing among 

different types of water is to plot Cl/Br versus CI 

(Whittemore, 1984). The curves defining the boundary of the 

mixing zones are calculated by mixing varying amounts of 

uncontaminated water with pure source, using the endpoints 

in calculations. An advantage of this technique is that it 

allows the zones of influence of the different sources to be 

readily distinguished. 

If two clusters of data have slightly different 

Cl/Br ratios, they can be identified using a plot of 

rainfall and runoff samples as shown in Figure 6.7. One 
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cluster of urban runoff samples has an average CI/Br ratio 

of 40, while the other has an average ratio of approximately 

85. More rainfall samples are needed to define this zone 

more clearly. In a similar plot of all data collected in 

the basin, shown in Figure 6.8, clusters of data can be 

distinguished, corresponding to samples of urban runoff, 

rainfall, ground water, and sewage effluent. Boundaries 

separate mixing zones of ground water and these sources. 

Principal components analysis was used to group 

anomalous Cl/Br ratios in the basin, as previously 

discussed. Wells with lower than average Cl/Br ratios are 

widely scattered throughout the basin. Ground water from 

four wells (23,27,47, and 97) have Cl/Br ratios that fall 

within two standard deviations of the mean Cl/Br ratio of 

urban runoff. The first well is in the most highly 

urbanized part of the basin, the next two are near the 

Canada del Oro river, and the last well is in a sparsely 

populated area. Lower Cl/Br ratios in these wells may be 

due to the influence of infiltration of surface runoff or 

rainfall. This is discussed in more detail in section 

6.3.3. 

6.2 Cl/Br ratios in the Tucson Basin 

Koglin (1984) analyzed water from shallow wells in 

Tucson to determine the distribution of bromide in the 
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Tucson basin. His study evaluated the possibility of using 

bromide as an environmental tracer to determine sources of 

natural and artificial ground-water recharge. Koglin 

calculated a natural background CI/Br ratio of 130 for 

uncontaminated ground water, and identified wells which have 

bromide concentrations and ratios that differ significantly 

from background values. Based on bromide concentrations, 

Koglin was able to separate ground water into zones having 

different chemical characteristics and to relate this to the 

hydrogeology of the basin. 

6.2.1 Sampling and Analysis 

Koglin sampled 107 private and municipal wells in 

the Tucson basin. Most of the wells penetrate approximately 

300 feet of basin-fill sediments, and are screened for their 

entire length below the water table. Because of this, 

chemical and physical parameters cannot be correlated with 

depth. 

Most wells were pumped for two hours prior to 

sampling, and temperature, conductivity, alkalinity, and pH 

were measured in the field. Bromide concentrations were 

determined using neutron activation analysis. Chloride was 

analyzed by titration with mercuric nitrate. 
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6.2.2 Results and Conclusions 

Bromide concentrations of Tucson ground water ranged 

from 0.036 to 2.240 mg/1. Koglin delineated four zones of 

bromide concentration (Figure 6.9) that run roughly parallel 

to the Santa Cruz River. These zones correlate with those 

described in previous assessments of the water quality in 

the basin (Koglin, 1984). The quality is worst in the 

vicinity of the Santa Cruz River and improves in the center 

of the basin. 

Koglin cited an average Cl/Br ratio of 130 for 

uncontaminated ground water in the Tucson basin. He based 

this value on the arithmetic mean of the ratios of samples 

collected in the central zone, which he judged to have been 

the least influenced by human activity. Cl/Br ratios are 

approximately uniformly distributed, suggesting that ground 

water in the basin is derived originally from rainfall. 

In locations where bromide concentrations are 

anomalously high or low, the Cl/Br ratio may provide 

information about additional sources of water. For example, 

sewage effluent, which has a higher than average ratio, is 

thought to be the source of high bromide concentrations 

found in the northwestern part of the basin. Although some 

of the highest bromide concentrations are found near the 

eastern margin of the basin, the Cl/Br ratios in this area 
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are similar to those of uncontaminated ground water. Koglin 

attributed the high bromide concentrations to brines derived 

from playa deposits found in the area. 

6.3 Geostatistical Analysis 

A geostatistical analysis of Koglin*s data provides 

a quantitative analysis of the spatial distribution of 

bromide in the Tucson basin. Using the statistical 

distribution of the CI/Br ratio and bromide and chloride 

concentrations, the average CI/Br ratio of the ground water 

was calculated using three different methods. In general, 

Koglin's conclusions are supported by the geostatistical 

analysis. The software packages Bluepack and RQ were used 

in the kriging and multivariate analyses, respectively. 

6.3.1 Statistical Distribution 

Statistics were generated for chloride and bromide 

concentrations and the CI/Br ratio using the software 

package SPSS-PC+, and values obtained are shown in Tables 

6.2 and 6.3. The statistics and the histograms of bromide 

and chloride concentrations (Figures 6.10a through 6.10c) 

suggest that all of these populations are log-normally 

distributed. 
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Table 6.2 Statistics of Chloride and Bromide Concentrations 
in Ground Water 

CI Br CI/Br loa CI loa Br 

MEAN 32.6 0.17 166.3 1.22 -0.94 

MEDIAN 12.0 0.11 139.0 1.08 -0.98 

RANGE low 2.7 0.02 41.0 0.43 -1.7 
high 332.2 2.24 575.0 2.52 0.35 

ST. DEV. 50.47 0.28 96.5 0.47 0.35 

COEF. VAR. 1.55 1.59 0.58 0.38 -0.37 

SKEW 3.8 5.7 1.97 0.62 0.95 

KURTOSIS 17.2 37.8 4.2 -0.38 1.7 

Table 6.3 Multivariate Statistics 
Concentrations in Ground Water. 

of Chloride and Bromide 

CI vs. Br Loa Cl vs. Loa Br 

r 0.87 0.91 

r2 0.76 0.83 

best line CI = 159.0*Br +4.9 LogCl = 1.24 * LogBr 
+ 2.4 

Student T <0.00005 <0.00005 
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The characteristic CI/Br ratio of uncontaminated 

ground water was determined using three different methods: 

1. The arithmetic average of all samples collected is 
166, with a coefficient of variation of 0.58. The 
median is 139. 

2. The data set was restricted, eliminating samples 
that have CI/Br ratios within two standard 
deviations of the mean ratio of urban runoff (at the 
low end of the range), and sewage effluent (at the 
high end). The mean ratio of urban runoff plus two 
standard deviations is 70, and the mean ratio of 
sewage effluent minus two standard deviations is 
200. These two values define the endpoints of the 
restricted data set. The average of these data is 
132 with a coefficient of variation of 0.23. 

3. The log-transformed data set was used to calculate a 
mean and standard deviation, and re-transformed to 
give a mean Cl/Br ratio of 154 with a coefficient of 
variation of 0.10. 

Koglin reported a ratio of 130 for ground water in 

the central zone, vv.?.ch is almost identical to that 

determined by artificially restricting the data set. Other 

methods yield ratios that are higher by 2 to 28 percent. If 

the characteristic ratio of sewage effluent can be better 

established, ground water that has been effected by 

recharged sewage effluent can be more easily identified and 

the estimate of the background Cl/Br ratio would be more 

accurate. One would expect that this ratio may be slightly 

higher than that determined by Koglin. 
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6.3.2 Kriged Estimates 

Kriging theory is based on the work of Matheron 

(1963) and Krige (1966). Delhomme (1978) was the first to 

use the theory to analyze regionalized hydrologic parameters 

such as transmissivity and hydraulic head. A rigorous 

mathematical development of kriging equations and the 

underlying theory is discussed in these papers and by 

Journal and Huijbregts (1978). 

Kriging is a method of linear data interpolation 

based on the statistical structure of the data. An analysis 

of the spatial variability of the data is used to develop 

weights used in the interpolation procedure that minimize 

the estimation error between predicted values and the true 

values of the variable. Kriged estimates of data values at 

a point are considered to be good if 1) The average estimate 

is unbiased, and 2) the estimation variance (mean square 

error) is a minimum. 

The statistical structure of a variable in space is 

described by a variogram, which estimates the variance and 

covariance between pairs of points located specified 

distances apart. Variogram models are fit to the variogram 

generated from the data. Parameters of the variogram model 

are refined until an optimal variogram can be chosen, based 

on the statistics generated in a cross-validation procedure. 

The appearance of the variogram depends on the location of 
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measured data points and changes in the variance with 

distance, rather than on the value of the variable. 

Determination of the estimation variance requires a large 

and uniformly distributed data set. 

Varioqrams and contour plots. The geostatistical 

package Bluepack was used for this analysis. Variograms 

were constructed for bromide and chloride concentrations, 

and CI/Br ratios determined by Koglin. Variograms models 

were fit to the residuals of all logged bromide 

concentrations and of the restricted data set described in 

section 6.2.1. Kriged contour plots of bromide 

concentrations produced by the Bluepack program indicate 

uniformly distributed bromide concentrations that vary in 

bands roughly parallel to the Santa Cruz River. 

The overall pattern is clearer in the map of logged 

bromide concentrations than in the map of unlogged values. 

The pattern of bromide concentration contours on the kriged 

map is similar to that shown in Figure 6.9 and on the map 

produced by Koglin (1984). 

Variogram models were fit to the residuals of both 

logged CI/Br ratios and to the restricted data set. Results 

of the cross-validation procedure indicated that the fit to 

the logged CI/Br ratios was optimal, therefore only the 

logged values were kriged. Trends in the plot are poorly 

defined, due mostly to the non-uniform distribution of the 
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sampling points which were concentrated in the center of the 

basin. Strong edge effects resulted in abnormally high 

ratios predicted for areas in which little data were 

available. The highest ratios are found along the river, 

and in the northwestern part of the basin. The lowest 

ratios are scattered in pockets throughout the central zone 

(as defined by Koglin) and may represent areas that are 

receiving infiltration from urban runoff. Maps generated by 

hand contouring and by using geostatistical methods are 

similar. 

6.3.3 Principle Components Analysis 

Principle components analysis (PCA) identifies 

parameters of the data set that are mutually dependent and 

may be eliminated, thereby reducing the size of the data 

set. Both R-mode and Q-mode analyses are used to identify 

groups of similar variables, and clusters of similar data. 

PCA, which is less sensitive to differences in the 

magnitudes of the measurements than other multivariate 

techniques (e.g. correspondence analysis), is preferred for 

this analysis because the variables range over several 

orders of magnitude. 

Seven chemical parameters reported by Koglin 

(conductivity, temperature, pH, alkalinity, chloride and 

bromide concentrations, and CI/Br ratio) were used in the 
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PCA. Of the 107 locations sampled, 37 were eliminated 

because of incomplete data records. Unfortunately most of 

these points are located in the eastern zone of the study 

area where some of the highest CI/Br ratios occur. The 

remaining 70 sampling locations were used in the analysis. 

R-mode analysis. Factors 1, 2, and 3 describe 86 

percent of the total variance of the seven variables. In 

order to show the contributions of the variables and 

locations to the factors, factors 1, and 2 are plotted 

against one another in Figure 6.11. The measured parameters 

are distributed into three groups: 

Group 1: Describes the salinity of the ground water. 
Chloride and bromide concentrations, CI/Br 
ratios, and electrical conductivity are 
strongly correlated. 

Group 2: Describes the pH and temperature of the 
ground water. Water from deeper wells has 
temperature and pH distinct form shallow 
wells. The wells in the basin are screened 
for much of their length, thus it is 
difficult to draw conclusions about the depth 
of the water from this information. 

Group 3: Describes the alkalinity of the ground water. 
This parameter appears to be independent of 
the others. 

O-mode analysis. One group of data is distributed 

along the factor 1 axis. CI, Br, CI/Br ratio, and 

conductivity increase to the left along the axis, and 

therefore these parameters characterize these wells. Wells 

that cluster at either end of the factor 1 axis contain 

water that has the highest and lowest CI/Br ratios. 
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If the wells located at the left end of the factor 1 

axis are plotted on a map of the Tucson basin (Figure 6.12), 

three areas which have higher than average CI/Br ratios are 

formed. The largest cluster of wells is in the northwestern 

corner of the map along the Santa Cruz river, north of the 

Ina Road Wastewater Treatment Facility. High CI/Br ratios 

in this area are most likely due to the infiltration of 

sewage effluent that is discharged into the river bed. The 

cluster formed near Silverbell Regional Park may result from 

return flow from past irrigation with sewage effluent. Both 

of these areas were identified by Koglin (1984). The 

southernmost patch of higher CI/Br concentrations to the 

west of Davis Monthan Air Force Base is probably associated 

with contamination from industrial activity in that area. 

Wells which plotted on the right side of the factor 

1 axis have low CI/Br ratios. The locations of these wells 

are also plotted in Figure 6.12, however the interpretation 

is more difficult. One group of wells is near the Canada 

del Oro river bed, which is a major recharge zone in this 

part of the basin. Pockets of low CI/Br are scattered 

throughout the central urbanized part of the city, possibly 

indicating areas where urban runoff recharges the ground 

water. A third area of low CI/Br ratio, to the northwest of 

the Davis Monthan Air Force Base, may be due to the 

infiltration of runoff from paved surfaces of the base. 
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Samples are also distributed along the factor 2 

axis. High temperature and pH are weakly correlated. More 

information can possibly be derived from a graph of factors 

1 and 2 that classifies the wells by depth, but this 
/ 

information was not available. 

6.4 Summary 

The baseline CI/Br ratio of uncontaminated ground 

water in the Tucson basin was determined by Koglin to be 

approximately 130. A statistical analysis of the data 

yielded ratios that ranged from 166 to 132. The lower value 

is probably the best estimate of the ratio; however, more 

data on the ratio of sewage effluent are needed to refine 

this estimate. 

Kriged plots of bromide concentration and CI/Br 

ratio indicate trends similar to those identified by Koglin. 

Zones of distinct water quality are aligned parallel with 

the Santa Cruz river, with the lowest concentrations found 

in the urbanized central zone. The lowest CI/Br ratios were 

located in this area, and also in the vicinity of the Canada 

del Oro, a major recharge area in the north of the basin. 

Principle components analysis identified pockets of 

ground water with relatively low CI/Br ratios scattered 

across the basin, suggesting that urban runoff is recharging 

the ground water in these locations. Rainfall, sewage 



126 

effluent, ground water, and urban runoff have distinct CI/Br 

ratios that can be used to distinguish waters of different 

origin that recharge the Tucson Basin. 

6.5 Additional Work 

The scope of this study was larger than the material 

covered in this thesis. Water samples were collected from 

major watersheds in Arizona in order to establish baseline 

CI/Br ratios in the following areas: 

1. The Colorado River: Lake Havasu to Yuma. 

2. Verde River: headwaters to Phoenix. 

3. Salt River: headwaters (White River and Black River) 
to Phoenix. 

Results of these preliminary investigations are presented in 

Appendix B. 
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SUMMARY AND CONCLUSIONS 

Experiments to assess the degree of conservativeness 

of bromide demonstrated that bromide concentrations are not 

affected by volatilization or by sorption to organic matter. 

Column and batch tests showed that bromide was not 

significantly sorbed to a porous media that contained 16% 

organic carbon, and that the maximum amount of sorption that 

should be expected is 10%. 

The weight ratio of chloride to bromide (CI/Br) is 

not readily altered by natural processes acting on the 

water, and can be used as an indicator of water origin. The 

background CI/Br ratio of shallow ground water in Tucson was 

calculated to be approximately 130, which is in agreement 

with the ratio determined in a previous investigation. 

Urban runoff, which has a significant anthropogenic 

input of bromide from automobile emissions, has a CI/Br 

ratio of approximately 34. This ratio can be used to 

monitor poor quality urban runoff, which is recharged 

through dry wells. 
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EXPERIMENTAL AND SAMPLE DATA 

Samples are listed by the watersheds in which they 

were collected, or by experiment. Additional data were 

collected from the Colorado River area near Yuma in a 

companion study; these are presented in Goldowitz (1989). 

Table A.l Concentrations in the Colorado River (mg/1). 

Sample [Cl]a [Cl]c [Br]c [Br]d [Br]b CI/Br 

4-7 CR-Parker 70.60 63.71 0.02 0.049 0.38 1441 
8-17 CR-CAP 64.80 67.02 0.04 0.064 0.36 1013 
18-21 CR-L.Hava 62.20 67.07 0.04 0.060 0.37 1037 
A2-2 CAP canal 59. 10 61.41 0.05 0.085 0.27 695 
A2-3 CR-CAP 56.40 55.77 0.04 0.086 0.27 656 
A2-4 Bill Will 62.20 68.07 0.26 0.55 239 
A2-5 Willow Ck 34.50 36.06 0.34 0.71 101 

Table A.2 Concentrations in the Verde River Basin (mg/1). 

Sample [Cl]a [Cl]c [Br]c [Br]d [Br]b CI/Br 

V1-V2 Verde-Rio 15.43 13.95 0.05 0.067 0.53 230 
A2-6 Verde-Lit 2.10 0.87 ND 0.010 0.37 210 
A2-7 Verde-Tuz 14. 10 12.95 0.08 0.102 0.55 138 
A2-8 Verde-Cmp 23.70 21.39 0.07 0.087 0.66 272 
A2-11 Verde-FtM 15.50 14.0 0.03 0.045 0.43 344 
SB-3 Verde-Pkv 21.80 20.48 0.14 0.85 156 
A2-9 Clear Ck 4.10 2.65 0.02 0.038 0.34 108 

a. Titration using HgN03 
b. Spectrophotometric using phenol red 
c. Ion chromatography 
d. Neutron activation analysis 
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Table A.2 Verde River Basin (continued). 

Sample [Cl]a [Cl]c [Br]c [Br]d [Br]b CI/Br 

A2-10 E Verde 2.55 1.72 0.02 0.015 0.31 170 
SB-1 Granit Ck 27.85 25.88 0.10 0.138 202 
SB-4 Beaver Ck 16.63 13.48 0.04 0.058 0.59 287 
SB-5 Dry Beave 17.61 15.85 0.07 0.083 0.44 212 
A1 GW-Montez 35.45 37.63 0.07 0.107 0.63 331 
SB-6 GW-Montez 35.67 37.45 0.08 0.109 1.60 327 
SB-7 GW-Powell 17.87 13.57 0.13 0.93 137 
SB-2 GW-Mingus 5.52 3.59 0.03 0.062 0.68 89 

Table A.3 Concentrations in the Salt River Basin (mg/l). 

Sample [Cl]a [Cl]c [Br]c [Br]d [Br]b CI/Br 

22-27 Rosvelt L 164.00 0.060 2733 
IB-1 Salt Bnk 20700.00 6.800 3044 
IB-2 E. Bnk 862.00 0.269 3204 
IB-3 Cibecue 524.00 548.00 0.08 0.142 3690 
IB-5 Ft. Apache 3.25 2.21 ND 0.017 191 
IB-6 McNary 1.10 0.021 52 
IB-7 3Forks 1.46 0.016 91 
IB-8 Diamond Rk 1.47 0.014 105 
IB-9 W Fork 1.18 0.007 169 
IB-10 Wildcat Pt 1.36 0.011 124 

a. Titration using HgN03 
b. Spectrophotometric using phenol red 
c. Ion chromatography 
d. Neutron activation analysis 
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Table A.4 Filtering Experiment: Analysis of Filtrate (F), 
Filter Papers (FP), and Water Sample TUR-8 (mg/1). 

Sample [Cl]c [Br]c [Br]d Cl/Brc 

F-l (30 May 86) 10.10 0.16 63 
F-2 (3 June 86) 9.81 0.27 36 
F-3 (5 June 86) 9.18 0.36 26 
F-4 (8 June 86) 10.31 0.38 27 
F-5 (27 Aug 86) 9.86 0.30 33 
F-6 (9 Sept 86) 9.96 0.31 32 
F-7 (14 Aug 86) 11.08 0.32 35 
F-8 (20 March 86) 9.68 0.25 39 
FP-2 (1 day decay) 0.00 
FP-3 (3 day decay) 0.04 
FP-4 (3 day decay) 0.02 
FP-5 (3 day decay) 0.05 
FP-6 (1 day decay) 0.00 
FP-7 (3 day decay) 0.04 
FP-8 (1 day decay) 0.00 

a. Titration using HgN03 
b. Spectrophotometric using phenol red 
c. Ion chromatography 
d. Neutron activation analysis 
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Table A.5 Adsorption and Preservation Experiment Using Water 
Sample TUR-11 (mg/1). 

Sample [Cl]c [Br]c [Br]d Cl/Brc 

ADS-RT 1 mg/1 Br, 1.11 
room temp. 

ADS-FG 1 mg/1 Br, 0.96 
refrigerated 

TUR-11 w/o HN03 13.94 0.60 23 

TUR-11 W/HN03 13.94 0.56 25 

Table A.6 Volatilization Experiment (mg/1) • 

Time Testl Test2 Test3 
[hr] [CI/Br] [CI/Br] [CI/Br] 

0.0 78.1 188.7 471.7 
2.5 473.4 
3.0 185.9 
4.5 462.6 
5.0 82.8 
6.5 470.4 
7.0 87.2 182.4 
8.0 81.1 
9.0 190.4 478.7 
9.7 87.3 
10.5 192.5 

a. Titration using HgN03 
b. Spectrophotometric using phenol red 
c. Ion chromatography 
d. Neutron activation analysis 



Table A. 7 Concentrations in Tucson Basin Urban Runoff 
(mg/1). 

Sample [Cl]a [Cl]c [Br]° [Br]d CI/Br 

TUR-0 i Stone/Spwy 2 .34  0.17 14 
TUR-1 1 Spwy/Park 19 .79  1 .81  11 
TUR-2 Helen/Mt 41 .12  0 .76  54 
TUR-3 Euclid/6th 5 .88  0 .35  17 
TUR-4 Euclid/5th 12 .27  1.16 11 
TUR-6 Sta Cruz R 7 .63  0 .14  55 
TUR-7 Euclid/5th 13 .48  1 .57  9 
TUR-8 Norton/5th 10 .22  0 .28  37 
TUR-9 Univ/Euclid 12 .43  0 .25  50 
TUR-10 U of A 2 .43  0 .14  17 
TUR-11 Euclid/5th 13 .75  0 .53  26 
TUR-12 Euclid/5th 5 .79  0 .07  0. 089  65 
TUR-13 Cherry/9th 4 .39  0 .16  27 
TUR-14 Mt/Grant 3 .67  0 .05  0. 049  75 
TUR-16 E. Elida 7 .46  0 .13  57 
TUR-17 E. Elida 2 .88  0 .09  0. 077  37 
TUR-18 N. Cherry 7 .10  0 .14  51 
TUR-19 N. Cherry 1 .25  ND 0. 027  46 
TUR-20 Park/6th 22 .62  0 .75  30 
TUR-21 Euclid/5th 4 .49  0 .08  0. 128 35 
TUR-22 4th Ave/1st St 3 .50  0 .06  0. 082  43 
TUR-23 Vine/Edison 1 .72  0 .03  0. 045  38 
TUR-24 Stone/Flores 6 .57  0 .30  22 
TUR-25 Univ/Euclid 2 .03  0 .07  0. 129 16 
TUR-26 La Madera Dr 0 .81  ND 0. 029  28 
TUR-27 2nd Ave/Tyndall 3 .72  0 .21  18 
TUR-29 Lee/Mt 0 .55  ND 0. 025  22 

a. Titration using HgN03 
b. Spectrophotometric using phenol red 
c. Ion chromatography 
d. Neutron activation analysis 



133 

Table A.8 Concentrations in Tucson Basin Rainfall (mg/1). 

Sample [C l ] a  [C l ] c  [Br ]c [Br ] d  CI/Br 

RF-1 0 .67  ND 0 .012  56 
RF-2 0 .46  ND 0 .013  35 
RF-3 0 .66  ND 0 .004  165 
RF-4 1.10 0 .013  85 
RF-5 4 .39  0 .049  90 

Table A.9 Concentrations in Tucson Basin Sewage Effluent 
(mg/1). 

Sample [Cl]a [Cl]c [Br]c [Br]d CI/Br 

Sewage"e f f  
Ina Rd 109 .80  106 .23  0 .22  483  

Sewage eff 
Rodger Rd 73 .42  0 .16  459  

a. Titration using HgN03 
b. Spectrophotometric using phenol red 
c. Ion chromatography 
d. Neutron activation analysis 
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BASELINE CL/BR RATIOS IN ARIZONA 

CI/Br ratios were determined for water samples 

collected in several areas of Arizona other than the Tucson 

basin. Although most of the data generated from these 

samples is beyond the scope of this thesis, it is worthwhile 

to present it here for other researchers who may attempt to 

utilize CI/Br ratios to distinguish between waters of 

different origin. 

The areas sampled vary widely in climate, geology, 

and land use, and include regions where hydrothermal 

activity or cultural activity affects water salinity. The 

samples were collected in the Colorado River basin, the 

Verde River basin, and the Salt River basin. Each of these 

general areas is described below. 

B . l  Co lorado  R iver  Bas in  

The Central Arizona Project (CAP) will import a 

large quantity of water from the Colorado River to the 

Tucson basin, where ground water is currently the sole 

source of water for the city. The project is scheduled to 

begin delivering water in 1991. 

Artificial recharge projects have been proposed to 

use this water to augment the ground-water supply. However, 
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because the ability of the unsaturated zone to remove 

pollutants from recharging waters has been questioned, there 

is concern that recharging CAP water will degrade the water 

in the aquifer. CI/Br ratios may be useful in tracking 

recharged CAP water if the ratio of Colorado River water is 

significantly different from the ratio of unaltered ground 

water in the basin. 

B . l . l  Area  sampled  

The Colorado river forms the western border between 

Arizona and California, passing through the deserts of 

western Arizona and emptying into the Gulf of California. 

Water in the river has high salinity, both from the high 

evaporation rate, and from the dissolution of evaporites in 

the river's watershed. 

Surface water samples were collected from three 

genera l  loca t ions  a long  the  Co lorado  R iver  (F igure  B . l ) :  

near Lake Havasu City, the inlet to the Central Arizona 

Project aqueduct, and near Yuma. A total of 9 samples were 

collected in three separate trips. Data are presented in 

Appendix A, and in Goldowitz (1989). Surface water samples 

were also collected from the Bill Williams River, the CAP 

aqueduct, and from Willow Creek. 
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Figure B.l Sampling locations in the Colorado River 
Basin. 
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B.1 .2  Resu l ts  

The CI/Br ratio of Colorado River water is 

approximately 1,200 (see also Goldowitz, 1989), which is 

close to an order of magnitude higher than the average CI/Br 

ratio (130) of ground water in the Tucson basin. Chloride 

and bromide data are plotted in Figure B.2. The graphs show 

that Colorado River samples are relatively well correlated. 

Figure B.3 is a plot of CI/Br ratio versus chloride 

concentration for these samples. 

B .2  Verde  R iver  Bas in  

The headwaters of the Verde River are approximately 

20 miles north of Prescott, Arizona. From there the river 

flows southward until it joins the Salt River about 20 miles 

northeast of Phoenix, Arizona. The Verde River watershed is 

approximately 6,200 square miles in area. The geology of 

the  dra inage  bas in  var ies  w ide ly  and  inc ludes  lava  f lows ,  

metamorphic rocks, and the chalky lake sediments of the 

Verde Formation. The Valley is bordered on the northeast by 

the Mogollon Rim and on the southwest by the Central 

Highlands. 

Land use in the valley includes mining, agriculture, 

rangeland, and urbanized areas. The Verde River is a major 

source of water for the Phoenix metropolitan area. Water in 

the lower Verde River is typically low in chloride and 

re la t ive ly  h igh  in  b icarbonate  (McDona ld  and  Padget t ,  1945 ) .  
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Figure B.3 CI/Br ratio versus chloride concentrations in 
samples from the Colorado River Basin. 
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B.2 .1  Area  Sampled  

Samples were taken at 14 locations in the Verde 

River Drainage Basin. The majority of these are surface 

water from the Verde River and its tributaries. Samples 

were also collected from Montezuma's Well (a small and 

unusual ground-water fed pond), and from a well at the 

Powell Springs Campground. All sampling locations are 

ind ica ted  in  F igure  B .4 .  

B .2 .2  Resu l ts  

Sample CI/Br ratios are presented in Appendix A, and 

the data are plotted in Figures B.5 and B.6. CI/Br ratios 

of Verde River water range from 138 to 344. Ratios of 

surface water collected from tributaries to the Verde River 

ranged from 108 to 287. Ratios of ground water ranged from 

89  to  331 .  

In general, ratios were highest in the vicinity of 

Phoenix and Camp Verde, probably due to anthropogenic 

chloride input. The only exception to this is ground water 

and one surface water sample (Beaver Creek) collected near 

Montezuma's Well. Two ground-water samples from Montezuma's 

Well, collected on separate trips, had ratios of 331 and 

327 .  
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samples from the Verde River Basin. 



143 

O 
O 

A2-6 
a 

A2-10 
a 

A2-11 
a 

SB—4 
a 

V1-V2 
a 

£b-6 
% 

A2-8 
a 

SB—5 
« 

A2-7 SB—7 
a a 

SB—1 
a 

SB-3 
a 

A2-9 

^B-2 

l I I l l 1 I l l | I I I I l I I I i | l l l l l l I l I | l l l l l I l I l | 
05.00 10.00 20.00 30.00 40.00 

CI , mg/l 

Figure B.6 CI/Br ratio versus chloride concentrations in 
Samples from the Verde River Basin. 
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B.3  Sa l t  R iver  Bas in  

The Salt River flows westward from its headwaters in 

the White Mountains and joins the Verde River approximately 

20 miles east of Phoenix. The river flows through Roosevelt 

Lake and Phoenix to the confluence of the Salt and Gila 

Rivers. The watershed of the Salt River is composed of the 

drainage basins of the White and Black Rivers, which join 

approximately 10 miles southwest of Fort Apache. The White 

River drains the north and west flanks of the White 

Mountains, the Black River drains the east and south flanks. 

The drainage basin of the Salt River at Roosevelt Lake is 

approximately 2,400 square miles, most of which lies in 

either the San Carlos or Fort Apache Indian Reservations 

(Dav is  e t  a l . ,  1981 ) .  

The Salt River is a major water supply for the 

Phoenix metropolitan area. The drainage basin of the River 

flows through the Transition zone and Basin and Range 

physiographic provinces. Surface waters of the Salt River 

are highly mineralized. Asbestos was mined in the Salt 

River Canyon and salt was mined at the Salt Banks, located 6 

miles west of the U.S. Highway 60 bridge over the Salt 

River. Much of the salt in the river is derived from salt 

springs and deposits along Carrizo Creek and the Salt River 

in  the  v ic in i ty  o f  the  Sa l t  Banks  (McDona ld  e t  a l . ,  1947 ) .  
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B.3 .1  Area  Sampled  

Samples were taken at 10 locations along the Salt 

River, the White and Black Rivers and their tributaries. 

A l l  sampl ing  loca t ions  a re  ind ica ted  in  F igure  B .7 .  

B .3 .2  Resu l ts  

Sample CI/Br ratios are presented in Appendix A, and 

are shown in Figures B.8 and B.9. Water sampled from the 

Salt Banks and streams in the vicinity of the Salt Banks had 

CI/Br ratios ranging from 3044 to 3690. Samples collected 

from the upper end of Roosevelt lake had much lower 

concentrations of chloride and bromide, but had a CI/Br 

ratio of 2733, reflecting the influence of these upstream 

salt deposits. 

Samples collected from the White and Black Rivers 

had CI/Br ratios ranging from 52 to 191. These samples also 

had much lower concentrations of chloride and bromide. 
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Figure B.7 Sampling locations in the Salt River Basin. 
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